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The development of more sensitive protein biomarker assays results in continuous
improvements in detectability, extending the range of clinical applications to the
detection of subclinical cardiovascular disease (CVD). However, these efforts
have not yet led to improvements in risk assessment compared with existing risk
scores. Noncoding RNAs (ncRNAs) have been assessed as biomarkers, and
miRNAs have attracted most attention. More recently, other ncRNA classes have
been identiﬁed, including long noncoding RNAs (lncRNAs) and circular RNAs
(circRNAs). Here, we compare emerging ncRNA biomarkers in the cardiovascular
ﬁeld with protein biomarkers for their potential in clinical application, focusing on
myocardial injury.
Necessity for Novel Biomarkers in CVD
Biomarkers have guided treatment decisions for CVD over the past 50 years (Box 1). For cardiac
troponins (cTns) (see Glossary), this is apparent in the latest and fourth universal deﬁnition of
myocardial infarction (MI): for the ﬁrst time myocardial injury is deﬁned alongside myocardial infarction as a different disease entity, as a result of the ongoing improvements of assay sensitivities
allowing for detection of minute changes in circulating cTn levels. Consequently, even settled
elevations of cTn levels can be detected [1]. A ﬂipside of this increase in sensitivity is an
increased likelihood of false positives, requiring new deﬁnitions of pathological values in acute
and chronic settings, or the deﬁnition of new disease states where very low levels of the detected
biomarker capture a separate phase of the disease process (see Clinician’s Corner). Thus, there
is still a need to improve upon and complement existing biomarkers for CVD. In this respect, an
approach of complementary biomarker combination seems attractive. Circulating noncoding
RNAs (ncRNAs) are currently being assessed as alternative and complementary biomarker
candidates, and initial results, especially for miRNAs, show potential for implementation in clinical
research. Further ncRNA species, such as long noncoding RNAs (lncRNAs) and circular
RNAs (circRNAs) have properties of circulating biomarkers, but their scientiﬁc exploration is
still in its infancy (Figure 1).

Protein Biomarkers
Tn
Tns are a component of thin myoﬁlaments of the contractile apparatus (together with actin
and tropomyosin). The Tn complex consists of TnC, TnI, and TnT. cTnI and cTnT are
cardiac-speciﬁc and among the most widely used biomarkers (Figure 1). They are the gold
standard for detection of myocardial injury due to their cardiac specificity and high sensitivity
of current assays [2]. The assay performance is a result of extensive optimization since their ﬁrst
identiﬁcation as circulating biomarkers almost three decades ago [3]. While only a few years
ago, any detectable cTn values implied a pathological process, the latest high sensitivity cTn
(hs-cTn) assays return detectable values in a large proportion of healthy individuals. Before
expanding the application of this assay to diagnosis of subclinical disease and risk prediction [4], it remains to be determined if such low cTn levels reﬂect clinically relevant myocardial injury or just
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Highlights
Cardiac troponins (cTns) are the gold
standard biomarker for detecting acute
myocardial damage. With increasing
sensitivity opportunities arise for a potential application in cardiovascular risk prediction in the general population.
cMyBP-C has biomarker properties
with an earlier release from injured
cardiomyocytes than Tns.
Among ncRNAs, miRNAs, lncRNAs,
and circRNAs have been studied in the
context of cardiac injury; miRNAs are
stable in the circulation and have
cardiac or muscle speciﬁcity; most circulating lncRNAs may not be of cardiac
origin; cardiac circRNAs show poor
detectability in plasma.
ncRNA biomarker evaluation is still hampered by methodological issues such as
medication as confounding factors and
high analysis costs.
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Box 1. Historical Timeline of the Identiﬁcation of Biomarkers for MI.
The ﬁrst cardiac-speciﬁc protein biomarker, creatine kinase myocardial band (CK-MB) was the biomarker of choice for the
detection of MI in the 1980s and 1990s [98]. Until then, the general muscle marker creatine kinase (CK) was clinically used
to determine damage to any type of striated muscle. This obviously involved a high degree of uncertainty, and thus a lack of
speciﬁcity, with regards to the detection of cardiac damage. In the mid-1990s, the quantiﬁcation of circulating CK-MB
levels allowed for determining quantiﬁable levels in the circulation 6–10 h upon onset of myocardial injury. Thus, measurements of CK-MB every 12 h was deﬁned as an adequate and cost-effective method for the diagnosis of MI [98], earlier than
at-the-time available cTn assays [98]. In the early 2000s, cTnI/T ﬁrst complemented and later displaced CK-MB as the
standard biomarker for acute MI [99], and have been the gold standard in the detection of MI ever since. Their good sensitivity and high speciﬁcity for the myocardium made them superior to CK-MB. Nevertheless, CK-MB may still be used in
biomarker-based estimation of the extent of myocardial damage upon MI or after coronary intervention, as well as in patients with impaired renal function, where cTn levels can be elevated [100]. Over the past decade, signiﬁcant improvements
in cTn detection assays have led to the development of high-sensitivity assays, which have contributed to changes in
clinical practice. The application of current hs-cTn assays allows for a sensitive detection of MI within 1 h after hospital
presentation and thus improves early stratiﬁcation of patients with suspected MI [101]. A timeline of biomarker discovery
for MI is presented in Figure I and illustrates the novelty of RNA-based circulating biomarkers compared with protein-based
biomarkers, including the novel protein biomarker candidate cMyBP-C.
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Figure I. Biomarkers for Myocardial Infarction. Abbreviations: circRNAs, circular RNAs; CK-MB, creatine kinase
myocardial band; cMyBP-C, cardiac myosin-binding protein C; cTn1, cardiac troponin I; cTnT, cardiac troponin T;
lncRNAs, long noncoding RNAs.

