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Abstract: Coronary artery disease (CAD) is the leading cause of mortality worldwide. In chronic
and myocardial infarction (MI) states, aberrant levels of circulating microRNAs compromise gene
expression and pathophysiology. We aimed to compare microRNA expression in chronic-CAD
and acute-MI male patients in peripheral blood vasculature versus coronary arteries proximal to a
culprit area. Blood from chronic-CAD, acute-MI with/out ST segment elevation (STEMI/NSTEMI,
respectively), and control patients lacking previous CAD or having patent coronary arteries was
collected during coronary catheterization from peripheral arteries and from proximal culprit coronary
arteries aimed for the interventions. Random coronary arterial blood was collected from controls;
RNA extraction, miRNA library preparation and Next Generation Sequencing followed. High
concentrations of microRNA-483-5p (miR-483-5p) were noted as ‘coronary arterial gradient’ in
culprit acute-MI versus chronic-CAD (p = 0.035) which were similar to controls versus chronic-CAD
(p < 0.001). Meanwhile, peripheral miR-483-5p was downregulated in acute-MI and chronic-CAD,
compared with controls (1.1 ± 2.2 vs. 2.6 ± 3.3, respectively, p < 0.005). A receiver operating
characteristic curve analysis for miR483-5p association with chronic CAD demonstrated an area under
the curve of 0.722 (p < 0.001) with 79% sensitivity and 70% specificity. Using in silico gene analysis,
we detected miR-483-5p cardiac gene targets, responsible for inflammation (PLA2G5), oxidative
stress (NUDT8, GRK2), apoptosis (DNAAF10), fibrosis (IQSEC2, ZMYM6, MYOM2), angiogenesis
(HGSNAT, TIMP2) and wound healing (ADAMTS2). High miR-483-5p ‘coronary arterial gradient’ in
acute-MI, unnoticed in chronic-CAD, suggests important local mechanisms for miR483-5p in CAD in
response to local myocardial ischemia. MiR-483-5p may have an important role as a gene modulator
for pathologic and tissue repair states, is a suggestive biomarker, and is a potential therapeutic target
for acute and chronic cardiovascular disease.

Keywords: miR-483-5p; next generation sequencing; myocardial infarction; coronary artery disease;
culprit artery

1. Introduction

Alteration in gene expression patterns have been related to pathological cardiac con-
ditions, which can lead to heart failure as we and others have previously described [1,2].
MicroRNAs (miRNAs) are key players in gene expression and protein regulation, and the
scarcity or abundance of miRNAs in the cells may eventually lead to dysfunction of the
tissues and ultimately to disease. Circulating miRNAs often reflect changes in miRNA
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expression in solid tissues and blood and their analysis can promote our understanding
of different pathophysiological processes, including cardiovascular disease [3]. Different
atherosclerotic manifestations, caused by genetic and environmental factors, contribute to
chronic coronary artery disease (CAD) and eventually lead to acute myocardial infarction
(MI), the leading cause of morbidity and mortality in developed countries [4–6].

The culprit vessel in an acute coronary occlusion encompasses a collection of cell
types, which includes endothelial cells that line the inner wall and promote leukocyte
adhesion, and smooth muscle cells that form the surrounding outer layer, modified by
the atherosclerotic plaque. Pericytes wrap around endothelial cells and modulate the
vascular permeability, tortuosity and coronary blood flow [7]. Several studies suggest
that the formation of a culprit microenvironment displays very specific characteristics.
Blood collected from a culprit area is enriched in activated, toll-like receptors 2 and 4
expressing monocytes and macrophages [8]. These cells were suggested to play a role in
the inflammatory response and apoptosis, clearance of dead cells and the stimulation of
the reparative processes, angiogenesis, and tissue repair, as well as cell regeneration [9]. In
addition, elevated plasma levels of MMP-9 and IL-6 were detected at the site of the coronary
plaque, and other inflammatory markers were systemically elevated in MI patients, such
as IL-10, CRP, TNF-α and s-PLA2, while no specific elevation was detected in the culprit
coronary artery [10].

The aim of the current study was to identify miRNAs associated with chronic CAD
and acute MI manifestations (i.e., either with or without ST segment elevation, STEMI and
NSTEMI, respectively) and to compare expression of miRNAs detected in peripheral blood
vessels versus coronary arteries proximal to the culprit area.

2. Results
2.1. Patient Groups and Prevalence of Previous History

Patients included in this study were all men, aging 62 ± 9 years (range 40–88 years). All
study groups included a mixed Jewish and Arab population without significant differences
between the groups (p = 0.413 by ANOVA). The patients’ age and histories of hypertension,
diabetes mellitus, hyperlipidemia, renal failure or previous atrial fibrillation were similar
among the four groups: No CAD (control), CAD, NSTEMI, and STEMI (Table 1). Smoking
was more prevalent in patients presenting with STEMI (16 of 22 patients, 72%, p = 0.002)
while previous MI was more common in patients with NSTEMI (6 of 26 patients, 24%,
p = 0.01). Blood count and renal function were in the normal range and did not differ
among the independent groups.

Table 1. Clinical data of chronic CAD, acute NSTEMI and STEMI and patent control patients. Data are
presented as Mean ± SD or percentages. CAD = coronary artery disease; NSTEMI = non-ST-elevation
myocardial infarction; STEMI = ST-elevation myocardial infarction; PCI = percutaneous coronary
intervention; WBC = white blood cells; GFR = Glomerular Filtration Rate; MDRD = Modification of
Diet in Renal Disease.

