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Introduction

Microribonucleic acids (miRs) are small, noncoding ribonu-
cleic acids (RNAs) that regulate posttranscriptional gene
expression by inhibiting translation or causing degradation
of their target messenger RNA (mRNA).1 MiRs bind to the 3′-
untranslated region (UTR) of their target mRNA through the
so-called “seed region” on nucleotides 2 to 8. Because this
short binding site sequence can be present on many mRNAs,
a single miR is able to target and regulate hundreds of
mRNAs.2 Since miRs primarily affect mRNA transcript sta-
bility, resulting in small changes in protein levels, effects on a
single miR-target might be subtle.1 However, the combined
effect of miRs on multiple targets within a regulatory net-
work could change the output of a pathway.1

The expression of miRs is regulated in a tissue- and
pathology-specific manner. MiRs are present in the human
circulation in cell-free form,where they can be detectedwith
high sensitivity and specificity using sequence-specific am-
plification, and thus may serve as potential biomarkers in
various disease pathologies.3 Circulating miRs are stable in
the circulation and resistant to endogenous ribonuclease
activity. MiRs are either transported in extracellular vesicles
like exosomes, microvesicles (MVs), and apoptotic bodies, or
can be found in protein/lipoprotein complexes with high-
density lipoprotein (HDL), argonaute2, a catalytic compo-
nent of the RNA-induced silencing complex, and nucleo-
phosmin, a ubiquitously expressed phosphoprotein of the
nucleolus.4–7 Because of their remarkable stability in circu-
lation, several studies have proposed various miRs as
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Abstract Microribonucleic acids (miRs) are small, noncoding ribonucleic acids (RNAs), which
play an important role in the regulation of platelet function and activity. Several studies
proposed a mechanistic role of platelet-related miRs in the pathophysiology of
coronary artery disease (CAD) and atherothrombosis. Circulating, platelet-related
miRs have been proposed as diagnostic, prognostic, as well as treatment response
biomarkers in CAD and acute coronary syndrome (ACS). In this review, we summarize
recent studies on the role of platelet-related miRs in the regulation of platelet function
and activity. Furthermore, we review the studies investigating the role of platelet-
related miRs as biomarkers in patients with CAD and ACS.
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biomarkers for early detection of acutemyocardial infarction
(AMI), stable coronary artery disease (CAD), in-stent reste-
nosis, outcome in acute and chronic heart failure, and for
cardiovascular risk factors such as type 2 diabetes and
obesity.8–15

Platelets Express Functional microRNAs

Platelets are anucleate cells, and although it has been known
that they contain functional pre-mRNA and mRNA and
produce proteins, platelets were not the first place to start
looking for miRs expression. However, the presence of miRs
in platelets was first reported already in 2008. Merkerova
et al reported differential expression of 13 common miRs
over various types of peripheral blood-derived cell types,
including platelets.16 Out of the selected 13 miRs, miR-223
was abundantly expressed in platelets, as well as in gran-
ulocytes and monocytes. The authors focused mainly on
using differential miRs profiles to differentiate between
different hematopoietic lineages. In 2009, the phenomenon
of miRs expression in platelets was examined specifically.
Landry et al showed that platelets express a broad array of
different miRs.17 More importantly, however, the authors
demonstrated that platelets did not merely inherit some
miRs from their megakaryocyte progenitors, but that they
have a functional miRs machinery, capable of processing
miRs, as well as binding and targetingmRNAs.More recently,
Rowley et al showed that megakaryocyte-specific knockout
of Dicer, a key component of the miRs machinery, leads to a
broad-scale reduction in platelet miRs.18 As a result, platelet
protein expressionwas altered as well. Although it cannot be
excluded that some of these changeswere inherited from the
knockout parent megakaryocytes, this study strongly indi-
cates a regulatory role of miRs in platelet protein translation.

Nagalla et al performed a screen for miRs expression in
platelets isolated from 19 healthy volunteers.19 They found
that overall, platelets expressed 284 different miRs. The
authors also looked at mRNA expression using whole ge-
nome microarray analysis and compared miRs and mRNA
expression for microRNA–mRNA pairs with predicted bind-
ing of the miRs to the mRNA’s 3′UTR. Expression of miRs and
target mRNAs were inversely correlated. The authors select-
ed three putative targets for three platelet miRs and showed
that protein expression was also downregulated, clearly
indicating normal miRs functionality in anucleate platelets.
With regards to platelet functionality, the authors showed
that 74 miRs were differentially expressed among platelets
from individuals with high, versus individuals with low
platelet aggregation in response to epinephrine. A very
similar study was published by Osman and Fälker in the
same year, in which they identified 281 miRs in platelets.20

Uponplatelet activationwith thrombin, 6 miRs, namelymiR-
15a, miR-339, miR-365, miR-495, miR-98, and miR-361–3,
showed differential expression.

