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MicroRNAs (miRNAs) are increasingly recognized to play important roles in cardiovascular diseases, including heart failure. These small,

non-coding RNAs have been identi�ed in tissue and are involved in several pathophysiological processes related to heart failure, such as

cardiac �brosis and hypertrophy. As a result, miRNAs have become interesting novel drug targets, leading to the development of miRNA

mimics and antimirs. MicroRNAs are also detected in the circulation, and are proposed as potential diagnostic and prognostic biomarkers

in heart failure. However, their role and function in the circulation remains to be resolved. Here, we review the potential roles of miRNAs

as circulating biomarkers and as targets for therapy.
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Introduction

MicroRNAs (miRNAs) have been studied intensively since their

discovery more than two decades ago, which led to a drastic

change in our understanding of regulatory epigenetic processes.

MicroRNAs (∼22 nucleotides in length) are involved in several

cell processes by repressing messenger RNA (mRNA) translation

mainly via binding at the complementary 3′-untranslated region,

thus modulating gene expression at the post-transcriptional level.

In cardiac development, miRNAs are needed for the formation of

normal, functional heart tissue and a variety of miRNAs have been

discovered as important regulators of several phases in cardiac

development.1–3

The importance of miRNAs was originally demonstrated in

embryonic development by modi�cations in Dicer, an enzyme

involved in miRNA processing. Dicer1 gene targeting in mice

resulted in early embryonic death.4 Furthermore, cardiac-speci�c

deletion of Dicer shortly after embryonic heart formation resulted

in cardiac malformations, heart failure and eventually death.1,5

Deletion of Dicer in the postnatal myocardium induced cardiac

remodelling, increased atrial size, and resulted in early lethality.2

These results led to an increasing number of studies identifying
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. speci�c miRNAs associated with several phases of cardiac devel-

opment, including miR-1 and miR-133, which will be discussed in

this review in more detail. Interestingly, the miRNAs associated

with the pathophysiology of heart failure were found to be closely

similar to the miRNAs involved in the fetal gene program.6 The

activation of the fetal gene program results in adaptive processes

in the heart, which eventually lead to heart failure.

Functional miRNA studies reported that a variety of miR-

NAs play a role in pathogenic mechanisms leading to heart fail-

ure, such as remodelling, hypertrophy, apoptosis, and hypoxia.7,8

Furthermore, in response to the progression of heart failure,

miRNAs were shown to behave in a dynamic and stage-speci�c

way. For example, decreased levels of miRNAs (including miR-1 and

miR-133a) were found in transgenic hypertrophic cardiomyopathy

(HCM) mice before development of the disease, while an increasing

number of miRNAs exhibited a dysregulated and mainly upregu-

lated pattern in the later stages towards end-stage heart failure.9

Others demonstrated that the aetiology of heart failure (ischaemic,

aortic stenosis, or idiopathic cardiomyopathy) was associated with

differentially expressed miRNA patterns.10 Thus, compelling evi-

dence suggests that miRNAs play an active role in the onset and

progression of heart failure.

© 2016 The Authors
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Circulating microRNAs

Based on current knowledge, the effects of miRNAs on repress-

ing mRNA translation take place inside cells. However, in

2008, miRNAs were discovered outside cells and in circulating

blood.11–13 These extracellular circulating miRNAs are remarkably

stable, even under several extreme conditions such as repeated

freeze–thaw cycles, boiling, and long-term storage.11–13 This is

because of the protective effect of their carriers against RNases in

the circulation, including protein complexes, exosomes, apoptotic

bodies, and other microvesicles. These �ndings led to an increasing

number of studies investigating the potential of miRNAs as circulat-

ing biomarkers for disease, including heart failure. In the following

section, the potential roles of miRNAs as biomarkers in the diag-

nosis, prognosis and treatment of heart failure will be discussed.

Potential clinical application
for microRNAs as biomarkers in heart
failure

Biomarkers are used in heart failure for several purposes. They play

an important role in the diagnosis of heart failure and are used to

determine the cause of heart failure. Further, many biomarkers can

be used as prognostic markers and in some circumstances guide the

choice, intensity, and the response to therapy. Finally, biomarkers

may provide additional insight about speci�c pathophysiological

mechanisms in heart failure.14 As there is strong evidence that

miRNAs play a role in the onset and progression of heart failure,

and because of their stability in plasma, miRNAs are interesting

potential novel biomarkers in heart failure.