No CAD
n = 23

CAD (PCI)
n = 28

STEMI
n = 22

NSTEMI
n = 26 ANOVA p Value

Age 62 ± 10 63 ± 9 60 ± 8 62 ± 9 0.632
Hypertension 14 (61%) 21 (78%) 11 (50%) 18 (69%) 0.188
Diabetes mellitus 10 (43%) 15 (56%) 9 (41%) 8 (31%) 0.280
Hyperlipidemia 16 (70%) 17 (63%) 12 (54%) 17 (65%) 0.767
Family History of
CAD 8 (35%) 3 (11%) 6 (27%) 9 (35%) 0.154

Smoking 4 (17%) † 11 (41%) 16 (72%) *,‡ 9 (36%)† 0.002
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Table 1. Cont.

No CAD
n = 23

CAD (PCI)
n = 28

STEMI
n = 22

NSTEMI
n = 26 ANOVA p Value

Renal failure 0 (0%) 0 (0%) 0 (0%) 2 (8%) 0.127
Previous MI 0 (0%) 4 (16) 0 (0%) 6 (24%) 0.011
Previous PCI 0 (0%) **,‡ 19 (70%) *,†,‡ 2 (9%) ** 9 (35%) *,** <0.0001
Atrial fibrillation 2 (9%) 0 (0%) 1 (5%) 1 (4%) 0.489
Hemoglobin
(gr/dL) 14 ± 2 14 ± 2 15 ± 1 14 ± 2 0.328

WBC (×1000/dL) 8.8 ± 2.7 9.3 ± 2.1 10.8 ± 2.8 8.9 ± 3.4 0.101
Creatinine
(mg/dL) 0.86 ± 0.19 0.98 ± 0.32 0.98 ± 0.23 1.01 ± 0.27 0.318

GFR (MDRD,
ml/min) 95 ± 25 85 ± 24 84 ± 22 81 ± 21 0.251

* Different from normal, Tukey–Kramer test p < 0.05. ** Different from CAD, Tukey–Kramer test p < 0.05.
† Different from STEMI, Tukey–Kramer test p < 0.05. ‡ Different from NSTEMI, Tukey–Kramer test p < 0.05.

Aortic stenosis patients were not excluded in this study. We had three patients with
patent arteries and aortic stenosis (13%), and another three patients with chronic CAD
and aortic stenosis (11%). There was no correlation between miR-483-5p expression and
aortic stenosis in peripheral nor in coronary blood. The three individuals who showed
aortic stenosis in the patent group did not affect the differential expression of miR-483-5p
between the groups.

2.2. MiRNA Expression in Chronic CAD and Acute MI

To identify miRNA association with chronic CAD and acute MI, next generation se-
quencing (NGS) was performed on serum samples from 16 patent and 18 STEMI patients.
Fifteen miRNAs identified as significantly up- or downregulated in STEMI compared with
patent patients, as shown in Supplementary Table S1. In addition to the miRNAs already
reported to be strongly associated with cardiovascular conditions, such as miR-1-3p and
miR-150-5p [11–16], we also identified several miRNAs that are less recognized in CAD. We
selected miR-483-5p for further validation by qPCR, since it demonstrated the next most
significant difference (0.0041) after miR-1-3p and miR-150-5p with relatively high expression,
suggesting its potential high impact in CAD pathogenesis (Supplementary Table S1).

2.3. MiR-483-5p Regulation in Chronic CAD and Acute MI

High concentrations of miR-483-5p were observed as ‘coronary arterial gradient’ in
the culprit artery, the infract-related artery in acute-MI, compared with chronic-CAD artery.
Specifically, we detected a significantly higher ‘coronary arterial gradient’ of miR-483-5p in
STEMI patients compared to CAD patients (p = 0.035) locally at the culprit vessel. Moreover,
the ‘coronary arterial gradient’ of miR-483-5p was significantly higher in NSTEMI/STEMI
manifestations similar to controls when it was compared to chronic CAD patients (p < 0.001).
When comparing the four groups by one-way analysis of variance (ANOVA, Kruskal–
Wallis test), miR-483-5p in the culprit vessel was significantly lower in patients with chronic
CAD (as demonstrated by stable angina pectoris) compared to all other clinical patterns
(p = 0.0008; Figure 1B). At the periphery, miR-483-5p expression in circulating blood of
chronic CAD and acute STEMI/NSTEMI patients was significantly lower compared with
miR-483-5p expression in the patent group 1.1 ± 2.2 vs. 2.6 ± 3.3, respectively, p = 0.0013;
Figure 1A) with no pathogenesis. In a stepwise logistic regression, only two parameters
remained independently associated with CAD clinical patterns. Smoking was associated
with a 4.4-fold increased risk of chronic CAD and acute MI (p < 0.02), and a 17% risk of
CAD clinical patterns requiring percutaneous coronary intervention (PCI) was associated
with peripheral high expression of miR-483-5p (as demonstrated by 0.83 odds ratio, p < 0.04,
Table 2). Repeating this analysis in patients without prior history chronic CAD, previous
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acute MI or PCI produced similar results (smoking 6.7-fold increase, p < 0.005; 12% risk,
p < 0.05).
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Figure 1. miRNA-483-5p association with CAD requiring intervention. Relative expression lev-
els of miR-483-5p in (A) peripheral and (B) culprit coronary serum samples in chronic and acute
(NSTEMI and STEMI) CAD patients. Kruskal–Wallis tests with Dunn and Hanover post hoc anal-
yses were performed. (C) Relative expression of miR-483-5p in peripheral versus culprit coronary
serum samples in NSTEMI and STEMI patients. Wilcoxon test for paired samples was performed.
Patent = control; CAD = coronary artery disease; STEMI = ST-elevation myocardial infarction;
NSTEMI = non-ST-elevation myocardial infarction.
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Table 2. Association of chronic CAD, acute NSTEMI and STEMI patients, with smoking, coronary and
peripheral miRNA483. Patients in all three groups clinical patterns are shown on top, and patients
without previous PCI are shown in the bottom half. CAD = coronary artery disease; NSTEMI = non-
ST-elevation myocardial infarction; STEMI = ST-elevation myocardial infarction; PCI = percutaneous
coronary intervention.