To study the stability of miRs expression in platelets at
different timepoints, Stratz et al looked atmiRs expression in
platelets from 5 healthy volunteers collected at 5 different
time points over 10 consecutive days.21 Furthermore, at

24 hours before the last blood draw, volunteers were given
a single dose of 500 mg aspirin. Although more miRs were
detected, a total of 221 miRs was detected in the platelets of
all 5 volunteers at all 5 time points. The authors found that
miRs expression was remarkably stable between individuals
and between the different time points. Furthermore, after
24 hours, there were no significant effects of aspirin onmiRs
expression in the 5 individuals included in this study. How-
ever, one could speculate that changes in miRs expression
might occur later than 24 hours after aspirin intake. In 2012,
the first RNA-sequencing data on miRs in platelets were
published. Plé et al detected at least 492 different mature
miRs in platelets, including 40 novel, previously undescribed
miRs.22 Moreover, the authors demonstrated the occurrence
of posttranscriptional modifications in platelet miRs, as well
many iso-miRs formed by small shifts in pri- and pre-miRs
cleavage site selection by Drosha and Dicer, respectively.
Most of the posttranscriptional modifications found in pla-
telets impact mostly miRs processing rates and miRs stabili-
ty. But iso-miRs with nucleotide additions or deletions at the
5′end cause alterations in the miRs’ seed sequence, and thus
in the miRs’ set of target mRNAs. The discovery of miRs
modifications and iso-miRs only adds to the complexity of
translational regulation in anucleate platelets.

While Stratz et al had shown platelets to be stable over
time in 5 volunteers of the same sex and age, Simon et al
studiedwhether platelet miRs levels were altered by age and
sex.23 The authors showed that 15 platelet miRs were
differentially expressed over different ages, as well as
9 miRs that were differentially expressed between men
andwomen. The authors further showed that putative target
mRNAs of these miRs were also differentially expressed, in
an inverse manner. Even though these results were obtained
in a cohort of individuals with Caucasian and African de-
scent, the authors did not report differential expression
between both groups. Another study, looking specifically
at differences between European and African descendants,
however, did report differences in platelet miRs levels and
function between both races.24

MicroRNA Functions within Platelets

The above described studies mostly look at global platelet-
mRNA and platelet-miRNA expression, allowing for normali-
zation to the total mRNA or miRs expression. However, when
studying expression of individual mRNAs and miRs, normali-
zation to stably expressed housekeeping genes is essential,
particularly in platelets. Platelet activation leads to rapid
changes in RNA (and protein) expression, via pre-mRNA
splicing25 and via processing of miRs precursors (unpublished
data). As platelets have no transcription, these changes are not
controlled by the cellular machinery. In discussing papers on
platelet functionality, wewill report the chosennormalization
strategies, as these could impact the interpretation of the
results. However, one should keep in mind that an optimal
normalization strategy does not exist (yet).

When discussing platelet functionality, one should also
keep in mind that there are many ways to measure platelet
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activity. In vivo assays in mice include tail bleeding time, clot
formation (both speed and size) in the carotid artery after
FeCl3-induced vascular injury, counting embolisms in the
microvasculature, and counting platelet-leukocyte aggre-
gates. These in vivo tests are probably most relevant as
disease models, but also nonspecific and indirect as other
components in the blood and vessel wall could influence the
outcomes. In vitro platelet aggregation in response to a
specific agonist, as well as platelet intracellular calcium
mobilization assays, are more direct ways of measuring
platelet activation. But as platelets are easily activated in
vitro, these tests are probably less clinically relevant. Alter-
natively, in vitro/ex vivo clot formation can be monitored,
which is more clinically relevant. However, it becomes clear
from the discrepancies between the studies by Elgheznawy
et al and Leierseder et al, all in vitro platelet assays are highly
sensitive to the assay conditions.26,27

►Table 1 gives overview of the key platelet miRs and their
function within platelets. As described above, Edelstein et al
looked at differences in platelet activation between individ-
uals with European and African descent.24 The authors found
that protease-activated receptor 4 (PAR4) activation of pla-
telets was enhanced in African descendants, leading to
increased platelet aggregation in vitro. The authors demon-
strated that phosphatidylcholine transfer protein (PC-TP),
among others, was responsible for the enhanced platelet
activation via PAR4 in those with African descent. The
authors also show that PC-TP is targeted by miR-376c, which
is also differentially expressed between both races. However,
a direct effect of miR-376c inhibition or overexpression on
platelet activationwas not shown. MiR-376c is part of a large
polycistronic gene cluster encoding well over 50 different
microRNA genes. This cluster is located on the long arm of
chromosome 14 (14q32) within the DIO3-DLK1 locus. It has
been implicated in cardiovascular disease and vascular
remodeling frequently.28 Edelstein et al reported that 14q32
miRs were generally downregulated in individuals of African
descent, potentially allowing for upregulation of their tar-
gets, including PC-TP. In this study, mRNA levels were nor-
malized to β-actin, and miRs levels to RNU6B.

