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ABSTRACT

Background: Patients with popliteal artery aneurysm (PA) often have multiple aneurysms, such as bilateral disease or a
concomitant abdominal aortic aneurysm (AAA). microRNAs (miRs) are regulators of biological processes and have been
investigated as biomarkers for AAA. The aim of this study was to explore if the presence of multiple aneurysms and/or
location correlated with miR levels in blood.

Methods: Using quantitative polymerase chain reaction, 23 miRs were analyzed in plasma from 183 patients with PA.

Results: Fifteen of the miRs were associated with the number and/or location of aneurysms (13- to 2.1-fold changes).
Levels of miR-93 (1.4-fold) and miR-215 (1.6- to 1.9-fold) were changed in all compared groups. MiR-24 and miR-23a were
altered in those with AAA (1.4- and 1.5-fold, respectively) or bilateral PA (1.5- and 1.4-fold, respectively), compared with in
those without. MiR-145 were significantly altered (1.7-fold) in those with isolated PA and AAA, whereas miR-326 were
altered in those with bilateral (2.3-fold) and isolated PA (1.9-fold).

Conclusions: Different miRs seem to be important or to be markers for different subgroups of patients with PA. The
identified miRs target vascular smooth muscle cell proliferation and vascular inflammation. Further studies are needed
to increase the understanding of the pathogenesis of aneurysmal disease. (JVS—Vascular Science 2021;2:129-35.)

Clinical Relevance: Patients with popliteal artery aneurysm often have multiple aneurysms, such as bilateral disease or
concomitant abdominal aortic aneurysms, but the molecular pathogenesis of the disease is not fully understood.
MicroRNAs are important regulators of gene expression and biological processes and have recently been investigated as
possible biomarkers for abdominal aortic aneurysm. This study identified 11 microRNAs that were altered in subgroups of

patients with popliteal artery aneurysm, which could be important regulators to study in interventional studies.
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Popliteal artery aneurysm (PA) is a relatively rare aneu-
rysmal disease affecting about 0.1% to 0.3% of the elderly
male population; its molecular pathogenesis is not fully
known. The disease is very rare among women, and
only about 5% of those affected are female.! However,
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among 65-year-old men with AAA detected through
screening, the prevalence was recently reported to be
142%.” Patients with PA often develop multiple aneu-
rysms, such as an abdominal aortic aneurysm (AAA),
which is a much more frequent aneurysmal disease;
approximately 1.3% to 2.2% of 65-year-old men in north-
ern Europe are affected.>* Rupture, which is the main
life-threatening event affecting patients with AAA, is un-
common in patients with PA°> who are instead most
often affected by acute limb-threatening ischaemia.®

We recently screened AAA patients for the 172 most
commonly expressed microRNAs (miRs) in plasma.”
Several miRs associated with AAA and aneurysm growth
were identified, including genes involved in AAA disease,
such as those encoding IL-1B, IL-6, interferon-y, tumor ne-
crosis factor, transforming growth facto-B, matrix
metalloproteinase-2, matrix metalloproteinase-9,
CXCLIO, and collagen |, as well as novel genes and path-
ways. MiRs are short nucleotides that are stable in
plasma and can regulate gene expression and biological
processes through various mechanisms.? Some miRs
have specific targets, but most affect several hundred
genes.

The aim of this study was to explore, in a population of
patients with a high proportion of multiple aneurysmes, if
the presence of multiple aneurysms and/or location
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correlated with miR levels of miRs found in previous
studies with relation to aneurysm disease.