All Patients
n = 99 Odds Ratio Confidence Interval Odds Ratio Confidence Interval p Value

Univariable Multivariable, stepwise

Age 1.001 0.94 to 1.07

Smoking 12.20 2.47 to 60.03 4.36 1.32 to 14.37 0.0155

Coronary miRNA483 1.01 0.783 to 1.30

Peripheral miRNA483 0.77 0.59 to 0.98 0.83 0.69 to 0.99 0.0402

Patients without
previous PCI, n = 68

Univariable Multivariable, stepwise

Age 1.04 0.97 to 1.12

Smoking 11.80 2.52 to 55.40 6.67 1.79 to 24.81 0.0046

Coronary miRNA483 0.98 0.76 to 1.25

Peripheral miRNA483 0.73 0.55 to 0.96 0.78 0.61 to 0.99 0.0465

ROC analysis for peripheral miR-483-5p association with chronic CAD demonstrated
an area under the curve of 0.713 (p = 0.005) with 79% sensitivity and 70% specificity of
miR-483-5p p ≤ 0.77 for detection of CAD (Figure 2).
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Figure 2. ROC curve for peripheral miRNA-483-5p association with chronic CAD requiring in-
tervention. Data from qPCR detection of peripheral miR-483-5p in patent controls and CAD pa-
tients requiring PCI. CAD = coronary artery disease; PCI = percutaneous coronary intervention;
AUC = area under the curve.
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2.4. Cardiovascular Disease-Related Medications and Their Association within the Study Groups

We performed statistical analysis for the patients’ treatment regimen who came to
hospital with the following treatment medications: beta blockers, angiotensin receptor
blockers (ARBs), calcium channel blockers (CCBs), angiotensin-converting enzyme (ACE)
inhibitors, anticoagulants, aspirin and statins (see Table 3). Overall, the number of patients
who were on various medications varied, with most patients being on aspirin and statins.
There was a trend towards medication intake in the control group with patent arteries, as
well as in the chronic CAD group, who underwent percutaneous coronary intervention.
After ANOVA, differences among the groups were seen with beta blockers, aspirin and
angiotensin converting enzyme (ACE) inhibitors (p = 0.006, p < 0.001, p = 0.044, respectively).
After pairwise analyses, there were significantly more CAD patients on beta blockers
(lowering blood pressure) compared to controls (57% vs. 26%), and much fewer STEMI
patients on aspirin (antithrombotic) compared to controls (18% vs. 65%). There were much
fewer STEMI patients on beta blockers and aspirin compared to CAD patients (9% vs. 57%
and 18% vs. 79%, respectively), and much fewer NSTEMI patients on ACE inhibitors and
aspirin compared to CAD patients (8% vs. 50% and 26% vs. 79%, respectively). There were
significant differences with aspirin between all groups.

Table 3. Association of cardiovascular disease-related medications with chronic CAD, acute NSEMI
and STEMI patients; p-values are shown for ANOVA and pairwise tests. CAD = coronary artery dis-
ease; NSTEMI = non-ST-elevation myocardial infraction; STEMI = ST-elevation myocardial infraction;
PCI = percutaneous coronary intervention.

No CAD
n = 23

CAD (PCI)
n = 28

STEMI
n = 22

NSTEMI
n = 26 ANOVA p Value

Beta blockers 6 (26%) ** 16 (57%) *,† 2 (9%) ** 5 (19%) 0.006

Angiotensin receptor
blockers (ARBs) 1 (4%) 1 (4%) 0 (0%) 0 (0%) 0.722

Calcium channel blockers
(CCBs) 2 (9%) 4 (14%) 2 (9%) 5 (19%) 0.340

Angiotensin-converting
enzyme (ACE) inhibitors 10 (43%) 14 (50%) ‡ 6 (li%) 2 (8%) ** 0.044

Anticoagulants 2 (9%) 1 (4%) 1 (9%) 0 (0%) 0.616

Aspirin 15 (65%) † 22 (79%) †, ‡ 4 (18%) *, ** 7 (26%) ** <0.001

Statins 14 (61%) 16 (57%) 6 (27%) 9 (35%) 0.355

* Different from patent, Tukey–Kramer test p < 0.05. ** Different from CAD, Tukey–Kramer test p < 0.05. † Different
from STEMI, Tukey–Kramer test p < 0.05. ‡ Different from NSTEMI, Tukey–Kramer test p < 0.05.

Further, we performed statistical analysis to identify whether there is a difference
in miR-483-5p expression in serum samples of patients treated with either beta blockers,
ACE inhibitors or aspirin versus patients who were not on these treatments. Interestingly,
we noticed that patients receiving aspirin had significantly higher expression levels of
miR-483-5p, both in peripheral and in culprit coronary serum samples (p = 0.0168 and
p = 0.0244, respectively) (Figure 3).
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Figure 3. MiRNA-483-5p association with Aspirin treatment. Relative expression levels of miR-483-5p
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2.5. Predicted Gene Target for miR-483-5p

Table 4 lists all the predicted gene targets of miR-483-5p in cardiac tissue with the
indication of Reads Per Kilobase of transcript, per million mapped reads (RPKM). Out
of 59 predicted targets summarized in the miRDB website, 14 expressed in the heart.
The listed genes are involved in inflammation (PLA2G5, biased expression in heart,
RPKM 14.5), mitochondrial regulation and oxidative stress (NUDT8, GRK2), sarcomere
(MYOM2, biased expression in heart, RPKM 193.6), cytoskeletal (IQSEC2) and cell
morphogenesis (ZMYM6). Some gene targets were zinc finger proteins involved in
transcriptional regulation (ZNF584, biased expression in many tissues—amongst them
higher expression in the heart, RPKM 1.4, and ZNF417) and RNA replication (SMG6).
Other genes were involved in apoptosis (DNAAF10), inhibition of extracellular matrix
degradation and endothelial proliferation (TIMP2) and connective tissue regulation
(ADAMTS2), as well as genes promoting angiogenesis (HGSNAT).