Looking at miRs function in platelets in a disease setting,
Luo et al showed that hyperglycemia in type 2 diabetes
reduces expression of miR-30c in platelets.29 The authors
further show that plasminogen activator inhibitor-1 (PAI-1)
is direct target of miR-30c and is upregulated in platelets of
diabetic mice, and in human patients with type II diabetes.
Lentiviral overexpression of miR-30c led to reduced arterial
occlusion in a murine FeCl3-induced arterial thrombosis
model in a PAI-1-dependent manner, indicating a causal
relationship between miR-30c and platelet function. In this
study, mRNA levels were normalized to 18S ribosomal RNA
(rRNA), miRNA levels to U6 small nuclear RNA.

Elgheznawy et al looked at effects of type 2 diabetes on
platelet miRs in a broader sense. The authors studied the
effects of calpain, a calcium-dependent protease that is
activated in platelets in type 2 diabetes.26 A previous study
had shown that calpain can cleave and inactivate Dicer.
Indeed, both in human diabetic patients and in diabetic

mice, Dicer, as well several platelet miRs were decreased.
Inmice, these decreases could be reversed by treatment with
a calpain inhibitor. The authors focused on the function of
one of the downregulated miRs, miR-223. MiR-223 deficient
mice displayed enhanced in vivo platelet-neutrophil aggre-
gate formation. Furthermore, miR-223 deficient mice dis-
played accelerated formation of larger clots in response to
FeCl3-induced injury of the carotid artery, as well as an
increased number of emboli in the microcirculation. In vitro
a modest increase in platelet aggregation, accompanied by
the formation of larger thrombi was observed. These results
contradict an earlier study onmiR-223, the most abundantly
expressed platelet microRNA. In 2013, Leierseder et al pub-
lished that miR-223 deficiency had absolutely no effect
whatsoever on platelet function, not on activation, nor on
platelet aggregation.27 However, some differences in study
design between both studies may help explain these dis-
crepancies. Where Elgheznawy et al found their most strik-
ing effects on platelet function in vivo, Leierseder et al looked
only at in vitro models. Furthermore, Elgheznawy et al
reported enhanced in vitro platelet aggregation in miR-223
deficient platelets in response to thrombin, but only at
concentrations below 0.75 U/mL. Leierseder et al reported
no differences in in vitro platelet aggregation, but only tested
this at a concentration of 0.75 U/mL. Leierseder et al normal-
ized miR-223 levels to U6, whereas Elgheznawy et al used
18S rRNA for normalization.

The results regarding the effects of type 2 diabetes on
calpain and miR-223 were confirmed in study by Fejes
et al.30 The authors show that platelet miR-223, miR-26b,
miR-126, and miR-140 are downregulated in patients with
type 2 diabetes in part via Dicer cleavage by calpain. The
authors identify purinergic receptor P2Y12 (P2RY12) as target
mRNA for miR-223 and P-selectin as target for miR-26b and
miR-140. Furthermore, it was demonstrated that diabetic
platelets aremore active, but platelet activity was determined
only by surface P-selectin expression. The expression levels of
miRs were normalized to RNU43.30 A very recent study by
Garcia et al, confirms the previous finding of Kaudewitz et al
that miR-126–3p regulates disintegrin and metalloproteinase
domain-containing protein 9 expression in these cells.31,32

Furthermore, it brings further insight on the role of miR-126
in platelets, by showing that miR-126–3p targets plexin-B2 in
platelet-like structures differentiated from primary human
CD34 þ -derived megakaryocytes.31 Upregulation of miR-
126–3p, as well as downregulation of plexin-B2, led to an
increase in platelet reactivity, defined by increased immobili-
zationon afibrinogen-coated surfaceunder flow.MiR-126–3p
expressionwasnormalized to a panel of threemiRs, consisting
of miR-28, miR-151, and miR-29c.31

Although platelets are difficult to work with in vitro,
several other studies have investigated miRs function in
platelets. Kondkar et al showed that upregulation of the
gene VAMP8, which encodes the protein endobrevin, is
associated with platelet hyperreactivity, measured by in
vitro platelet aggregation.33 The authors demonstrated
that VAMP8 is targeted by miR-96, which is abundantly
expressed in platelets. A direct link between miR-96 and
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VAMP8, however, was shown in HCT116-Dicer-KO2 cells,
rather than in platelets. In this study, both mRNA and miRs
levels were normalized to glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH).