myocyte protein turnover. New cutoffs for pathological cTn values will have to be deﬁned in acute and
chronic disease settings. As an example illustrating how hs-Tn assays are transforming cTn from a
diagnostic to a potential prognostic marker for CVD risk assessment [5], cTn levels were assessed
in 22 000 individuals with suspected MI. Within the MI group the 1- and 2-year risk for further CVD
events gradually increased with the cTn level at presentation – even at values below the 99th centile.
Strikingly, the same trend was observed in 8345 matched-pair individuals from a data set comprising
70 000 individuals from the general population, exemplifying the potential use of cTn as a biomarker
for primary CVD risk assessment. Yet, the use of cTn in addition to existing CVD risk scores offered
little improvement upon risk assessment using conventional risk factors only [6]. Therefore, complementary biomarkers are needed.
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Glossary
Area under the receiver operating
curve (AUC): a statistical measure
depicting the goodness of predicting an
outcome, such as a diagnosis. Depicted
in percent, where 100% is the perfect
prediction.
Circular RNA (circRNA): ncRNA
species characterized by a circular
structure. Product of alternative splicing
in a head-to-tail fashion known as backsplicing.
Cardiac myosin-binding protein C
(cMyBP-C): a predominantly thick
ﬁlament-associated functional, musclespeciﬁc protein. The cardiac-speciﬁc
isoform possesses a unique N-terminal
domain, which is detectable via speciﬁc
antibodies.
C-reactive protein (CRP): an acute
phase reactant protein, released from
the liver in inﬂammatory states.
Long intergenic ncRNA predicting
cardiac remodeling (LIPCAR): a
lncRNA.
Long noncoding RNA (lncRNA): a
large group of ncRNAs deﬁned by being
N200 nucleotides in length.
miRNA: short (∼22 nucleotides) ncRNA
molecules.
Noncoding RNA (ncRNA): RNA that
does not code for protein translation.
N-terminal pro-B-type natriuretic
peptide (NT-proBNP): a protein
biomarker for the diagnosis of heart
failure.
Quantitative PCR (qPCR): gold
standard quantiﬁcation method for
RNA/DNA.
Receiver operating characteristic
(ROC): a performance measurement for
classiﬁcation of probability used to
depict AUC (see above) values.
Sensitivity (of a biomarker): the
fraction of individuals correctly identiﬁed
as positive for a disease (using a
biomarker).
Specificity (of a biomarker): the
fraction of individuals correctly identiﬁed
as negative for a disease (using a
biomarker).
Transcoronary ablation of septal
hypertrophy (TASH): interventional
treatment of severe hypertrophic
cardiomyopathy involving
catheter-based injection of ethanol in
a septal branch of the myocardium to
induce myocardial cell death, and a
consecutive reduction in myocardial
mass to alleviate ventricular outﬂow
obstruction.

Trends in Molecular Medicine

Cardiac Myosin-Binding Protein C
cTn has revolutionized the diagnostics of acute myocardial injury over the past two decades, but
with the exceptional sensitivity of the latest cTn assays there is a need for improvements in
speciﬁcity. Peak cTn levels are reached 24 h after onset of MI. Cardiac biomarkers with an earlier
release and faster clearance could add value in clinical decision making. Cardiac myosinbinding protein C (cMyBP-C) is a sarcomeric, thick ﬁlament-associated protein which is
more abundant in cardiomyocytes than cTn (Figure 1) [7]. Using proteomics, it was discovered
that cMyBP-C is released earlier than cTn upon myocardial injury [8,9]. Ischemia-induced proteolysis and the generation of N-terminal fragments of cMyBP-C provide a likely explanation for this
earlier release. In patients undergoing transcoronary ablation of septal hypertrophy (TASH),
cMyBP-C rises more rapidly after onset of myocardial injury than cTn [10]. In receiver operating
characteristic (ROC) analysis, cMyBP-C outperformed hs-cTnT and hs-cTnI after TASH [11].
Subsequent studies in patients with MI, where cTn serves as the adjudicator of the diagnosis,
showed that cMyBP-C offered comparable performance with cTn [11]. As testimony to the
high sensitivity of this assay, cMyBP-C was detectable in all healthy individuals serving as controls, while one-ﬁfth had hs-cTnT levels below the lower limit of detection [11]. This suggests
cMyBP-C as a candidate biomarker for early and subclinical disease states as well as for risk
prediction. Anand et al. reported cMyBP-C to be associated with myocardial hypertrophy and
ﬁbrosis in aortic stenosis patients, and an increased risk of mortality in these patients [12]. However,
no extensive data for cMyBP-C are available so far in a primary preventive setting. In this respect, the
evaluation of cTn in subacute CVD entities and risk prediction has been assessed more thoroughly,