Table 4. Predicted gene targets of Mir-483-5p in heart tissue. Out of 59 predicted targets taken from
the miRDB website, 14 were expressed in the heart (NCBI websites, Gene Ensembl). Alternative
splicing results in multiple transcript variants in many of these genes.

Gene Gene Name Function Expression

PLA2G5 phospholipase A2 group V

Encoded enzyme catalyzes the hydrolysis of membrane
phospholipids to generate lysophospholipids and free fatty
acids including arachidonic acid. It preferentially
hydrolyzes linoleoyl-containing phosphatidylcholine
substrates. Secretion of this enzyme is thought to induce
inflammatory responses in neighboring cells.

Biased expression in heart (RPKM 14.5),

NUDT8 nudix hydrolase 8

Encoded enzyme predicted to enable magnesium ion
binding activity. Predicted to be involved in purine
nucleoside bisphosphate catabolic process. Predicted to be
located in mitochondria.

Broad expression in heart (RPKM 4.8)
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Table 4. Cont.

Gene Gene Name Function Expression

MYOM2 myomesin 2

The giant protein titin, together with its associated proteins,
interconnects the major structure of sarcomeres, the M
bands and Z discs. The C-terminal end of the titin string
extends into the M line, where it binds tightly to M-band
constituents of apparent molecular masses of 190 kD and
165 kD. The predicted MYOM2 protein contains 1465 amino
acids. Like MYOM1, MYOM2 has a unique N-terminal
domain followed by 12 repeat domains with strong
homology to either fibronectin type III or immunoglobulin
C2 domains. Protein sequence comparisons suggested that
the MYOM2 protein and bovine M protein are identical.

Biased expression in heart (RPKM 193.6)

GRK2 G protein-coupled receptor
kinase 2

This gene encodes a member of the G protein-coupled
receptor kinase family of proteins. The encoded protein
phosphorylates the beta-adrenergic receptor as well as a
wide range of other substrates including non-GPCR cell
surface receptors, and cytoskeletal, mitochondrial and
transcription factor proteins. Data from rodent models
support a role for this gene in embryonic development,
heart function and metabolism. Elevated expression of this
gene observed in human patients with heart failure and
Alzheimer’s disease.

Broad expression in bone marrow (RPKM 91.8),
and other tissues including the heart average
expression (10.2 RPKM)

TIMP2 TIMP metallopeptidase
inhibitor 2

This gene is a member of the TIMP gene family, a family of
natural inhibitors of the matrix metalloproteinases, a group
of peptidases involved in degradation of the extracellular
matrix. In addition to an inhibitory role against
metalloproteinases, the encoded protein has a unique role
among TIMP family members in its ability to directly
suppress the proliferation of endothelial cells. As a result,
the encoded protein may be critical to the maintenance of
tissue homeostasis by suppressing the proliferation of
quiescent tissues in response to angiogenic factors, and by
inhibiting protease activity in tissues undergoing
remodelling of the extracellular matrix.

Ubiquitous expression in many tissues
including the heart (68.2 RPKM)

DNAAF10 dynein axonemal assembly
factor 10

This gene encodes a protein with two WD40 repeat
domains thought to be involved in apoptosis via activation
of caspase-3. Multiple transcript variants encoding
different isoforms have been found for this gene.

Ubiquitous expression in many tissues
including the heart average tissue expression
(2.3 RPKM)

TRIM7 tripartite motif containing 7

The protein encoded by this gene is a member of the
tripartite motif (TRIM) family. The TRIM motif includes
three zinc-binding domains, a RING, a B-box type 1, a
B-box type 2 and a coiled-coil region. The protein localizes
to both the nucleus and the cytoplasm, and may represent a
participant in the initiation of glycogen synthesis.

Biased expression in 10 tissues including the
heart (0.43 RPKM)

ZNF584 zinc finger protein 584

Predicted to enable DNA-binding transcription factor
activity, RNA polymerase II-specific and RNA polymerase
II cis-regulatory region sequence-specific DNA binding
activity. Predicted to be involved in regulation of
transcription by RNA polymerase II.

Biased expression in many tissues amongst
them higher expression in the heart (1.4 RPKM)

ADAMTS2 ADAM metallopeptidase with
thrombospondin type-1 motif -2

This gene encodes a member of the ADAMTS (a disintegrin
and metalloproteinase with thrombospondin motifs)
protein family. Members of the family share several distinct
protein modules, including a propeptide region, a
metalloproteinase domain, a disintegrin-like domain, and a
thrombospondin type 1 (TS) motif. Individual members of
this family differ in the number of C-terminal TS motifs,
and some have unique C-terminal domains. The encoded
preproprotein is proteolytically processed to generate the
mature procollagen N-proteinase. This proteinase excises
the N-propeptide of the fibrillar procollagens types I-III
and type V. Mutations in this gene cause Ehlers-Danlos
syndrome type VIIC, a recessively inherited
connective-tissue disorder.