Zhou et al looked at an opposite phenotype, namely at
hypo-responding platelets to activation via the Fc receptor
for immunoglobulin G IIA (FcγRIIA).34 The authors observed
upregulation of platelet T cell ubiquitin ligand-2 (TULA-2).
TULA-2 was shown to be targeted by miR-148a and inhibi-
tion of miR-148a led to increased platelet TULA-2 expression
in FcγRIIA transgenic mice, as well as to reduced thrombus
formation in vivo in response to FcγRIIA activation. Surpris-
ingly, however, the authors do not report miR-148a expres-
sion levels at all, which couldmake one questionwhether the
conclusion that miR-148a directly influences platelet func-
tion is justified.

Platelets have multiple activation routes, each with dif-
ferent outcomes. Miao et al looked at activation of platelets
via thrombin.35 In this study, mRNA levels were normalized
to GAPDH, and miRs levels were normalized to miR-130b or
RNU6B. Thrombin activation of platelets in vitro led to
downregulation of miR-27b and the authors demonstrated
that miR-27b upregulation using microRNA mimics leads to
specific thrombospondin-1 downregulation. Thrombospon-
din-1 has antiangiogenic properties, and indeed, lysate of
platelets treated with miR-27b mimics increased Matrigel-
tube formation by endothelial progenitor cells in vitro. The
authors demonstrated a function for miR-27b within plate-
lets, but the ultimate effect, angiogenesis, would occur in
other tissues. A similar mechanism was demonstrated by
Barwari et al, regarding platelet miR-21. MiR-21 was impli-
cated in tissue fibrosis already in 2008.36 A decade later,
Barwari et al show that platelet miR-21 plays an important
role in fibrosis in other tissues.37 The authors show that miR-
21 targets the Wiskott–Aldrich syndrome protein in plate-
lets, which is a negative regulator of platelet transforming
growth factor (TGF)-β1 secretion. Via regulation of TGF-β1
release, platelet miR-21 could indirectly contribute to fibro-
sis in other tissues. In this study, different housekeeping
genes were selected based on analysis of stability.

Transfer of Platelet microRNAs to Other Cells

Platelet miRs have a direct way of contributing to homeosta-
sis in other tissues. Namely, platelets produce vast amounts
of MVs upon stimulation and these MVs contain functional
miRs. Ambrose et al published very recently that the exact
composition of the microRNA load of these vesicles is even
determined, to some extent, by the route of platelet activa-
tion.38 Several studies have now shown that these MVs and
their microRNA load are actively transferred to endothelial
cells, smooth muscle cells (SMCs), and macrophages, where
they target host cells’ mRNAs. Gidlöf et al were the first to
show uptake of platelet miRs by endothelial cells and dem-
onstrated a potential function for platelet miR-320b in the
regulation of endothelial expression of intercellular adhesion
molecule-1 (ICAM-1).39 Laffont et al showed that also the
most abundant platelet microRNA, miR-223, could be trans-

ferred to the endothelium in this way.40 The authors dem-
onstrated regulation of bothmRNA and protein expression of
two miR-223 targets, F-box/WD repeat-containing protein 7
(FBXW7), and ephrin A1 (EFNA1), in endothelial cells. Pan
et al also looked at transfer of miR-223 to endothelial cells
and showed that miR-223 promotes endothelial cell apopto-
sis by targeting the insulin-like growth factor 1 receptor.41 A
more recent study by Li et al looked at transfer of platelet
miR-223 upon activation by thrombin to human umbilical
vein endothelial cells (HUVECs) and found that miR-223 also
downregulated endothelial ICAM-1 via inhibition of p38, c-
Jun N-terminal kinase, and extracellular signal-regulated
kinase phosphorylation, and thereby dampens a thrombo-
sis-induced inflammatory response.42 Zhang et al demon-
strated that antibodies against the β2-glycoprotein 1
(β2GP1)/β2GP1 complex induced the release and concurrent
endothelial uptake of platelet miR-96 and miR-26a.43 In
HUVECs, miR-96 and miR-26c targeted P-selectin and the
platelet-derived growth factor (PDGF)α-receptor and inhib-
ited migration and tube formation (►Table 2).