METHODS

Patient cohort. A total of 571 patients were initially
identified in the Swedvasc registry as having undergone
one or more PA operations between 1987 and 2002, on
717 legs in total. All these patients’ medical records
were analysed.®® Two-hundred forty of these patients
consented to and participated in interviews. One hun-
dred ninety patients participated in the reexamination,
which was performed during 2006.°" Of them, seven
had to be excluded owing to unsuccessful DNA extrac-
tion. Thus, a total of 183 patients were included in this
analysis. Patient characteristics are described in
Supplementary Tables I-lll. The reexamination included
ultrasound screening of the infrarenal aorta, the com-
mon iliac arteries, the commmon femoral arteries, and the
bilateral popliteal artery segments. Aneurysm was
defined as an aorta of greater than 30 mm, a common
iliac artery of 20 mm or greater or 50% larger than the
bilateral side, or a common femoral, and/or bilateral
popliteal artery of 15 mm or higher. A total of 423 aneu-
rysms were identified (range, 1-7; mean, 2.3 per patient).
All the 183 index PAs had been operated on at the time
of blood sampling. Of the 423 aneurysms, 299 (71%) had
required surgery before blood sampling.

Real-time quantitative polymerase chain reaction
analysis of miRs. EDTA blood samples were centrifuged
at 2000x g for 7 minutes within 3 hours from collection.
Plasma was separated and frozen directly at —20 °C. After
concluding investigations at each site, all samples were
then shipped together on dry ice to the collecting bio-
bank at Orebro University Hospital for storage at —80 °C.
No sample was stored longer than 1 week at —20 °C.

RNA was extracted from 200 uL plasma from each of
the 183 patients and reverse transcribed using the miR-
CURY LNA Universal RT microRNA polymerase chain reac-
tion, polyadenylation, and cDNA synthesis kit (Exigon,
Vedbaek, Denmark) as previously described in greater
detail.”

Amplification of the miRs (UniSp2 and UniSp6 (spike in
controls), as well as miR-10b-5p, 21-5p, 23a-3p, 24-3p, 26a-
5p, 33a-5p, 93-5p, 99a-5p, 103a-3p, 125a-5p, 136-5p, 145-5p,
152-3p, 192-5p, 194-5p, 205-5p, 215-5p, 221-3p, 222-3p, 326,
335-5p, 451a, and let-7i-5p were performed in a Roche
Lightcycler 480. Reactions with amplification efficiency
of less than 1.6 were removed. All data were normalized
against miR-93 and miR-152, which were found to be
the most stable miRs, to correct for potential overall dif-
ferences between the samples.

Statistical analysis. Independent sample t tests were
used for comparing continuous variables, and the Fisher
exact test for comparing dichotomous clinical variables,
to test differences between two groups. All miR
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ARTICLE HIGHLIGHTS

« Type of Research: Human study

- Key Findings: Plasma from 183 patients with popli-
teal artery aneurysm were analyzed for 23 different
microRNAs (miRs) with relevance to abdominal
aortic aneurysm and compared with subgroups
with concomitant abdominal aortic aneurysm, bilat-
eral popliteal aneurysm and those with multiple
aneurysm. Fifteen of the miRs showed differing
levels between the study groups (1.3- to 2.1-fold
changes).

Take Home Message: miR that have previously been
identified in abdominal aortic aneurysm are also
altered among patients with popliteal artery
aneurysm.

measurements are shown as average normalized quanti-
tation cycle values for each group and fold changes with
standard deviations. Two-group comparisons were per-
formed using the Student t test. Adjustments of cova-
riates were performed using binary logistic regression
analysis. Correlation was tested with Pearson’s coeffi-
cient. P values of less than .05 were considered statisti-
cally significant. Statistical analysis was performed with
SPSS version 24.0 (SPSS, Inc, Cary, NC).

RESULTS

Of the 183 patients with PAs, 83 had a concomitant AAA
(Supplementary Table 1), 51 a concomitant iliac aneurysm,
51 a femoral artery aneurysm, and 105 a bilateral PA
(Supplementary Table Il); thus, a total of 423 different an-
eurysms were included. Of the patients, 56 had an iso-
lated PA and 127 multiple aneurysms (defined as =2
aneurysms) (Supplementary Table Ill). Age was older
among those with AAA, bilateral PA, and multiple aneu-
rysms and was adjusted for in the statistical analysis. Hy-
pertension was more frequent among those with
multiple aneurysms and adjusted for in the analysis.
Twenty-five miRs (including controls) were analyzed in
plasma from 183 patients with PA. Nine miRs were identi-
fied in all samples, with an average of 21 miRs detectable
per sample. In total, 15 of the miRs showed different levels
in the different study groups of patients with PA.