Broad expression in many tissues including the
heart average tissue expression (2.1 RPKM)

HGSNAT heparan-alpha-glucosaminide
N-acetyltransferase

This gene encodes a lysosomal acetyltransferase, which is
one of several enzymes involved in the lysosomal
degradation of heparin sulfate. Mutations in this gene are
associated with Sanfilippo syndrome C, one type of the
lysosomal storage disease mucopolysaccaridosis III, which
results from impaired degradation of heparan sulfate.

Ubiquitous expression in many tissues
including the heart low-average tissue
expression (5.9 RPKM)

ZNF417 zinc finger protein 417

Predicted to enable DNA-binding transcription factor
activity, RNA polymerase II-specific and RNA polymerase
II cis-regulatory region sequence-specific DNA binding
activity. Predicted to be involved in regulation of
transcription by RNA polymerase II. Predicted to be active
in nucleus.

Ubiquitous expression in many tissues
including the heart low-average tissue
expression (1.4 RPKM)
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Table 4. Cont.

Gene Gene Name Function Expression

IQSEC2 IQ motif and Sec7 domain
ArfGEF 2

This gene encodes a guanine nucleotide exchange factor for
the ARF family of small GTP-binding proteins. The
encoded protein is a component of the postsynaptic density
at excitatory synapses, and may play a critical role in
cytoskeletal and synaptic organization through the
activation of selected ARF substrates including ARF1 and
ARF6. Mutations in this gene have been implicated in
nonsyndromic X-linked cognitive disability.

Ubiquitous expression in many tissues
including the heart low-average tissue
expression (0.4 RPKM)

SMG6 SMG6 nonsense mediated
mRNA decay factor

This gene encodes a component of the telomerase
ribonucleoprotein complex responsible for the replication
and maintenance of chromosome ends. The encoded
protein also plays a role in the nonsense-mediated mRNA
decay (NMD) pathway, providing the endonuclease
activity near the premature translation termination codon
that is needed to initiate NMD.

Ubiquitous expression in many tissues
including the heart average tissue expression
(2.2 RPKM)

ZMYM6 zinc finger MYM-type
containing 6

Predicted to enable DNA binding activity. Involved in
cytoskeleton organization and regulation of cell
morphogenesis. Predicted to be located in nucleus.

Ubiquitous expression in many tissues
including the heart average tissue expression
(2.7 RPKM)

3. Discussion

In our current study, we found that compared to chronic CAD patients, acute MI
patients had a significant upregulation of miR-483-5p demonstrated by a high ‘coronary
arterial gradient’ at the site of the acute occluded culprit artery. This was in contrast to the
significantly lower levels of miR-483-5p in the systemic peripheral arterial circulation in
both groups of patients compared to controls without significant CAD.

CAD mortality and prevalence vary among countries, and estimation of the true
prevalence of CAD in the population is complex [17]. Although developing countries
show considerable variability in the incidence of CAD [17], our study showed no dif-
ferences between Israeli ethnic groups of Jewish and Arab populations in all groups
studied. This may largely be due to similarities in genetic background, geographical
habitats and healthcare systems.

We saw significant differences between the groups with beta blockers, ACE inhibitors
and aspirin. These medications lower blood pressure while aspirin is a known antithrom-
botic. Interestingly, aspirin was the only drug that associated positively with miR-483-5p
expression in peripheral blood and in blood at the occluded artery in all patients (Figure 3).
Aspirin is an analgesic and anti-inflammatory drug, and acts through other mechanisms in
the prevention of cardiovascular disease, such as platelet inactivation [18]. We can suggest
that miR-483-5p may play an important role in platelet inactivation.

Recently, Belland Olsen et al. [19] showed the targeting of new medications on in-
flammatory mediators, known as the inflammasomes, is effective in treating CAD patients.
These medications are Colchicine, Canakinumab, and Anakinra. Another study in cultured
human pulmonary arterial endothelial cells showed that overexpression of miR-483-5p
inhibited inflammatory and fibrogenic responses, revealed by the decreased expression of
TGF-β, TGF-β -receptor-2, β-catenin, connective tissue growth factor, interleukin-1b and
endothelin-1 [20]. The above results may suggest a critical role for the regulation of these
genes with miR-483-5p in vivo, inhibiting the pathogenic mechanisms in heart disease.

Our results may suggest that miR-483-5p may be released from endothelial cells of
blood vasculature at the occluded area as part of a protection mechanism after an acute MI
event (Scheme 1). Indeed, overexpression of miR-483-5p in cultured human pulmonary
arterial endothelial cells inhibits inflammatory and fibrogenic responses, as revealed by
the decreased expression of transforming growth factor-β, transforming growth factor-β
receptor 2, β-catenin, connective tissue growth factor, interleukin-1b, and endothelin-1 [20].
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Scheme 1. Peripheral and local expression of miR-483-5p in acute MI and chronic CAD. A significant
downregulation of miR-483-5p is detected in sera obtained from peripheral and narrowed coronary
artery tree of chronic CAD patients. In acute MI patients, reduced expression of peripheral miR-483-
5p is noted; however, normal expression levels similar to controls are observed at the site of the acute
occluded culprit artery. It is suggested that miR-483-5p may be released from endothelial cells of
blood vasculature at the occluded area as part of a protection mechanism after an acute MI event.