Troponin (Tn): a complex of three
regulatory proteins (TnC – striated
muscle; TnI and TnT – cardiac muscle‐
speciﬁc) essential for muscle contraction.
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Figure 1. Main Characteristics of Cardiac Protein and ncRNA Biomarkers. cTnI and cTnT are the gold standard for myocardial injury. cMyBP-C is a larger protein.
However, predominently the N terminus of cMyBP-C is detected in the circulation. NT-proBNP is an inactive metabolite derived from proBNP, which is cleaved
into BNP and NT-proBNP. Among ncRNAs, miRNAs are short ncRNAs b25 nucleotides in length, with a typical hairpin shape. lncRNAs comprise a larger ncRNA family and
are only vaguely deﬁned by their length of N200 nucleotides rather than their shape. The deﬁning criterion for circRNAs is their circularity as a product of post-transcriptional
back-splicing. Abbreviations: circRNA, circular RNA; cMyBP-C, cardiac myosin-binding protein C; lncRNA, long noncoding RNA; NT-proBNP, N-terminal pro-B-type
natriuretic peptide; MI, myocardial infarction; Tn, troponin.
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not least because cTn assays are widely available and extensively validated. cMyBP-C measurements still need to be performed on a larger scale with deﬁned cutoff values to address the risk of
false positives that accompanies biomarkers with high sensitivity.
Growth Differentiation Factor-15 (GDF15)
cTn and cMyBP-C assays have been developed as biomarkers of acute MI, taking advantage of
their cardiac speciﬁcity. GDF15 is one of the most promising candidate markers for nonacute
CVD entities and risk prediction. GDF15 is a transforming growth factor β superfamily cytokine formerly named macrophage inhibitory cytokine 1. As part of a multiplex 85-biomarker discovery approach, GDF15 was found to be associated with incident heart failure (hazard ratio; HR 2.08), allcause mortality (HR 1.96), and CVD death (HR 1.96) in 3523 individuals from the Framingham
Heart Study [13]. GDF15 has been associated with inﬂammation, and it is highly expressed in atherosclerotic plaque macrophages [14]. Furthermore, it has been shown that GDF15 is a mediator in
the expression of autophagy-relevant proteins in macrophages of atherosclerotic lesions [15].
GDF15 has been associated with cardiometabolic risk factors [16] and has been evaluated for
risk stratiﬁcation after non-ST elevation MI (n = 2081) [17] and ST-elevation MI (n = 741) [18], but
also in stable and unstable angina pectoris [19]. This association withstood adjustment for clinical
variables and other established biomarkers such as N-terminal pro-B-type natriuretic peptide
(NT-proBNP), C-reactive protein (CRP), and cTn. In fact, there is also strong evidence for a prognostic role of GDF15 in heart failure [20], identifying it as an independent predictor of mortality. However, GDF15 lacks cardiac speciﬁcity. It might be a general marker of metabolic health rather than a
biomarker with speciﬁcity for CVD [21], which might hamper its implementation in clinical practice.
NT-proBNP
NT-proBNP is an established biomarker for the diagnosis of heart failure, and has been shown to
have prognostic value for CV death in this population [22]. Beyond heart failure, NT-proBNP is reported to aid CV risk prediction in the general population [23] and after MI [24]. NT-proBNP is a
stable prohormone for BNP, exhibiting a longer half-life, and thus lower variability, which improves
measurement reproducibility (Figure 1). NT-proBNP and BNP have deﬁned biological roles in the
disease process they diagnose; BNP is released in response to atrial stretch and results in reduced systemic vascular resistance and natriuresis, reducing circulating volume in heart failure.
New therapies targeting neprilysin, the enzyme responsible for degrading BNP and thus