Expression of miRs in plasma in patients with PA with
concomitant AAA. Eleven miR levels (23a, 24, 26a, 33a, 93,
1034, 1253, 145, 192, 215, and 451a) were changed (1.3-fold
to 2.0-fold) in patients with PA with concomitant AAA,
compared with in those without, with an average area
under the curve (AUC) ranging from 0.58 to 0.65 at the
highest (Table |). The differences for three of these miRs
(23a, 33a, and 145) remained significant when adjusting
for age differences, which was the covariate that differed
between the groups. Only differences for miR-145 levels
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Table I. MicroRNAs (miRs) in plasma that are different when comparing patients with a popliteal artery aneurysm (PA) with
or without concomitant abdominal aortic aneurysm (AAA)

miR-215-5p —36 £ 193 —46 = 236 19 .0034 0.63 (0.55-0.71)

miR-451a 61 £ 124 56 £ 174 1.5 .0077 0.62 (0.53-0.70)

miR-26a-5p 1.8 = 1.04 15 £ 1.07 13 .0122 0.61 (0.53-0.70)

miR-24-3p 31 =* 1.6l 26 =158 14 .0327 0.59 (0.51-0.68)

miR-125a-5p —13 = 147 -1.8 = 1.86 14 .0394 0.58 (0.49-0.66)

Table Il. MicroRNAs (miRs) in plasma that are different when comparing patients with unilateral and bilateral popliteal
artery aneurysms (PA)

miR-23a-3p 42 * 150 37 124 1.4 .0on12° 0.62 (0.53-0.70)

mMiR-93-5p 12 =159 0.7 + 1.39 1.4 .0221 0.61 (0.53-0.70)

miR-215-5p —36 * 2.05 —44 223 16 .0281 0.61 (0.53-0.69)

Table Ill. MicroRNAs (miRs) in plasma that are different when comparing patients with or without isolated popliteal artery
aneurysms (PA)

miR-215-5p —35 + 190 —43 + 226 17 .0281 0.61 (0.52-0.69)

miR-93-5p 13 +1.39 08 =152 1.4 .0429 0.61 (0.52-0.69)

remained significant in a multiple regression analysis Expression of miRs in plasma in patients with bilateral
including all miRs in the equation. The AUC for miR-145 PA. Levels of seven miR (23a, 24, 93,152, 215, 221, and 326)
combined with age was slightly increased, from 0.65 to were altered (1.4-fold to 2.3-fold) in patients with bilateral
0.68 (0.61-0.76). PA compared with in those with unilateral PA (Table II).
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Table IV. Pearson’s correlations between microRNAs (miRs) in the study population

21 0.42°° = 0.84°¢ 0.83°¢ 0.84°¢ 0.69°f 0.76°" 0.497P 0.83°¢ 0.42°° 0.69°f

24 0.207° 0.83°¢ 0.97°¢ — 0.80°* 0.74°F 0.84°¢ 0.46°° 0.77°F 0.35%° 0.64°"

33a 0.26°° 0.69°f 0.76°" 0.74°F 0.63>° - 0.57°f 0.45°° 0.61°f 033°° 0.61°"

993 0.42°° 0.49°° 0.53°F 0.46°° 0.55°F 0.45°° 0.48%° - 0.58°f 0.32%° 0.43%P

125a 033°F AR 0.35%° 0.35%° 0.50°" 033*P 0.407° 0.32%° 0.50°" 03170

145 0.19°¢ QAT 0.68°1 0.65°" 0.57°f 0.49°° 0.66°f 0.52° 0.55°F 0.34>° 038"