Platelet miRs are not only transferred to endothelial cells.
Tan et al demonstrated that SMCs could take upmiR-223,miR-
339, and miR-21 from platelet-derived exosomes in vitro.44

Once inside the cell, these miRs targeted PDGF receptor
(PDGFR)β and inhibited PDGF-induced SMC proliferation. In
a very recent study, Yang et al showed that macrophages can
also take up platelet MVs.45 Instead of being degraded, miRs
fromthesevesicles, in this studydemonstrated formiR-4306, a
marker for poor prognosis in patients with CAD, directly
influenced macrophage functionality. Platelet-derived miR-
4306 reduced cardiac tissue infiltration by macrophages in a
murine myocardial infarction model (►Table 2).

HUVECs and SMCs are commonly used in vitro model
systems for the human vasculature. However, to our knowl-
edge, no study has provided direct evidence yet for in vivo
transfer of platelet miRs into the vessel wall. There is
evidence of in vivo transfer of platelet mRNA from vesicles
to circulatingmonocytes, but it cannot be fully excluded that
this is an effect of phagocytosis, rather than active uptake.46

Because of their presence in the blood stream, platelets
would be relatively easy cellular targets for anti-microRNA-
based therapeutics. However, there is a serious drawback to
such strategies however, as Flierl et al demonstrated that
phosphorothioate backbone modifications, commonly used
to stabilize antisense microRNA inhibitors, were potent
activators of platelets.47

Platelets microRNAs in Antiplatelet Drug
Resistance

As described above, platelets secrete MVs containing miRs
upon activation and different platelet agonists lead to differ-
ent microRNA signatures. As miRs are relatively stable in the
circulation,3 this renders platelet miRs highly suitable as
potential biomarkers. Platelet miRs are increased in the
circulation in patients with CAD,48 as will be described
further below. Many studies have also focused on the poten-
tial of platelet miRs as markers for a common problem in
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treatment of patients with CAD, namely antiplatelet drug
resistance.

Willeit et al first investigated the response of platelet-
derived miRs in plasma of healthy volunteers treated with
antiplatelet drugs (prasugrel and/or aspirin),49 after which
they confirmed their findings in 33 patients with symptom-
atic carotid atherosclerosis. The authors found that particu-
larly miR-223 andmiR-191, as well as miR-126 andmiR-150,
were downregulated during antiplatelet therapy both in
patients with carotid atherosclerosis and in healthy controls.
This finding was confirmed for miR-126 by De Boer et al in
plasma from patients with type 2 diabetes.50 Shi et al also
looked at levels of miR-223 and miR-96 in CAD patients on
antiplatelet therapy, but here the authors also included
platelet responsiveness.51 They showed that miR-223 levels
in platelets were correlated directly with platelet respon-
siveness to clopidogrel. Platelet miR-223 expressionwas also
associated with high on-treatment platelet reactivity in
acute coronary syndrome (ACS) patients.52 This correlation
between miR-223 and platelet responsiveness was con-
firmed by several other studies.32,53,54 Similarly, several
other platelet miRs were reported to correlate with on-
treatment platelet reactivity, including miR-126, miR-92a,
miR-26a, and miR-365–3p.32,55–57 MiR-126 and miR-223
showed strong correlation with platelet function tests in
plasma of patients on dual antiplatelet therapy1 month after
ACS.32 Furthermore, inhibition of miR-126 leads to reduced
platelet aggregation and receptor expression in mice.32

Three platelet-related miRs, miR-223, miR-221, and miR-
21, were associated with platelet responsiveness on clopi-
dogrel treatment in platelets of carriers of CYP2C19�2 geno-
type following ACS and discriminate high and low
responders on clopidogrel treatment.54 After therapeutic
switch from clopidogrel to ticagrelor, expression of miR-
126,miR-223, andmiR-150 in plasmadecreases,whereas the
expression of miR-96 increases.58 In addition, miR-126 ex-
pressionwas further decreased in plasma from patients with
ticagrelor loading as compared with patients without load-
ing dose, suggesting that miR-126 expression decreases with
increasing intensity of platelet inhibition.58 A very recent
study by La Rosa et al described a potential mechanism for
antiplatelet drug resistance.59 The authors showed that
chronic aspirin treatment leads to the downregulation of
miR-26b-5p, which the authors demonstrate to target the
multidrug resistance protein-4 (MRP4) in platelets. In-
creased MRP4 levels had previously been linked to reduced
platelet responsiveness to aspirin treatment.60