prolonging its effects, have improved heart failure outcomes [25]. By contrast, therapy of acute
decompensated heart failure did not show improved outcome when guided by NT-proBNP
[26]. Nevertheless, NT-proBNP exempliﬁes a biomarker of high utility; it is highly sensitive, its
biology is understood, and treatments which alter its levels have an impact on outcome. Therefore, NT-proBNP is a biomarker with potential for extension of its current clinical applicability
from heart failure to other CVD entities and from a diagnostic to a prognostic biomarker.
High-Sensitive CRP (hs-CRP)
hs-CRP is a readout for systemic inﬂammation rather than CVD-speciﬁc pathomechanisms,
comparable with GDF-15. Its use as a biomarker for CVD is based on the notion that atherosclerosis is a chronic inﬂammatory condition [27]. hs-CRP was proposed as a biomarker for guiding
treatment decisions on statin therapy in prevention of CVD [28]. Thus far, guidelines only list hsCRP as a Class IIb (weak recommendation), Level 2 (weak evidence) biomarker ‘as part of reﬁned
risk assessment in patients with an unusual or moderate CVD risk proﬁle’, while it ‘should not be
measured in asymptomatic low-risk individuals and high-risk patients to assess 10-year risk of
CVD [29]. From a mechanistic point of view, Mendelian randomization studies have shown that
elevated CRP levels are not causal for CVD [30]. Also, markers of vascular rather than systemic
inﬂammation might be preferable for a biomarker for CVD [31].
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ncRNA Biomarkers
Among the 20 000 protein-coding genes, surprisingly few proteins have cardiac tissue speciﬁcity:
12 proteins are considered to be cardiac-speciﬁc (Table 1, adapted from https://www.proteinatlas.
org/humanproteome/tissue/heart) and some have already been implemented in clinical applications; that is, cTns and natriuretic peptides. With the completion of the Human Genome Project,
an increasing number of ncRNAs have been identiﬁed. Several subcategories of ncRNAs have
been described and attributed to speciﬁc biological functions in regulation of gene expression
[32,33]. Moreover, ncRNAs have also been assessed for their application as circulating biomarkers
in CVD [34]. Given their tissue-speciﬁc expression, a subset of ncRNAs could serve as companion
biomarkers [35] to existing protein biomarkers or as signatures comprising a combination of different ncRNAs to increase speciﬁcity [36]. We discuss the potential of three different ncRNA classes
for CVD: miRNAs, lncRNAs, and circRNAs. Their main characteristics are depicted in Figure 1.
miRNAs
A landmark study by Mitchell et al. revealed that miRNAs are not just conﬁned to the intracellular
space, but are also present in the circulation [37]. By contrast to mRNAs, circulating miRNAs are
protected from degradation through several mechanisms including binding to protein complexes
and lipoproteins as well as being encapsulated in microvesicles [38–40]. miRNAs function as repressors of gene expression via binding to mRNA and inhibition of protein translation [41]. However, the
copy numbers of circulating miRNAs are low. Without a receptor or another ampliﬁcation mechanism,
it is difﬁcult to envisage how the stoichiometry of circulating miRNAs to intracellular mRNA targets can
result in signiﬁcant changes in gene expression. Regardless of their function, their potential use as circulating biomarkers for CVD has been studied over the past few years [42,43].
miRNAs as CVD Biomarkers
Hundreds of miRNAs can be detected in plasma and serum samples from healthy volunteers.
However, a subset of miRNAs with cardiac enrichment is only detectable in the circulation after
Table 1. Twelve Cardiac-Speciﬁc Genes with the Highest Expression in the Hearta,b