MicroRNAs as diagnostic biomarkers

Although B-type natriuretic peptide (BNP) and N-terminal

pro-brain natriuretic peptide (NT-proBNP) are currently used as

the golden standard in ruling out and con�rming the diagnosis of

heart failure,15 circulating miRNAs have been increasingly studied

as potential diagnostic biomarkers. However, in order to be used

as biomarkers for the diagnosis of heart failure, they should either

outperform natriuretic peptides, or have an additive value. For

the diagnosis of heart failure, the sensitivity of natriuretic peptides

is high, but their speci�city to detect heart failure leaves room

for improvement. Several studies have investigated the potential

of circulating miRNAs for the diagnosis of heart failure (Table 1).

In chronic heart failure, multiple miRNAs have been described as

candidates for future diagnostic biomarkers in heart failure.16–19

A few studies have reported on circulating miRNAs that were able

to distinguish patients with breathlessness due to heart failure and

other causes of dyspnoea. Tijsen et al.20 found miR-423-5p to be

differentially expressed between heart failure patients and healthy

controls, and patients with other causes of dyspnoea. Other

studies also described differentially expressed circulating miRNAs

in acute heart failure, including low levels of miR-103, miR-142-3p,

miR-30b, and miR-342-3p,21 and high levels of miR-499.22 A recent

study by our group identi�ed a panel of acute heart failure-speci�c

miRNAs, in which decreased miRNA levels were observed in acute ..
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Table 1 Circulating microRNAs (miRNAs) associated

with the diagnosis of heart failure

miRNA Regulation in heart failure References

Diagnosis Compared with controls
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Acute heart failure

miR-18a-5p Decreased 23

miR-26b-5p Decreased 23

miR-27a-3p Decreased 23

miR-30b Decreased 21

miR-30e-5p Decreased 23

miR-103 Decreased 21

miR-106a-5p Decreased 23

miR-142-3p Decreased 21

miR-199a-3p Decreased 23

miR-342-3p Decreased 21

miR-423-5p Increased 20

miR-499 Increased 22

miR-652-3p Decreased 23

Chronic heart failure

miR-22 Increased 17

miR-30c Decreased 26

miR-92b Increased 17

miR-107 Decreased 18

miR-122* Increased 19

miR-139 Decreased 18

miR-142-5p Decreased 18

miR-146a Decreased 26

miR-183-3p Decreased 27

miR-190a Decreased 27

miR-193b-3p Decreased 27

miR-193b-5p Decreased 27

miR-203 Decreased 16

miR-210 Increased 16

miR-211-5p Decreased 27

miR-221 Decreased 26

miR-320a Increased 17

miR-328 Decreased 26

miR-375 Decreased 26

Increased 16

miR-423-5p Increased 17

miR-494 Decreased 27

miR-520d-5p Increased 19

miR-558 Decreased 19

miR-671-5p Increased 27

miR-1180 Increased 16

miR-1233 Increased 27

miR-1908 Increased 16

HFpEF Compared Compared

with with

controls HFrEF

miR-30c Decreased Decreased 26

miR-125a-5p Increased Increased 27

miR-146a Decreased Decreased 26

miR-190a Decreased Decreased 27

miR-221 Decreased Increased 26

miR-328 Decreased Increased 26

miR-375 Decreased Increased 26

miR-550a-5p Increased Decreased 27

miR-638 Decreased Increased 27

HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with

reduced ejection fraction.

© 2016 The Authors
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Table 2 Circulating microRNAs (miRNAs) associated with the prognosis and response to therapy in heart failure

patients

miRNA Regulation in heart failure Endpoint References

Prognosis Compared with controls
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

miR-18a-5p Decreased 180-day all-cause mortality 23

miR-126 Increased Cardiovascular death after 2 years 34

miR-508-5p Increased Cardiovascular death after 2 years 34

miR-652-3p Decreased 180-day all-cause mortality 23

Response to therapy Compared After

with successful

controls therapy

miR-1 Increased Decreased 3months after LVAD 16

miR-26b-5p Decreased Increased 12months after CRT 36

miR-29a-3p Decreased Increased 36

miR-30d Increased Decreased 6months after CRT 37

miR-30e-5p Decreased Increased 12months after CRT 36

miR-92a-3p Decreased Increased 36

miR-145-5p Decreased Increased

miR-208a/208b Increased Decreased 3months after LVAD 16

miR-483-3p Increased Decreased 3, 6, 9, and 12months after LVAD, change in NT-proBNP 35