Platelet microRNAs in Coronary Artery
Disease

Parallel to bench studies demonstrating the role of miRs in
regulation of platelet function and reactivity, the number of
studies investigating clinical utility of circulating platelet-
related miRs in CAD has increased. Several platelet-related
miRs have been proposed as diagnostic biomarkers for ACS
either alone or in combinationwith other miRs. In one of the
first studies in patients with CAD, Fichtlscherer et al have

demonstrated reduced expression of miR-126 and miR-199
as well as other vascular- and inflammation-associatedmiRs
as compared with healthy controls.10 In one other study,
miR-126 could not discriminate patients with CAD from
patients without CAD.61

Circulating miRs were also proposed as potential diag-
nostic biomarkers in the setting of AMI, as changes in
expression levels of circulating miRs are detectable very
early after symptom onset. Levels of miR-126 are reduced,
whereas plasma levels ofmiR-21 andmiR-186 peakedwithin
4 hours after symptomonset, suggesting the potential role of
platelet-related miRs in early identification of AMI
patients.62–64 Furthermore, circulating miR-223 is increased
in patients with AMI as compared with angina pectoris and
controls.65 In addition, a miRs signature consisting of miR-
223 and 5 other cardiac-enriched miRs showed similar
discriminatory power for AMI as high sensitivity cardiac
troponin (hs-cTn).65 In contrast to these results, De Rosa
et al found no difference inmiR-223 andmiR-126 expression
levels between ACS, stable CAD, and controls, whereas
Corsten et al detected decreased expression of miR-223 in
AMI patients as compared with controls.66

Several other platelet-related miRs were also associated
with AMI. Patients with AMI had increased expression levels
of circulating miR-221, which could discriminate AMI from
controls with area under the curve (AUC) of 0.881.67 The
expression of miR-21 is increased in ACS patients as com-
pared with non-ACS,68–70 and miR-21 levels correlated with
hs-cTn in AMI patients.71

Not only plasma, but also platelet miRs expression profile
differs in ST-elevation myocardial infarction (STEMI) com-
paredwith non-ST-elevationmyocardial infarction (NSTEMI)
patients. Ward et al could show that miR-221 and miR-25 is
upregulated in platelets of STEMI patients as compared with
NSTEMI, whereas the expression of miR-186 and miR-342
was reduced.72 Furthermore, STEMI patients have lower
platelet expression of miR-126 and miR-21, and higher
expression of miR-223 and miR-150, and platelet miR-126
showed inverse correlationwith hs-cTn.73 In contrast to high
platelet expression in AMI, the expression of miR-223 in
monocytes is downregulated in AMI, and returns to previous
levels after 3 months.74 Moreover, platelets alter their miRs
expression profile after cardiopulmonary bypass for elective
cardiac surgery. Mukai et al could show that overexpression
of miR-10b and miR-96 in platelets reduces the GP1b and
vesicle-associated membrane protein 8 mRNA and protein
expression, possibly altering platelet function after cardio-
pulmonary bypass.75

However, none of the large studies could demonstrate the
benefit of assessing circulatingmiRs in addition to hs-cTn for
diagnosis of AMI. Even in the early presenters, it is extremely
difficult for new biomarkers to outperform hs-cTn. To date,
none of the miRs proposed as marker for early AMI detection
could outperform hs-cTn with respect to sensitivity and
specificity. However, since increased sensitivity of new hs-
cTn comes at the price of reduced specificity, accurate
discrimination of patients with NSTEMI and unstable angina
from other causes of chest pain with rapid “rule-in” and
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“rule-out” remains an unmet clinical need.76–78 Further-
more, it is tempting to speculate that a specific miRs signa-
ture rather than one standalone microRNA, if at all, might
improve specificity and add diagnostic information on top of
hs-cTn and clinical risk factors. This is particularly relevant in
the aforementioned clinical setting of suspected ACS in
whom clinical, laboratory, and electrocardiography (ECG)
findings are inconclusive. In a large, multicenter study with
1,155 acute chest pain patients, miR-223 could not discrimi-
nate AMI from other causes of chest pain.79 In fact, none of
the investigated miRs had any incremental diagnostic value
when added to hs-cTn.79 However, a miRs signature consist-
ing of cardiac and platelet-related miRs, miR-1, miR-21, and
miR-499, showed better diagnostic performance than hs-cTn
alone, and increased diagnostic accuracy of hs-cTn and
clinical risk factors.68 This effect was especially pronounced
in early presenters and in patients with initially negative
troponin. Zeller et al identified differential expression of 8

circulating miRs in patients with unstable angina, and pro-
posed a panel of 3 miRs consisting of miR-132, miR-150, and
miR-186 for discrimination of patients with unstable angina
from other causes of chest pain with high discriminatory
power (AUC: 0.91; 95% confidence interval: 0.84–0.98). The
diagnostic accuracy of the 3 miRs signature was superior to
combination of hs-cTn, brain natriuretic peptide, C-reactive
protein, and cystatin C, respectively.80 Thus, platelet-related
miRs might have diagnostic potential as part of miRs signa-
ture in patients with unstable angina or early presenters
with initially negative hs-cTn.