a
b

Gene

Protein

Clinical use as biomarker

NPPB

Natriuretic peptide B

Established: heart failure
Novel/potential: CVD risk

MYL7

Myosin, light chain 7

No

NPPA

Natriuretic peptide A

No

MYBPC3

Cardiac myosin-binding protein C

Novel: diagnostic in MI
Potential: CVD risk

TNNT2

Troponin T type 2 (cardiac)

Established: diagnostic in MI
Novel: post-MI risk
Potential: CVD risk

BMP10

Bone morphogenetic protein 10

No

TNNI3

Troponin I type 3 (cardiac)

Established: diagnostic in MI
Novel: post-MI risk
Potential: CVD risk

MYH6

Myosin heavy chain 6 (cardiac)

No

ANKRD1

Ankyrin repeat domain 1 (cardiac)

No

RD3L

Retinal degeneration 3-like

No

SBK2

SH3 domain binding kinase family member 2

No

MYL4

Myosin, light chain 4

No

Genes are ranked by tissue speciﬁcity score (TS score), which represents the fold-change to the second highest tissue.
Amended from https://www.proteinatlas.org/humanproteome/tissue/heart.
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MI. miRNAs that are highly expressed in the heart include miR-1 and miR-133. Similar to
myoﬁlament proteins, miR-1 and miR-133 are also present in skeletal muscle. By contrast, miR-499 and miR-208 are less abundant in the heart but more speciﬁc for cardiac
versus skeletal muscle injury [44]. A study by van Rooij et al. [45] described dysregulated
miRNAs in failing hearts of humans and mice. A subsequent study in the context of MI
showed dysregulation of miRNAs after myocardial injury [46]. Muscle- and cardiacenriched miRNAs were low or even undetectable in plasma from healthy volunteers,
whereas in patients with MI, an increase was detectable as soon as one hour after
onset of ischemia [47].
To determine release of miRNAs upon myocardial injury in a well-controlled model of myocardial
injury, Liebetrau et al. studied patients undergoing TASH [48]. As the precise onset of myocardial
injury in this procedure is known, this setting allows for a well-controlled assessment of release
kinetics of cardiac miRNAs upon MI. In line with previous studies, plasma levels of muscleenriched miR-1, miR-133a, and cardiac-enriched miR-208a increased during the ﬁrst 4 h after
TASH. The authors also demonstrated that miRNA release kinetics correlated with cTn levels.
However, cardiac biomarker release after TASH may differ from that after ischemia. Validating
the ﬁndings from the TASH model, ROC analysis on the temporal release of ncRNAs and protein
biomarkers in combination with a trained model of ﬁvefold cross-validation in TASH were performed and compared with patients with acute MI as validation cohort [11]. Importantly, both cohorts returned similar area under the receiver operating curve (AUC) values for cardiac
biomarker combinations, leading to two main conclusions: (i) the applicability of the TASH
model in studying the effect of myocardial injury on biomarker release; and (ii) the potential of
combinations of different biomarkers as diagnostic tools.
Considerations for Use of miRNAs as Biomarkers
With regard to the available publications on miRNAs as biomarkers for cardiac injury, there are
two important considerations. First, quantiﬁcation methods for miRNAs rely on real-time quantitative PCR (qPCR) assays. Not only are these measurements time-consuming and expensive,
they are also confounded by the presence of heparin [49]. Surprisingly, even a single bolus injection of heparin is sufﬁcient to alter the results from qPCR assays [49]. Yet, most key publications
studying miRNAs as potential biomarkers for acute MI have not accounted for the presence of
heparin, although it is routinely administered in cases with suspected MI (Table 2). ncRNA detection is reported to be inhibited even in conditions with high endogenous heparin levels, such as
thoracic aortic aneurysm [50], but this ﬁnding awaits conﬁrmation by others. Treatment of RNA
samples with heparinase can overcome this confounding issue [51]. Second, detectability of
trace amounts of cardiac miRNAs, analogous to low Tn levels, is still an unmet need. Stringent
evaluation of cardiac miRNA levels in MI patients with low but elevated cTn levels measured
with high-sensitivity assays returned a high proportion of undetectable results, indicating that current miRNA assays lack sensitivity compared with measurements of protein-based biomarkers
for cardiac injury [11]. Yet, despite this lack of sensitivity, a combination of protein and ncRNA biomarkers showed the best performance in correctly identifying patients with acute MI, even in patients with initially low and then steeply rising corresponding hs-cTn values [11]. One potential
explanation for this additive value is differences in the release kinetics from the injured myocardium, as well as differences in the clearance rate from the circulation for protein versus ncRNA
biomarkers.
Finally, in addition to the release of miRNAs from cardiac tissue, acute MI is accompanied by a
systemic response that may well be reﬂected in changes of circulating ncRNAs but is not directly
the result of the myocardial injury. In order to discern the systemic response from the injury588
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Table 2. Selected Publications on miRNA Biomarkers in Acute MI
Patients

ncRNAs

Protein
biomarker
comparison

Biomarker
kinetics

Heparin accounted
fora

ROC analysis

Year

Refs

MI vs hospital controls

miR-1

cTnI
CK-MB

No

?

No

2009

[102]

ACSb vs CHF vs controls

miR-499

No

No

?

No

2010

[103]

MI vs controls

miR-1

CK-MB

No

?

No

2010

[104]

STEMI vs controls

miR-1
miR-133a miR-133b
miR-499 miR-122
miR-375

cTnI

Yes

?

No

2010

[105]

MI vs non-MI vs controls

miR-1
miR-133a miR-208a
miR-499

ROC analysis
only: cTnI

No

?

Yes – single miRNA vs. cTnI

2010

[47]

MI vs myocarditis vs HF
vs controls

miR-1
miR-133a
miR-208b miR-499
miR-122
miR-223

Correlation
only: cTnT

No

?

Yes – single miRNA vs.
cTnT

2010

[106]

MI vs stable AP vs controls;
coronary sinus

miR-133a miR-208a
miR-499
miR-92a
miR-126
miR-155
miR-223

hs-cTnT

No

Not administered

No

2011

[107]

ACS vs non-ACS

miR-1
miR-133a

cTnT

No

?

No

2011

[108]

NSTEMI vs STEMI vs
controls

miR-208b miR-499

hs-cTnT

No

?

Yes – single miRNA vs.
hs-cTnT

2012

[109]

MI vs controls

miR-1
miR-126

cTnI

No

?

Yes – single miRNA

2012

[110]

NSTEMI and UA vs
non-ACS

miR-1
miR-208a miR-499
miR-21 miR-146a

hs-cTnT

No

?

Yes – miRNA combinations
vs. hs-cTnT

2012

[111]

TASH

miR-1
miR-133a miR-208a
miR-21

hs-cTnT

Yes

?