192 0.18% 0.27°° 0.45°° 0.417° 0.41%P 0.24°° 0.49°° 0.43%P 0.39°F 0.20%° 0.19%°

205 037 0.24°° 0.19%¢ 0.17%¢ 0.30%° 0.22°° 0.23%° 0.20%° 0.25°° 033°° 0.19%¢

221 0.24°°

0.87°¢ 0.88°¢ 0.91°¢ 0.79°f 0.76°f 0.75f 0.39°° 0.75"f 0.39%° 0.67°"

326 @227 0.70°" 0.73°f @72 0.60°" 0.59°" 0.64°" 0.40°° 0.59°f 0.28°° 0.48%°

45] 0.46°° 0.47°° 0.43%P 0.407° 0.50°"

033*P 0.69°f 0.49°P 0.59°" 0.40%P 0.33°F

Only changes in miR-23a and miR-326 levels remained
significant after adjusting for differences in age, which
was the co-variate that differed between the groups.
Only changes in miR-326 levels remained significant in a
multiple regression analysis including all miRs.

Expression of miRs in plasma in patients with isolated
PA and patients with multiple aneurysms. Four miR
levels (93, 145, 215, and 326) were changed (l.4-fold to
1.9-fold) among patients with isolated PA compared
with in those with multiple aneurysms (Table I11). How-
ever, none of these changes remained after adjustment
for age and hypertension or age, which were the cova-
riates that differed between the groups. In a regression
analysis, including all miRs, the change in miR-145 levels
remained significant in patients with unilateral PA. The
AUC for miR-145 combined with age and hypertension
was slightly increased, from 0.62 to 0.69 (0.61-0.77).

-194, -125a, and -215 levels were significantly altered,

with the change in miR-215 levels remaining significant

in a multivariate model (data not shown). When
comparing a group of 15 patients with 6 or 7 aneurysms
to those with fewer than 6 aneurysmes, levels of miR-215
and miR-451 were significantly altered. However, neither
change remained significant in a multivariate model
(data not shown). The miRNA concentration did not
correlate with increasing number of aneurysms (data
not shown).

Correlations between miRs expressed in plasma
among patients with PA. Most of the miRs correlated
with each other to a certain degree (Table 1V). However,
mMiR-10b, 125a, 194, and 205 did not correlate strongly (r <
0.50) with other miRs (with some few exceptions),
whereas miR-21, 23a, 24, 126, 152, and 335 correlated
strongly (r > 0.80) with each other and moderately (r =
0.50-0.79) with several other miRs.

The miR-93 and -215 levels differed between all groups
compared, miR-24 and -23a levels were altered in bilat-
eral PA and AAA, miR-145 levels were altered in isolated
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Table IV. (Continued)

0.47°° 0.88°¢ 0.27°° 033°° 0.24°° 0.317° 0.87°¢ 0.473P= 0.70*>  0.84°¢ 0.47°P 0.51°F

0.65°" 0.84°¢ 0.41%° 0.23%° 0.17°¢ 0.43%° 0.91°¢ 0.56° 0.72°f 0.87°¢ 0.40°° 0.49°f