We can speculate and suggest that adjacent tissues and cells absorb the locally abun-
dant miR-483-5p, thus making it a paracrine modulator (Scheme 2). This is supported by
the finding that circulating miR-483-5p is found in exosomes, extracellular vesicles playing
an essential role in intercellular communication [3,21–23]. Activated endothelial cells at the
culprit area make good candidates for exosomes, including miR-483-5p-containing exosome
recipients. Local increases in miRNA-483-5p might be a part of a protective mechanism
intended to limit the production of pro-inflammatory mediators, oxidative stress agents
and calcification factors. Yet, excessive levels of this miRNA molecule at the culprit area can
potentially have a harmful effect and promote hypoxia-induced apoptosis, as well as inhibit
angiogenesis and wound healing [24,25]. MiR-483-5p overexpression in human fibroblasts
and endothelial cells promoted the expression of fibrosis-related genes [21]. Thus, we can
assume, based on previous studies and ours, that the miR-483-5p molecule could have
protective as well as deleterious effects on-site of the injury in MI patients, depending on
the concentration gradient.

In the present study, we specify the candidate target genes for mir-483-5p in heart
tissue, among them PLA2G5, GRK2, MYOM2, TIMP2, ADAMTS2 and HGSNAT. Indeed,
regulation of many of these genes related to cardiovascular diseases and correlated with
MI in previously published reports [26–31] (Scheme 2). For instance, elevated plasma
sPLA2-IIA (encoded by the PLA2G5 gene) predicts coronary heart disease risk [26] and is
involved in inflammation. GRK2 was suggested as a therapeutic target for heart failure, as
its genetic inhibition initiated heart protection of adverse remodeling [27]. The MYOM2
gene, which encodes Myomesin-2 protein, is a major component of the sarcomere that
maintains contractility in heart muscle; additionally, it is involved in heart development [28].
Therefore, MYOM2 may be important for hypertrophic cardiomyopathy and Tetralogy of
Fallot [28]. MYOM2 is downregulated in both animal models and patients with phenotypes
related to major adverse cardiovascular events [29]. The inhibitory function of another
miR-483-5p gene target revealed by our analysis is TIMP2, a key determinant of post-MI
myocardial remodeling; TIMP2 replenishment in diseased myocardium could provide a
potential therapy in reducing or preventing disease progression [30]. ADAMTS2 may serve
as a promising target for preventing cardiac hypertrophy and heart failure [31]. Lastly, the
HGSNAT gene, discovered in our in silico analysis as another gene target of miR-483-5p,
functions in lysosomal degradation of heparin sulfate, and heparin sulfate degradation is
known to promote tissue repair and angiogenesis after acute MI [32]. We speculate from the
above-mentioned that the HGSNAT gene promotes tissue repair and angiogenesis locally in
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the culprit area after acute MI. Our results also propose that PLA2G5 reduces inflammation,
and that GRK2 MYOM2 TIMP2 and ADAMTS2 regain and maintain normal heart function,
cell morphogenesis and metabolism following the injury of acute MI (Scheme 2). These
hypotheses need further validation.
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Scheme 2. Proposed mechanisms of miR-483-5p at the culprit artery. Under normal conditions,
miR-483-5p is protective and regulates genes involved in damaging mechanisms such as inflam-
mation (PLA2G5), oxidative stress (NUDT8, GRK2), apoptosis (DNAAF10) and fibrosis (IQSEC2,
ZMYM6, MYOM2), as well as genes promoting angiogenesis (HGSNAT, TIMP2) and wound healing
(ADAMTS2). Other zinc finger proteins regulate transcription (ZNF584, ZNF417) and RNA replication
(SMG6). Protection mechanisms induced by miR-483-5p disrupt, as lower levels of miR-483-5p ensue
peripherally in chronic CAD and acute MI situations, and locally at the culprit vessel in chronic CAD.
Here we demonstrate a protection mechanism at the culprit vessel after acute MI, whereby normal
levels of miR-483-5p expressed by neighboring cells enter the cardiac endothelial cells via extracellular
exosomes. Intracellularly, miR-483-5p inhibits deleterious genes, and allows gene activation involved
in protection.

Several studies address miR-483-5p expression in hypercholesterolemia and CAD
patients. MiR-483-5p was demonstrated to be under-expressed in hypercholesterolemia
patients, whereas statin treatment can reverse its expression to normal levels [33], thus
supporting our findings. In MI, miR-483-5p was previously shown as upregulated com-
pared with a control group [34]. Different demographic populations recruited to these
studies can explain this disagreement with our study. In addition, whereas in previous
reports results yielded only from peripheral venous blood, we collected blood samples
both from peripheral arterial circulation and from coronary arteries simultaneously. In our
current study, all control group participants had no history of either coronary or known
myocardial disease and, in addition, all underwent diagnostic coronary angiography to
exclude CAD. This is different from other studies in which the control group was composed
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of patients either with non-cardiac chest pain [34] or healthy volunteers after a standard
medical examination, so we believe our control group was a more homogeneous one.

Although both positive and negative effects of miR-483-5p were demonstrated in
cardiac disease, it is commonly believed that under normal conditions miR-483-5p has a
protective role in preventing cardiac diseases including CAD, as it moderates inflammation,
oxidative stress, pro-inflammatory cytokine-induced apoptosis and fibrosis, as well as
regulated endothelial function [20,33,35–37].

Our results imply that miR-483-5p under pathologic conditions is relatively low,
while ‘boosts up’ as a protective mechanism at the culprit occluded artery following
acute MI. High miR-483-5p expression may be induced by the release of miR-483-5p from
endothelial cells at the site of local ischemia (Schemes 1 and 2). The schemes further show
that intracellular miR-483-5p may inhibit deleterious genes and may allow activation of
protection genes.

Due to its many gene targets, miR-483-5p may serve as a good candidate biomarker for
further understanding and studying cardiovascular disease. Further molecular studies are
required to characterize miR-483-5p cellular functions and valid target genes in these patho-
physiological processes. The resultant gene targets discussed in this study may improve our
knowledge of the mechanisms involved and may guide novel therapeutic approaches. We
suggest that protective mechanisms induced by miR-483-5p are disrupted in CAD, as levels
of miR-483-5p are significantly lower in CAD patients (Scheme 1). Scheme 2 demonstrates
a protection mechanism at the culprit vessel in acute MI patients.