No

2013

[48]

NSTEMI vs HF vs controls

miR-1
miR-133a
miR-208a
miR-499
miR-21
miR-423

cTnT

No

Not administered

Yes – single miRNAs vs.
hs-cTnT

2013

[112]

TASH;
STEMI, NSTEMI- type 1
vs non-cardiac chest pain

Cardiac miRNAs
Muscle miRNAs
Plasma miRNAs
-lncRNAs
-circRNAs

cMyBP-C
hs-cTNI
hs-cTnT
CK-MB
CK

Yes

Heparinase
treatment

Yes – single miRNAs and
miRNA combinations vs.
hs-cTnT, cMyBP-C and
their combination

2019

[11]

a
None of the most important publications on miRNA-application as circulating biomarkers in acute MI accounted for the confounding effect of heparin when quantifying
RNA via RT-qPCR.
b
Abbreviations: ACS, acute coronary syndrome; AP, angina pectoris; CHF, congestive heart failure; NSTEMI, non-STEMI; STEMI, ST-elevation MI; UA, unstable angina
pectoris.
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induced release of miRNA, spike-in of human myocardial tissue into healthy human plasma and
quantiﬁcation of a range of miRNAs revealed that cardiac- and muscle-enriched miRNAs -1,
-133, -208, and -499 showed a linear dose–response proportional to the amount of spiked-in
myocardial tissue [11]. However, no changes were detectable for other miRNAs that have
previously been described as altered after MI, i.e., miR-126, miR-223 and miR-21, refuting a predominant cardiac origin. Instead, these miRNAs are highly expressed in platelets, with platelet activation by ischemia [52,53] and antiplatelet medication affecting their circulating levels in acute
MI. Platelet miRNAs are unlikely to have diagnostic utility in acute MI, but may be informative
with regards to CVD risk prediction [54].
The ﬁrst prospective community-based cohort study examining the predictive value of circulating
miRNAs with respect to MI in a primary prevention setting was performed by Zampetaki et al. [55].
The authors found a signature of three miRNAs, platelet-enriched miR-223 and miR-197, as well
as endothelial-cell- and platelet-enriched miR-126. Importantly, none of these miRNAs were predictive on their own, but instead only their combination returned signiﬁcant associations with future CVD events. The prognostic value of these three miRNAs as circulating biomarkers was
further explored in a cohort of 873 patients with diagnosed coronary artery disease (CAD) in a
secondary prevention setting. Unlike in primary prevention, a combination of miRNAs was not required: elevated levels of miR-126 were predictive for future CV death [54,56]. miR-197 and miR223 were also positively associated with an adverse outcome [56]. It is plausible that antiplatelet
treatment in secondary prevention inﬂuences circulating miR-126, miR-197, and miR-223 levels.
Higher levels of these miRNAs may reﬂect less-efﬁcient platelet inhibition on antiplatelet therapy.
Bye et al. evaluated several miRNAs as potential predictors of future MI, proposing a panel of ﬁve
miRNAs that could enhance the predictive strength of conventional algorithms [57]. The authors
were not able to validate the above-mentioned, previously identiﬁed [55] platelet and endothelial
cell miRNAs as predictors of CVD outcome. As a potential reason, the authors discuss different
normalization methods applied in the studies. Altogether, these studies indicate that: (i) miRNAs
could be informative on in vivo platelet activation or treatment response to antiplatelet therapy;
and (ii) emphasize the importance of harmonized miRNA quantiﬁcation methods in an attempt
to facilitate comparability across studies.
lncRNAs
lncRNAs are a large group of ncRNAs deﬁned by being N200 nucleotides in length [58] (Figure 2).
Thus far, there is no agreement on subclassiﬁcation of lncRNAs. Unlike miRNAs, lncRNAs are
mainly located within the nucleus or mitochondria [59,60]. Their biosynthesis shares similarities
with mRNAs with regard to transcription, polyadenylation, capping, and splicing [61]. For the majority of identiﬁed lncRNAs, their function remains unclear. Nuclear lncRNAs are involved in regulation of neighboring loci through transcriptional regulation or by inhibiting expression of a gene
through sequestration of transcription factors [62]. Conversely, other lncRNAs enhance gene
transcription. Overall, they could provide a scaffold for organizing chromatin remodeling [63].
Several lncRNAs are also detected in the circulation. This either indicates the presence of protective mechanisms against RNase-mediated degradation similar to those of miRNAs [58] or an
abundant source with constant release. The plasma level of long intergenic ncRNA predicting
cardiac remodeling (LIPCAR) was found to predict adverse cardiac remodeling and death
after MI [60]. However, LIPCAR was neither dysregulated in the acute setting of MI nor after
TASH, refuting a primary cardiac origin [11]. When considering the fact that LIPCAR is derived
from the mitochondrial genome, it seems likely that other cells and tissues contribute to circulating LIPCAR levels, such as platelets, leukocytes and erythrocytes [64]. To further exemplify this
issue, recently, two circulating lncRNAs (ZFAS1 and lCDR1AS) were discovered as independent
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Figure 2. circRNAs Are Generated via Back-Splicing and Are Resistant to RNase R Degradation. (A) Both,
mRNA and circRNA are spliced from pre-mRNA. circRNA generation requires the speciﬁc process of back-splicing in