miR-499 Increased Decreased 3months after LVAD 16

miR-1202 Increased Decreased 3months after LVAD, change in NT-proBNP 35

CRT, cardiac resynchronization therapy; LVAD, left ventricular assist device; NT-proBNP, N-terminal pro-brain natriuretic peptide.

heart failure patients compared with healthy controls and patients

with an acute exacerbation of chronic obstructive pulmonary

disease.23

In plasma of patients diagnosed with HCM without heart failure

symptoms, miR-29a, among others, was found to be signi�cantly

upregulated and the only miRNA to correlate with both LV hyper-

trophy and �brosis.24 These results suggest that this miRNA may

function as a biomarker for remodelling processes in HCM. The

speci�city of miR-29a to HCM was con�rmed by Derda et al.,25

demonstrating that miR-29a was able to differentiate between

hypertrophic obstructive cardiomyopathy (HOCM), hypertrophic

non-obstructive cardiomyopathy (HNCM), senile amyloidosis, and

aortic stenosis. MiR-29a was positively correlated with the inter-

ventricular septum size, which is a parameter for remodelling

processes including hypertrophy and �brosis.

Recent evidence suggests that miRNAs might discriminate

between heart failure with a reduced ejection fraction (HFrEF) and

heart failure with a preserved ejection fraction (HFpEF). To date,

three studies have reported differential levels of several circulat-

ing miRNAs in HFrEF and HFpEF, with only a few similarities.21,26,27

Differentially expressed miRNAs between HFpEF and HFrEF might

not only be relevant for diagnostic purposes, but might provide a

better insight in their differential pathophysiology as well.

Prognostic value of microRNAs

In heart failure, large numbers of biomarkers are predictors of

outcome. However, a limited number of studies have focused on

the prognostic value of circulating miRNAs in patients with acute

and chronic heart failure; these are summarized in Table 2. Cir-

culating miRNAs have been studied more extensively in relation ..
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. to the prognosis after myocardial infarction. Several circulat-

ing miRNAs or a combination of miRNAs in patients with

acute myocardial infarction were associated with impaired LV

contractility,28 remodelling,29,30 and risk of (cardiovascular) death

or heart failure.29,31–33

Qiang et al.34 measured miRNAs in endothelial progenitor cells

(derived from mononuclear cells from the circulation) in 106 heart

failure patients and found that low levels of miR-126 were associ-

ated with cardiovascular death in ischaemic heart failure patients,

while high levels of miR-508a-5p were associated with cardiovas-

cular death in non-ischaemic heart failure. We recently found that

decreases in miR-18a-5p and miR-652-3p during a hospitalization

for heart failure was predictive for 180-day mortality.23

MicroRNAs as biomarkers for response to therapy

Patients with severe end-stage heart failure who receive a left ven-

tricular assist device (LVAD), undergo a sudden unloading of the

heart. Morley-Smith et al.35 showed that circulating and myocardial

miR-483-3p was increased in patients after LVAD support. Inter-

estingly, levels of circulating miR-1202 before LVAD implantation

were able to distinguish responders from non-responders. Another

study also showed a change in several circulating miRNA levels

after LVAD implantation, with decreased levels of the myomirs

miR-208a/208b, miR-499 and miR-1 after 3months.16

In response to cardiac resynchronization therapy (CRT), Marfella

et al.36 found �ve miRNAs (miR-26b-5p, miR-145-5p, miR-92a-3p,

miR-30e-5p, and miR-29a-3p) in higher levels in the circulation of

responding patients, compared with non-responders. In a recent

study comprising 61 patients receiving CRT, higher levels of

miR-30d were found in responders to CRT therapy (LVEF increase

of >10%) after 6months.37

© 2016 The Authors
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An animal study identi�ed increased levels of miR-16, miR-20b,