In one of the largest studies to date evaluating prognostic
value of circulating miRs in patients with CAD, Karakas et al
identified a miRs signature consisting of platelet-related
miR-210, together with miR-132 and miR-140 as indepen-
dent predictors of cardiovascular death after 4 years’ follow-
up in a large cohort of over 1,000 patients with documented
CAD: 483 ACS patients and 682 patientswith stable angina.81

Table 1 Overview of key platelet microRNAs and their function within platelets

microRNA Target Role in platelets Study samples Study

miR-223 Factor XIII
P2Y12 receptor

Platelet aggregation Mice;
Human platelets

Elgheznawy et al26

Fejes et al30

miR-126 Disintegrin and
metalloproteinase
domain-containing
protein 9,
Plexin-B2

Platelet reactivity Human megakaryocytes Kaudewitz et al32

Garcia et al31

miR-21 Wiskott–Aldrich
syndrome protein

TGF-β1 secretion Mice Barwari et al37

miR-30c PAI-1 PAI-1 production Mice;
Human

Luo et al29

miR-96 VAMP8 Platelet reactivity Human platelets Kondkar et al33

miR-148a T cell ubiquitin li-
gand-2

Activation via the Fc receptor for IgG IIA Mice Zhou et al34

miR-376c PC-TP Platelet reactivity Humans Edelstein et al24

Abbreviations: IgG, immunoglobulin G; PAI-1, plasminogen activator inhibitor-1; PC-TP, phosphatidylcholine transfer protein; RNA, ribonucleic acid;
TGF-β1, transforming growth factor-β1.

Table 2 Overview of key platelet microRNAs and their function outside platelets

microRNA Target protein Target cells Study samples Study

miR-320b ICAM1 Endothelial cells HMEC-1 Gidlöf et al39

miR-223 FBXW7/EFNA1 Endothelial cells HUVECs Laffont et al40

miR-223 ILGFR1 Endothelial cells HUVECs Pan et al41

miR-223 ICAM1 Endothelial cells HUVECs Li et al42

miR-96,
miR-26a

PDGFRA Endothelial cells HUVECs Zhang et al43

miR-223,
miR-339,
miR-21

PDGFRB Smooth muscle cells Primary murine
aorta SMCs

Tan et al44

miR-4306 VEGFA Monocyte-derived macrophages Human peripheral blood
mononuclear cells

Yang et al45

Abbreviations: HMEC-1, human microvascular endothelial cell 1; HUVEC, human umbilical vein endothelial cell; ICAM1, intercellular adhesion
molecule-1; RNA, ribonucleic acid; SMC, smooth muscle cell; VEGFA, vascular endothelial growth factor A.
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The predictive power was more pronounced in the subgroup
of patients with ACS. A combination of several circulating
miRs did not provide additional prognostic information
when compared with single miRs.81 Moreover, in one other
study, platelet-related miR-197 and miR-223 also predicted
cardiovascular death in patients with documented CAD.82

Similarly to the study of Karakas et al, the prognostic power
was more pronounced in the subgroup of patients with
previous ACS and there was no benefit of analyzing both
miRs compared with single miR-197 or miR-223.81,82 In
patients with CAD on dual antiplatelet therapy, out of 5
investigated platelet-related miRs, only miR-126 was an
independent predictor for major adverse cardiovascular
events (MACEs) 1 year after percutaneous coronary inter-
vention.83 Interestingly, increased expression of miR-126
and miR-199 in circulating endothelial- and platelet-derived
MVs, but not in plasma, was associated with a lower risk for
future MACE in patients with stable CAD.84 Since miRs
released from activated platelets can regulate expression of
adhesion molecules in endothelial cells,39 one could specu-
late that packaging of functionalmiRswithin circulatingMVs
might influence intercellular signaling and future clinical
outcome. In a prospective case–control study, focusing only
on STEMI patients, Jakob et al identified miR-26b, miR-320a,
and miR-660 as prognostic biomarkers for MACEs after
STEMI. All 3 miRs were superior to hs-cTn in risk stratifica-
tion of STEMI patients and added prognostic information on
top of Global Registry of Acute Coronary Events score and hs-
cTn.85 MiR-26b and miR320a were previously shown to play
a role in ventricular remodeling in heart failure, whereas
miR-660 may have a prothrombotic effect by increasing
production of activated platelets.86–88