There are a few potential miRNA-targeted emerging therapies for cardiovascular
disease. Recently, it has been shown that therapeutic delivery of microRNA-125a-5p
oligonucleotides improves recovery from myocardial ischemia/reperfusion injury in mice
and swine [38]. Moreover, miR-423-5p inhibition exerts protective effects on angiotensin
II-induced cardiomyocyte hypertrophy [39]. Furthermore, it was recently shown that
endothelial miR-483-3p, the other strand of miR-483-5p, is hypertension protective [40].
These novel findings are exciting and certainly encourage us to continue our validations
for targeted miR-483-5p therapies in heart disease.

We will address a few limitations to our study. The cohort groups were relatively
small and focused on male subjects only. Because of Research Ethics Board limitations, we
did not sample blood from the non-culprit coronary artery, nor did we repeat coronary
sample from the previous occluded artery.

Our study focused on male patients solely for the following two main reasons. First, we
anticipated general differences in circulating miRNAs between males and females, where
in females the expectation is for “noisier” outcomes due to hormonal factors. Lamon et al.
very recently showed that gene targets of circulating miRNAs varied considerably with
the menstrual cycle and were primarily involved in cell proliferation and apoptosis [41].
This exploratory study suggests that circulating miRNAs may play an active role in the
regulation of the female cycle by mediating the expression of genes during fluctuating
hormonal changes. In this case, finding differences between the groups in our study will
be much more difficult. Second, during the patient recruitment process we noticed that
female patients were almost absent in the STEMI group. In this case, including females in
all study groups making them homogeneous would be practically impossible.

The rationale for collecting samples prior to the intervention was to identify miRNAs
specifically enriched in the microenvironment of the blocked artery. We assumed that after
intervention this microenvironment does not exist any longer.

Unfortunately, we do not have information about clinical characteristics such as CRP
and HbA1C. Troponin was checked in all NSTEMI and some STEMI patients, no Troponin
tests were performed in control patients and CAD patients since there is no medical
indication for that. It is expected that myocardial damage is higher in NSTEMI and STEMI
patients compared to control and CAD patients. We agree that we cannot exclude the
work by Li et al. who showed high association between circulating miR-497 and acute
myocardial infarction, which was also correlated with high troponin levels [42].
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4. Materials and Methods
4.1. Patient Recruitment and Sample Collection

All procedures in the study involving human subjects were performed in compliance
with the institutional guidelines of Poriya Medical Center, Israel, and were approved
by the Helsinki Committee (ethical approval No. POR-0017-14). Serum samples were
obtained from male patients undergoing cardiac catheterization procedures in the cardio-
vascular department of Poriya Medical Center, Israel, after signing informed consent forms.
Four groups of patients were recruited to the study: 22 acute STEMI, 26 acute NSTEMI,
28 chronic CAD patients and 23 control patients who had no previous history of coro-
nary or myocardial disease, no previous coronary intervention, and current coronary
angiogram-demonstrated patent coronary arteries. In most cases, coronary angiography
was performed on patients with patent coronary arteries to exclude CAD due to patients’
complaints/ECG changes combined with relevant risk factors. Aortic stenosis patients
were not excluded in this study. Patients were defined as patent if no occlusion, or occlusion
of less than 50%, was observed in the coronary tree. Exclusion criteria were as follows:
female sex, younger than 18 years of age, patients who underwent coronary artery bypass
surgery, patients with an active oncological disease, patients on any form of dialysis or
under antibiotics, steroids or other anti-inflammatory modulators treatment or having
evidence of systemic inflammation or infection. Specifically, in the control group, previous
myocardial disease and/or previous coronary intervention were excluded on top of their
current coronary angiogram, which had to demonstrate patent coronary arteries.

Two blood samples were obtained from each patient during the coronary catheteriza-
tion procedure, one from each of the peripheral and the coronary arterial system. Specifi-
cally, in acute STEMI, NSTEMI and chronic CAD patients, coronary blood samples were
taken just prior to the coronary intervention from the hemodynamically significant culprit
coronary artery narrowing (>70%), related to the patient’s manifestation of symptoms. In
the control patients with the patent coronary arteries, coronary samples were collected from
a random artery. Blood samples were collected into serum-separating tubes, kept at room
temperature and were processed within 24 h. To obtain serum, samples were centrifuged
for 15 min at 2000× g. The obtained serum samples were aliquoted into Eppendorf tubes
and stored at −80 ◦C until RNA extraction.

4.2. RNA Extraction

RNA was extracted from 1 mL of serum using the miRNeasy Serum/Plasma kit
(Qiagen, Hilden, Germany). RNA concentration was measured with Qubit miRNA assay
kit (Molecular Probes Life Technology, Thermo Fisher Scientific Inc., Waltham, MA, USA).
The quality of extracted RNA was assessed by Bioanalyzer and TapeStation sytems for
small RNA quantitation, purity and integrity.

4.3. Preparation of Libraries and miRNA Sequencing

MiRNA libraries were prepared from RNA samples of 16 patent and 18 STEMI
patients, using the QIAseq miRNA Library Kit (Qiagen, Hilden, Germany). Library
concentrations were measured with Qubit dsDNA HS Assay Kit (Molecular Probes, Life
Technology, Thermo Fisher Scientific, Waltham, MA, USA) and the quality was assessed
by Bioanalyzer and TapeStation systems (Agilent Technologies, Santa Clara, CA, USA).
All miRNA libraries were sequenced using Nextseq 550 (Illumina, San Diego, CA, USA)
with a read length of 75bp.