miR-93, miR-106b, miR-223, and miR-423-5p in plasma from

rats with hypertension-induced heart failure compared with con-

trols. After treatment with an antimir for miR-208a and/or an

angiotensin-converting enzyme (ACE) inhibitor, these miRNAs

(except for miR-19b) normalized partly or completely after

8weeks, suggesting that circulating miRNAs can react in a dynamic

way in response to therapy, potentially indicating ef�cacy of

treatment.38

Together, several studies have shown the prognostic capacities of

circulating miRNAs in heart failure (Table 2) and indicated a poten-

tial role for predicting response to LVAD, CRT, and pharmacolog-

ical therapy. Although these studies need to be validated in larger

independent cohorts, this potential role of circulating miRNAs is

of interest and might lead to a more individualized approach to

treating patients with heart failure.

Limitations of circulating microRNA studies and future

considerations

However, the studies presently available do not yet provide suf-

�cient evidence for a clinical use of miRNAs as biomarkers in

heart failure. First, not all studies started with a large miRNA

panel screen in order to select the most differentially expressed

miRNAs. An unbiased approach is needed to identify the miRNAs

of interest for further testing in extended cohorts. Second, it is

important to compare the predictive diagnostic and prognostic

value of the miRNAs to established heart failure biomarkers such

as NT-proBNP and/or BNP to assess the individual predictive value

and determine the additional value of the miRNA on top of natri-

uretic peptides. Some studies indeed report on miRNAs which (in

combination with natriuretic peptides) outperform NT-proBNP or

BNP alone in discriminating heart failure patients from non-heart

failure patients,19,21 but the lack of validation of their diagnostic pre-

dictive value in other, independent cohorts make these results dif-

�cult to interpret. Third, most studies have relatively small patient

numbers, which decreases statistical power, therefore larger stud-

ies should be conducted to verify the diagnostic and prognostic

potential of miRNAs.

The lack of consistency in the available studies regarding the

most differential circulating miRNAs in heart failure is intrigu-

ing. Several factors may be contributing to these differences.

Anticoagulants in blood collection tubes can be of in�uence, as

heparin has been shown to cause dif�culties in polymerase chain

reaction (PCR) ampli�cation, in contrast to ethylenediaminete-

traacetic acid (EDTA) or citrate collection tubes.39,40 Moreover, the

material analysed (whole blood, serum or plasma) may contain dif-

ferent miRNA levels, as was demonstrated by several groups.11,41,42

Further, the presence of blood cells in plasma and serum may

contribute to higher levels of certain miRNAs, therefore appro-

priate plasma handling (e.g. centrifuging steps) is crucial. As there

is currently no golden standard for measuring circulating miRNAs,

variability resulting from the isolation protocol is therefore a

plausible explanation. Among the available techniques to mea-

sure miRNAs in plasma such as microarrays, RNA sequencing

and quantitative reverse transcription polymerase chain reaction ..
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.. (qRT-PCR), qRT-PCR is most commonly used. Several compa-

nies have developed qRT-PCR kits to measure miRNAs in blood,

plasma and other body �uids, in which differences in the miRNA

extraction techniques may lead to different �ndings.43 Further-

more, different methods of internal normalization with housekeep-

ing or reference genes were reported, although, to date, no global

and standardized method has been proposed. Exogenous, syn-

thetic miRNAs are commonly used as stable reference miRNAs

to normalize the PCR data obtained from the miRNAs of inter-

est. For example, synthetic Caenorhabditis elegans-derived miRNAs

can be spiked-in before miRNA extraction to control for sample

quality and extraction ef�ciency. Endogenous miRNAs and other

small non-coding RNAs as data normalizers require stable expres-

sion levels under various conditions in the cohorts investigated.

Owing to variability in clinical characteristics and comorbidities,

well performing endogenous references in certain patient popula-

tions might not be suitable for miRNA pro�ling studies in other

patient cohorts. Therefore, general accepted standardized pro-

tocols, techniques and a well-performing normalization method

are needed before clinical use of miRNAs as biomarkers can be

considered.

Circulating microRNAs and their
potential role and function

Although there is increasing interest in circulating miRNAs in heart

failure, there are still major uncertainties about their origin and

function in the circulation. Some speculate that in heart failure,

cells die and release miRNAs into the circulation, which could lead

to higher levels of circulating miRNAs compared with controls.