0.49°° 0.68"1 0.24°° 0.12¢ @227 0.24°° 0.76°" 0.39° 0.59°" 0.70°f 033°° 0.42°°

0.52°" 0.40°° 0.43%P 0.38°° 0.20°° 038" 039°° 0.30%" 0.40°° 0.44°° 0.49°° 0.40°°

0.347° 0.36°" 020%°  022°° 0.33%° 0317 0397 0.15%¢ 0.28° 0.31° 0.407° 0.23%°

— 0.48%° 0.51%F 0.25°° 0.25°° 0.45°° 0.53°F 0.40%° 0.54°" 0.49°P 0.51°f 0.54°F

0.51°" 0.26°° - 0.42°° 0.10¢ 0.68"1 0.24°° 0.43%° 032" 0277 0.397P 0.54°F

0.25°° 0.18%¢ 0.10¢ 0.23%° - 0.12¢ 0.24°° 0.06 0.17° 0.15°¢ 0.30%° 0.14¢

0.53°" 0.88°¢ 0.24%° 0.21%° 024 0.28°° = 0.46™° 0.71°f 0.88°¢ 0.38%° 0.40%P

0.54°" 0.69°° 0.32%P 0134 0.17°¢ 0.24°° 0.71°F 0.45°° — 0.70°f 0.35%° 0.57°f

051" 037 039°° 0.58°f 030%° 0.44°° 0.38%F 035 0.35%° 037" - 0.55°F

PA and AAA, and miR-326 levels were altered in isolated
or bilateral PA. The Fig shows miRs for which alterations
overlapped in the different comparisons. Supplementary
Table IV shows the 14 different miRs that were altered in
the different subgroup analysis and the potential genes
they target as determined by in silico analysis using the
miRWalk database.

DISCUSSION

Gene regulation is fine-tuned by miRs, which are impli-
cated in numerous diseases. We screened patients with
PA for candidate miRs previously investigated in the aneu-
rysm field and for relevant targets within vascular biology.

A study by Busch and colleagues'? investigated the
expression of MiRs in biopsies from 8 PA and 19 AAA
aortas. The expression pattern tended to differ between
the groups. Compared with controls, there was a down-
regulation of miR-362, miR-19b miR-1, miR-194, miR-769,
miR-21, and mMiR-550 in AAA and downregulation of
mMiR-19b-1 and miR-769 in PA. MiR-362 and miR-194
showed no change and miR-550 and miR-21 were upre-
gulated in PA. In this study, which included the analysis

of MiR-21 and miR-194 in plasma from patients with PA
or concomitant AAA, these miRs were not changed
significantly. A simple explanation for this discrepancy
is that plasma levels do not always reflect tissue levels
and vice versa, or depends on the repair of the PA in
our study.

When comparing data on patients with PA with our
previously published article on AAA patients,” we can
observe that eight of the 14 miRs were changed in
different ways in the subgroups of patients with PA. Six
of the 14 miRs (miR-33a, MiR-103a, MiR-125a, MiR-192,
mMiR-215, and miR-451) were altered in patients with PA
with concomitant AAA. Among the miRs, miR-103a has
previously been identified among AAA patients in a
study by Plana et al”® as being downregulated 1.4-fold
in plasma of AAA patients when unadjusted for covari-
ates and upregulated 13-fold in aortic tissue from AAA
patients. This miR was slightly upregulated in plasma
from AAA patients in our previous study. Interestingly,
in light of our results, Nakao et al' recently found that
genetic ablation of miR-33 in two separate aneurysm
models attenuated AAA formation via decreased
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Unilateral vs.
bilateral PA

PA with or
without AAA

26a 33a
103a 125a
192 451

Multiple vs. isolated PA

Fig. Overlapping significant changed microRNAs (miRs)
in patients with popliteal artery aneurysm (PA) with or
without abdominal aortic aneurysm (AAA), bilateral PA or
multiple aneurysms.

macrophage accumulation. Our data indicate that an
underlying PA potentiates the secretion of miRs
compared with when having only an AAA or that alter-
ation in the secretion of miRs affects the clinical
outcome of developing AAA or PA. The six miRs that
were previously studied by us in AAA patients and were
not changed among patients with PA were miR-10b,
mMiR-99a, MiR-136, MiR-194, miR-205, and miR-let-7i.