A signature of 3 platelet-related miRs, namely miR-126,
miR-197, and miR-223, has been proposed as prognostic
marker for occurrence of AMI within 10 years of follow-up in
a population-based study.89 Assessment of these 3 platelet-
related miRs improved risk stratification when added to the
Framingham Risk Score.89 The expression levels of miR-223
and miR-126 are reduced in smokers and diabetic
patients,12,90 suggesting that most important cardiovascular
risk factors alter the expression profile of platelet-related
miRs. In another smaller population study in apparently
healthy subjects, a combination of let-7g, miR-106a, miR-
424, miR-144, and miR-660 was associated with increased
risk of AMI after 10 years’ follow-up, and improved the AUC
when added to the Framingham Risk Score.91 Thus, circulat-
ing, platelet-related miRs as standalone markers or as part of
miRs signatures might be used for risk stratification in both
primary and secondary prevention.

Current Challenges and Future Perspectives

Although a growing amount of data suggests a high potential
for the use of miRs as diagnostic and prognostic biomarkers
in AMI, its routine use in clinical practice remains limited so
far. Analysis of circulating miRs is still time consuming,
expensive, and depends on availability of specific laboratory
resources. Several aspects of sample handling and prepara-

tion may influence the results of the experiment. Rapid and
precise sample collection as well as adequate sample storage
is necessary to obtain high-quality RNA.92 Medication use,
such as heparin or antiplatelet drugs, may interfere with
quantification of miRs or alter their expression.49,50,93,94

This is of particular importance in STEMI patients, because
application of intravenous heparin or loading with platelet
inhibitors before sample collection is clinical routine and
may tamper the results. Previous studies have used mostly
serum or plasma samples as startingmaterial. Because of the
clotting process and platelet activation, the expression of
platelet-related miRs and MVs is increased in serum sam-
ples.95 Thus, ethylenediaminetetraacetic acid plasma sam-
ples are most suitable as starting material for subsequent
miRs quantification.95 Due to its high sensitivity, specificity,
and precision, quantitative real-time polymerase chain reac-
tion (PCR) is considered gold standard for assessment of
miRs.96 Data obtained by quantitative real-time PCR have to
be normalized to account for variability during sample
preparation. Several data normalization methods have
been proposed, such as endogenous or exogenous controls,
or Ct average of all measured miRs. Currently, there is no
consensus on the optimal normalizationmethod, and the use
of several controls is recommended.95However, the usage of
different starting materials, quantification, and normaliza-
tionmethods results in high heterogeneity of the studies and
makes the comparison of studies extremely difficult. A
consensus on minimal standards regarding sample collec-
tion, RNA preparation, quantification, data normalization,
and analysis is necessary to bring circulating miRs as bio-
markers closer to clinical practice.

Beside technical aspects, there is still much to learn about
physiological regulation of circulating miRs. Mechanism of
miRs release into and uptake from the circulation are poorly
understood so far. Comorbidities, such as arterial hyperten-
sion, cancer, diabetes, or impaired renal function, might also
alter the expression ofmiRs andmust be accounted for in the
statistical analyses.97–99 CirculatingmiRs are also affected by
the use of statins or angiotensin converting enzyme inhib-
itors, both important agents in secondary prevention of
CAD.100,101 Since miRs are packed and transported with
HDL, changes of the cholesterol profile of patients by food
intake or use of statins may further alter the expression of
circulating miRs. Furthermore, accurate discrimination of
type 1 and type 2 AMI is challenging in everyday clinical
practice. According to the current universal AMI definition,
type 1 and type 2 AMI have different pathophysiological
background (coronary plaque rupture vs. imbalance of myo-
cardial oxygen supply and demand). Currently, there are no
studies investigating the role of miRs in type 2 AMI and
future studies should assess the diagnostic value of circulat-
ing miRs in this heterogeneous patient population with high
cardiovascular risk.

Conclusion

Platelets express functional miRs which can in turn regulate
platelet function and reactivity, as well as intercellular
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communication. Specific miRs signature might improve di-
agnostic accuracy in patients with suspected ACS in whom
clinical, laboratory, and ECG findings are inconclusive. Fur-
thermore, circulating miRs might also improve risk stratifi-
cation of patients following ACS by providing valuable
prognostic information on top of clinical judgment and
cardiovascular risk factors. Finally, platelet-related miRs
have remarkable potential as biomarkers for treatment
monitoring and therapy response in patients on antiplatelet
medication. However, before its implementation into daily
clinical routine, a better understanding of the physiology of
circulatingmiRs, aswell as improved time- and cost-effective
analytical procedures are required.
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