order to achieve the generation of a circular shape with the 3′ and 5′ ends joining in a back-splice junction, where the two
free ends are joined to form a complete circle. circRNAs can be made up either exclusively of exons or of exons and
introns or of an intron only. (B) mRNA contains a poly-A tail that is targeted by RNase R to cause degradation. circRNAs
do not contain poly-A tails and are therefore protected from this particular way of degradation, which is used to prove the
circularity of a targeted RNA by degradation of all linear transcripts. Abbreviations: circRNA, circular RNA; lncRNA, long
noncoding RNA.
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predictors for MI [65]. However, since the lncRNAs were derived from whole blood, their origin or
mechanistic link to MI remains unclear. Furthermore, lower levels of lncRNA HOTAIR were found
in plasma of MI patients [66] and were described to be cardioprotective through interacting with
miR-1. Nevertheless, lower levels of a lncRNA after MI again question its cardiac origin. It is a
common misconception that ncRNA changes in disease are related to the diseased tissue. In
many cases, these reﬂect secondary changes, that is, due to medication, inﬂammatory responses, or differences in sampling (peripheral venous blood versus arterial blood collected during coronary angiography). Besides the above-mentioned lncRNAs, additional transcripts have
been suggested as potential circulating biomarkers in CVD [58,67,68]. Many of the reported ﬁndings of lncRNAs as biomarkers for CVD are conﬁned to small cohorts and require independent
validation.
circRNAs
circRNAs are endogenous to mammalian cells and expressed in a tissue- and developmentspeciﬁc context [69,70]. They can either emerge from exons or introns of primary gene
transcripts (pre-mRNA) [70,71] and are products of alternative splicing in a head-to-tail fashion
known as back-splicing [69] (Figure 2A). circRNAs are resistant to degradation by the exonuclease RNase R – a type of RNase that cleaves linear RNA (Figure 2B). RNase R treatment is
therefore used to enrich circRNAs over their linear counterparts [72,73]. In combination with
the use of divergent primers in PCR ampliﬁcation, this approach ensures speciﬁcity for the
detection of circular transcripts.
Functionally, circRNAs may act as miRNA sponges – thereby decreasing the inhibitory effect of
miRNAs on protein synthesis [74]. There are few circRNAs with many miRNA binding sites.
More recently, circRNAs were reported to be translated into proteins [75]. At the same time,
their expression is regulated by proteins such as RNA-binding proteins. circRNAs appear to inﬂuence gene expression by competing with splicing of their linear counterparts [73,76,77]. circRNA
expression occurs in a tissue- and cell-speciﬁc manner, while also showing some degree of conservation across species [76,78].
circRNAs as Biomarkers in MI
Sequencing data revealed the presence of N15 000 circRNAs in the human heart; some in high
abundance [79]. While intron-derived circRNAs are primarily found in the nucleus [74], the majority of circRNAs, in particular those with exonic origin (Figure 2A), are located in the cytoplasm [80].
This may increase the likelihood of their early release into the circulation upon myocardial injury.
Some studies have also described a mechanistic role for cardiac circRNAs in MI-induced apoptosis [81,82]. When evaluating circRNAs as potential biomarkers for acute MI [11], several candidate circRNAs that were detectable in cardiac tissue were undetectable in cell-free plasma or
serum even after extensive myocardial injury such as TASH. Other reports implicate circulating
circRNAs as biomarkers for CVD in less-acute settings [83,84]. The authors did not use plasma
or serum samples but instead used RNA isolated from whole blood, increasing the likelihood of
the detected transcripts being blood cell derived. Similar to LIPCAR, the ﬁndings may reﬂect
changes in inﬂammatory or other hematopoietic cells either as a potential consequence of a systemic response after MI [83] or effects of medication. Other studies evaluating circRNAs as biomarkers were either small in size [85], or performed normalization using a transcript of a
commonly used intracellular reference gene [86]. The latter results could reﬂect plasma levels of
residual blood cells such as platelets or erythrocytes. Overall, circRNAs are difﬁcult to detect in
cell-free body ﬂuids, which currently hampers their evaluation as biomarkers. However, circRNA
detection assays are in their infancy and improvements may lead to better strategies in their evaluation as circulating biomarkers.
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Clinician’s Corner
hs-cTn assays have facilitated the
diagnosis of acute MI. However, higher
sensitivity has resulted in reduced
speciﬁcity.
cMyBP-C has recently been reported
as a cardiac-speciﬁc and sensitive biomarker for the detection of MI.
ncRNAs, comprising miRNAs, lncRNAs
and circRNAs, are alternative biomarker
candidates.
A clinical application of ncRNAs as
circulating biomarkers is currently not
feasible.
The complimentary use of biomarkers
with different release characteristics
may improve the diagnosis and/or risk
assessment of CVD.