However, lower miRNA levels are frequently found in the circula-

tion of patients with heart failure, arguing against this speculation.

This might be explained by the possibility that cells take up miRNAs

from the circulation to restore deleterious intracellular mecha-

nisms related to the progression of heart failure. On the other

hand, it is also likely that several deregulated circulating miRNAs

in heart failure might not even come directly from the heart.

Therefore, before using miRNAs as circulating biomarkers, it is

highly desirable to understand (i) how these miRNAs are released

into the circulation, (ii) if they play an active role in the circulation

and (iii) whether these circulating miRNAs re�ect tissue levels.

How are microRNAs released into the circulation?

Primary miRNAs are transcribed in the nucleus after which several

processing steps follow (Figure 1). The mature miRNA is formed

after processing by Dicer in the cytoplasm of the cell. In the cir-

culation, miRNAs were discovered in various ways; in conjunc-

tion with exosomes and other microvesicles,44 apoptotic bodies,45

HDL particles,46 and other RNA-binding proteins.47 The exact

mechanisms underpinning release of miRNAs into the extracel-

lular space are not known, although some mechanisms involving

extracellular vesicles have been described. Precursor and mature

miRNAs packaged into microvesicles can leave the cells by bleb-

bing of the plasma membrane. Exosomes containing miRNAs

can be formed in the cell after which they are transported to

© 2016 The Authors
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Figure 1 Mechanisms of microRNA (miRNA) processing and transportation. Primary miRNAs (pri-miRNAs) are transcribed fromDNA, after

which Drosha and DiGeorge syndrome chromosomal region 8 (DGR8) cleave the pri-miRNAs into precursor hairpin miRNAs (pre-miRNAs).

Outside the nucleus, the pre-miRNAs are further processed by Dicer, which results in the loss of the hairpin structure and the formation of the

mature miRNA. MiRNAs can act directly on mRNA targets in the cytoplasm or are released into the extracellular space and circulation by the

shedding of exosomes and other microvesicles. Recipient cells can engulf the exosomes and the microvesicles can fuse with the recipient cell

membrane to establish intracellular communication. Other carriers of miRNAs in the circulation are high-density lipoprotein (HDL) particles,

apoptotic bodies and miRNA-protein complexes, mostly with Argonaute2 (Ago2). In the recipient cell, miRNAs can be cleaved by helicase

after which an Ago protein binds to the active miRNA strand. The miRNA–Ago complex will be loaded into a RNA-induced silencing complex

(RISC) which can bind to the target mRNA. With perfect complementary sequences, the mRNA transcript will degrade, while with incomplete

binding the mRNA will be repressed translationally.

the cell membrane and released into the extracellular compart-

ments and circulation. The ceramide-dependent pathway, which

is under the in�uence of neutral sphingomyelinase 2 (nSMase2),

has been described to be involved in the release of miRNAs via

exomes outside the cell.48 The precise sorting mechanisms that

determine when and how miRNAs are selected to leave the cell ..
..
..
..
..
..
..
.. have not yet been established. However, the membrane-associated

RNA-induced silencing complex (RISC) was found to regulate

miRNA loading into exosomes.49 Further, the heterogeneous

nuclear ribonucleoprotein A2B1 (hnRNPA2B1) has been reported

to recognize miRNAs by sequence motifs which then control the

loading of miRNAs into exosomes.50 RNA-binding proteins such

© 2016 The Authors
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as Argonaut 2 (Ago2), nucleophosmin 1 (NPM1) and high-density

lipoprotein (HDL) are also capable of transporting miRNAs outside

the cell, although the exact mechanisms are still unclear.46,47

Do microRNAs play an active role in the circulation?

An increasing number of studies have shown that miRNAs can be

secreted into the circulation by one cell and taken up by another

cell, suggesting a role in cell-to-cell communication. Exosomes,

microvesicles and other extracellular vesicles can transfer miRNAs

to recipient cells by fusion with the recipient cell membrane

(Figure 1). In some cases, the recipient cells contain higher levels

of speci�c miRNAs than the cells from which the exosomes

originated, suggesting a process that actively stimulates speci�c

miRNA transfer via exosomes. Interestingly, protein synthesis in

recipient cells was found to change, suggesting a regulating role

of miRNAs in these cells.51–53 Heart failure-related research on

miRNA communication through exosomes was conducted by Bang

et al.54 They found that cardiac �broblasts excreted exosomes

containing several miRNA passenger strands, of which miR-21-3p

was able to induce hypertrophy in recipient cardiomyocytes.