4.4. Quantitative Real Time PCR (qPCR)

Complimentary DNA was synthesized using the TaqMan Advanced miRNA cDNA
Synthesis Kit (Applied Biosystems, Life Technologies, Thermo Fisher Scientific, Waltham,
MA, USA). For the qPCR reaction, TaqMan Advanced miRNA RT-PCR kit was used
(Applied Biosystems, Life Technologies, Thermo Fisher Scientific, Waltham, MA, USA). For
each reaction, 5 µL aliquots of diluted cDNA were used, and miR-1260a-5p was used as a
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reference [43]. Specific miRNA probes were obtained from Applied Biosystems (Thermo
Fisher Scientific, Waltham, MA, USA): has-miR-1260a (Assay ID: 478476_miR) ahashsa-miR-
483-5p (Assay ID: 478432_miR). The qPCR reactions were performed using CFX-Connect
Real-Time System (Bio-Rad, Hercules, CA, USA) and the following conditions: 95 ◦C for
20 s, 95 ◦C for 3 s and 40 cycles, 60 ◦C for 30 s, 65 ◦C for 5 s and a final cycle at 95 ◦C for 50
s. The ∆∆Ct method was used for the real-time PCR quantification analysis.

4.5. Bioinformatics and Statistical Analysis

Primary and secondary analysis of miRNA sequencing results was performed using
a web resource Gene Globe Data Analysis Center (Qiagen, Hilden, Germany). The
Trimmed Mean of M (TMM) value normalization method was used for the differential
expression analysis.

The t-test for independent samples was performed to compare clinical characteristics
of the patients in each of the four study groups; p-values are shown in a table. In the qPCR
experiment, the Kruskal–Wallis test for independent samples was performed, followed
by post hoc Dunn’s and Conover’s analysis. For testing the ability of miR-483-5p to
differentiate between patent and chronic CAD, receiver operating characteristic (ROC)
curve analysis was performed. All the statistical tests were performed using MedCalc®

software (MedCalc Software Ltd, Ostend, Belgium), version 19.5.3.

4.6. Identification of Predicted Gene Targets for miR-483-5p

miRDB is an online database for miRNA target prediction and functional annota-
tions [44,45]. All the targets in miRDB were predicted by a bioinformatics tool, MirTarget,
which was developed by analyzing thousands of miRNA–target interactions from high-
throughput sequencing experiments. Common features associated with miRNA binding
and target downregulation were identified and were used to predict miRNA targets with
machine learning methods. These miRNAs, as well as associated functional annotations,
are presented in the FuncMir Collection in miRDB. As a recent update, miRDB presents the
expression profiles of hundreds of cell lines and the user may limit their search for miRNA
targets that are expressed in a cell line of interest. To facilitate the prediction of miRNA
functions, miRDB presents a new web interface for integrative analysis of target prediction
and gene ontology data.

Using the miRDB website, predicted gene targets for miR-483-5p are available
for studying different tissues, including the heart. We distinguished gene targets and
mechanisms applicable to chronic and acute MI states using this site and the NCBI
websites, Gene Ensembl.

5. Conclusions

To the best of our knowledge, for the first time we show herein significant association
between miR-483-5p downregulation and heart disease, in peripheral serum of acute MI
and chronic CAD patients. Yet, our acute MI patients had significantly higher miR-483-
5p levels locally at the culprit occluded coronary artery compared with chronic CAD
patients. Our data suggest that miR483-5p is pathologically under-expressed, and this local
regulation at the site of the culprit artery suggests a potential attempt for on-site protection.
These results may offer novel leads for the mechanism in which specific miRNAs are
involved in the pathogenesis and healing process in both chronic and acute manifestations
of CAD.
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Abbreviations

ADAMTS2 ADAM metallopeptidase with thrombospondin type-1 motif -2
ANOVA One-way analysis of variance
CAD Coronary artery disease
CRP C-reactive protein
DNAAF10 Dynein axonemal assembly factor 10
dsDNA Double-stranded Deoxyribonucleic Acid
GFR Glomerular Filtration Rate
GRK2 G protein-coupled receptor kinase 2
HGSNAT Heparan-alpha-glucosaminide N-acetyltransferase
IGF2 Insulin-like growth factor-2
IL-6 Interleukin 6
IL-10 Interleukin 10
IQSEC2 IQ motif and Sec7 domain ArfGEF 2
MDRD Modification of diet in renal disease
MI Myocardial infraction
MiRDB An online database for prediction of functional miRNA targets
MiRNAs Micro RiboNucleic Acids
MMP-9 Matrix metallopeptidase-9
MYOM2 Myomesin 2
NCBI National center for biotechnology information
NGS Next generation sequencing
NSTEMI Non ST-segment elevation myocardial infraction
NUDT8 Nudix hydrolase 8
PCI Percutaneous coronary intervention
PLA2G5 Phospholipase A2 group V
qPCR Quantitative polymerase chain reaction
ROC Receiver operator curve analysis
RPKM Reads Per Kilobase of transcript, per Million mapped reads
SMG6 SMG6 Nonsense mediated mRNA decay factor
sPLA2 Secretory phospholipase A2
sPLA2-IIA Secretory phospholipase A2-IIA
SRF Serum response factor
STEMI ST-segment elevation myocardial infraction
TIMP2 TIMP metallopeptidase inhibitor 2
TMM Trimmed Mean of M
TNF-α Tumor necrosis factor alpha
TRIM7 Tripartite motif containing 7
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WBC White blood cells
ZMYM6 Zinc finger MYM-type containing 6
ZNF417 Zinc finger protein 417
ZNF584 Zinc finger protein 584
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