Trends in Molecular Medicine

Challenges in Implementing ncRNA Assessment in Biomarker Research
Current protein biomarker assays (i.e., current hs-cTn) have been improved over the past 30
years. Despite advances in ncRNA research, ncRNA detection is still inferior compared with detection of cardiac proteins [11]. Furthermore, the lack of reproducibility of published ncRNA data
is a concern. Tissue-speciﬁc miRNAs, such as liver-derived miR-122, show consistent results
across studies in obesity, diabetes, metabolic syndrome, and liver injury [87,88]. However, this
is not the case for other miRNAs, probably because they are blood cell-derived and underlie a
higher inﬂuence by preanalytical variation. Some of the major sources of variation are sample
preparation and storage conditions, control of RNA degradation [89], presence of residual cells
in body ﬂuids [90], and the effect of hemolysis on ncRNA levels [91]. Furthermore, different
RNA isolation methods [92], normalization methods, and the selection of the platform for
ncRNA quantiﬁcation [93] can impact on the quantiﬁcation of circulating ncRNAs. In particular,
user-dependent parameters such as detection thresholds and calibration methods contribute
to inconsistencies in ncRNA quantiﬁcation. Other confounders in ncRNA biomarker research
are medication related, such as heparin [94] and antiplatelet drugs [95]. Attempts have been
made to harmonize the reporting of ncRNA methods in the Minimum Information for publication
of Quantitative real-time PCR Experiments (MIQE) guidelines [96] but the guidelines are not yet
widely implemented [97]. Additionally, ncRNA quantiﬁcation, including RNA isolation, is still not
sufﬁciently automated and too time consuming for an application in acute clinical settings.

Outstanding Questions
Can novel biomarkers complement the
established protein biomarkers (cTn
and NT-proBNP) for CVD?
Besides cardiac-speciﬁc molecules, is
there value in systemic markers, that
is, of inﬂammation or metabolism
such as hs-CRP and GDF15?
Can circulating ncRNAs in body ﬂuids
become a novel source of biomarker
candidates?
Which biomarkers and molecular
species (proteins and/or ncRNAs) will
provide additional value compared
with existing risk scores?

Concluding Remarks
Currently, biomarkers are the domain of proteins. One of the most widely used protein biomarkers is cTn – the gold standard for the detection of early myocardial injury and MI. Apart
from its use in the acute setting of MI, cTn is now also evaluated as a biomarker for nonacute
CVD and risk stratiﬁcation. cTn is already being used in clinical routine worldwide. Nevertheless,
novel CV biomarker candidates are being explored. cMyBP-C shows properties as an early rulein/rule-out cardiac biomarker in the acute setting of MI. The high correlation of cTn and cMyBP-C
may indicate some redundancy in that both markers provide similar information. However, hs cTn
assays also give rise to false-positive results. Further studies and validation in existing clinical trials
are warranted to determine whether this can be mitigated by additional cMyBP-C measurements.
While both cTn and cMyBP-C are cardiac-speciﬁc, markers of metabolic and inﬂammatory processes could contribute to diagnostic and prognostic performance in terms of early detection and
higher predictive power; that is, GDF-15, NT-proBNP, or CRP have been implicated as prognostic biomarkers for CVD. However, their added value compared with existing CVD risk scores is still
limited (see Outstanding Questions). In this respect, circulating ncRNAs may be useful in
complementing protein biomarkers, especially with respect to speciﬁcity, given their distinct tissue and organ enrichment combined with the large number of ncRNA transcripts expressed in
different cell and tissue types. At present, miRNAs are the most promising ncRNA species.
Over the past decade numerous studies have investigated miRNAs as diagnostic and prognostic
circulating biomarker candidates for CVD. Nevertheless, validation of results is scarce, reﬂecting a
need for harmonization of ncRNA quantiﬁcation and reporting methods. Furthermore, current hscTn assays still outperform miRNA measurements in terms of sensitivity. In parallel, confounding
factors such as qPCR inhibition by heparin need to be addressed by applying appropriate
methods such as heparinase treatment.
ncRNAs such as lncRNAs as well as circRNAs have only recently attracted attention as biomarker
candidates but there is less evidence compared with miRNAs. While many more lncRNA transcripts have been discovered compared with miRNAs, their evaluation as circulating biomarkers
has only just begun. In this respect, initial results are promising in terms of detectability of some
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lncRNAs in the circulation. For circRNAs, poor detectability in body ﬂuids currently is the limiting
factor for advances in the biomarker ﬁeld. However, at a cellular level circRNAs are promising
biomarker candidates in the context of a liquid biopsy, evaluating the association of platelet- or
leukocyte-derived transcripts to CVD.
Prior to large-scale clinical evaluation and application of extracellular ncRNAs as biomarkers, several major obstacles need to be overcome, including the need for automation and scaling of measurements and improving means of detection (see Clinician’s Corner).
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