In our analysis, we also included miRs that have been
associated with aneurysmal disease or vascular biology
in the literature and found that some of these were
altered among the patients with PA, namely, miR-23a,"”
miR-24,"° miR-26a,"” miR-93,'9%° miR-1457" and miR-
152.2%%° |n our study, miR-23a was upregulated by 50%
in plasma from patients with PA with concomitant
AAA or bilateral PA, which is similar to what was
observed in plasma in patients with aortic dissection,”®
although dissection should be considered a specific en-
tity. Two miRs miR-93 and miR-215—differed in all of
the compared subgroup analysis (Fig). MiR-93 showed a
similar expression as miR-23 in our study, although
mMiR-93 also showed higher expression in plasma from
patients with multiple aneurysms. MiR-93 has not previ-
ously been associated with aneurysmal disease, to our
knowledge. However, studies have shown that miR-93
may regulate vascular endothelial growth factor in
hyperglycemic conditions and in mononuclear cells in
Kawasaki disease!®?° In a study by Sullivan et al'®
plasma miR-93 was identified as an independent predic-
tor of the presence of coronary artery disease and
Feng et al** showed that miR-93 regulate smooth mus-
cle cell proliferation, which is an important feature in
aneurysm disease. MiR-215 is altered in atherosclerotic
plaque, decreases endothelial cell recruitment, increases
endothelial cell apoptosis, and stimulates a switch from
contractile smooth muscle cell phenotype to a synthetic
form., all hallmarks in aneurysm disease.”> The fact that
there are miRs that are commonly altered in different
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subgroups and others that are specific in some sub-
groups indicates that there are different pathophysio-
logic pathways involved in the different aneurysms.
Further, miR-26a was downregulated in mouse models
of aneurysm formation in a previous study."” The role of
miR-145 was elegantly elucidated by Wu et al®' by over-
expressing miR-145 through lentivirus infection, which
decreased the incidence of AAA. MiR-145 was the most
significantly altered miR among those investigated in
our study, being upregulated in the plasma of patients
with PA with concomitant AAA or multiple aneurysms.
MiR-152 has not been associated with aneurysm previ-
ously. One previous study has shown that miR-152 is
expressed in atherosclerotic plaques in macrophages®?
and another study showed that miR-152 is involved in
inhibiting apoptosis in microvascular endothelial cells
in the human brain.*®

One of the most altered miRs in this study was miR-326,
which had a 2.3-fold higher expression among patients
with bilateral PA. This miR is relatively unstudied in the
vascular biology field, apart from in our previous study,’
where it was one of the most altered miRs. Most research
regarding miR-326 has thus far been focused on various
cancers and graft-versus-host disease, but is an inter-
esting target when investigating the pathophysiology of
aneurysmal disease.

An important limitation of this study is that we have
only measured miRs in the peripheral circulation, not in
the tissues of the different aneurysms. We did not study
and cannot state whether circulated or locally produced
miRs affect the clinical outcome of AAA or PA disease or
if the secretion of miR is a consequence of the disease.
The overall technical development toward less invasive
endovascular surgery, and the fact that biopsies of the ar-
teries cannot be performed safely, creates a great chal-
lenge when it comes to investigating tissue samples of
aneurysmal disease, however. Furthermore, some of the
aneurysms had been operated on at the time when
blood sampling took place. The fact that an aneurysm
is repaired surgically does not mean that the underlying
disease is cured, however. When an aneurysm is repaired,
it is not removed, but typically bypassed or treated with a
stent graft, leaving most of the diseased tissue in the pa-
tient, although with less contact with the blood flow. It is
also common that the nonrepaired arteries are wider
compared with healthy individuals.

Another limitation of this study is the lack of a control
group, without aneurysmal disease. We have compared pa-
tients with AAA and aneurysm healthy controls in a previ-
ous investigation,” but unfortunately the analytic method
was changed making direct comparisons impossible.

CONCLUSIONS

The results from this study indicate that the miR signa-
ture in patients with PA shares some similarities with
that of AAA, but also has some distinct patterns. The



JVS—Vascular Science
Volume 2, Number C

identified miRs and the genes they regulate could be po-
tential targets for further studies to increase the under-
standing of aneurysmal pathogenesis in general.
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