Although increasing evidence has emerged regarding the mech-

anistic processes of circulating miRNAs in extracellular vesicles,

several critical notes can be made. It is proposed that in order to

exert an effect in a cell, a substantial amount of miRNA should be

transferred, which means numerous exosomes should fuse with

the recipient cell in order to obtain miRNA levels that can regu-

late protein synthesis.55,56 As exosomes also carry other particles

within their membranes, the change in gene expression of the tar-

get cell might not exclusively be related to miRNA function.57–59

Furthermore, because these studies are conducted in a con-

trolled, experimental setting, this might not accurately re�ect the

(patho)physiology of miRNA transport in the human body.60

Other extracellular vesicles reported as transporting

miRNAs are apoptotic bodies; vesicles derived from apoptotic

cells. Zernecke et al.45 investigated miRNAs in apoptotic bodies

derived from endothelial cells in atherosclerosis and found a set of

miRNAs in apoptotic bodies similar to those found in their cells

of origin, suggesting a paracrine function. MiR-126 was enriched

in these apoptotic bodies and was found to function as regulator

of vascular endothelial growth factor (VEGF).

High-density lipoproteins are also able to transport miRNAs

between cells. Vickers et al.46 found miRNAs bound to HDL par-

ticles which are not found within exosomes, suggesting that the

mode of export of miRNAs might be speci�c to cell types. Further-

more, HDL particles from patients with hypercholesterolemia con-

tained increased levels of miR-105, compared with healthy subjects.

Adding these miR-105-enriched particles to cultured hepatocytes

led to a change in gene expression of multiple genes, mostly puta-

tive targets of miR-105.

Although the transport of miRNAs within extracellular vesi-

cles and HDL is being increasingly studied, it is believed that the

majority of the miRNAs in the circulation (95–99%) are trans-

ported as miRNA-protein complexes, mostly bound to Argonaute

(Ago) proteins, protecting them from degradation by RNase in

the circulation.61–63 It is hypothesized that these miRNA-Ago ..
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.. complexes are byproducts of cell death, which makes potential

paracrine miRNA signalling less convincing.61,62 However, the exact

transport of miRNA–protein complexes is largely unknown and it

is unclear whether cells are able to engulf these miRNAs from the

circulation in order to function as post-transcriptional regulators in

recipient cells. Thus, more extensive research, especially involving

these miRNA–protein complexes would be valuable.

Are circulating microRNA levels re�ecting tissue levels?

In heart failure, similar responses in miRNA levels in the circulation

and in myocardial tissue have been observed. For example, Tijsen

et al.20 found higher levels of miR-423-5p in both the circulation of

heart failure patients and in post-mortem cardiac tissue of patients

with dilated cardiomyopathy. To determine whether differentially

expressed circulating miRNAs in heart failure might be derived

from the heart, several groups investigated the transcoronary gra-

dients of miRNA levels. The transcoronary gradient of miR-423-5p

was found to be higher in heart failure patients than in controls,

suggesting that this miRNA may be predominantly derived from

the heart.64 In contrast, miR-423-5p levels did not differ in the

femoral arteries, veins, and coronary sinus between the two

groups, which may be due to the in�uence of pharmacotherapy

on miRNA levels or the small population size. In patients with

an acute coronary syndrome, De Rosa et al.65 showed increased

transcoronary concentration gradients of miR-133a and miR-499,

which suggests that these miRNAs were likely released by the

heart. Further, these miRNA levels correlated with myocardial

injury biomarker high-sensitivity troponin T. A recent study in

patients receiving CRT reported signi�cantly increased miR-30d

levels in coronary sinus blood compared with peripheral blood,

suggesting a cardiac origin of this miRNA.37

However, the current concept is that blood cells are the major

contributors to the circulating miRNA pool, which was demon-

strated by Pritchard et al.41 They showed that different types

of blood cells are the main origin of previously described cir-

culating miRNAs in cancer. Akat et al.16 showed that the differ-

ences in miRNA expression in myocardial tissue in severe heart

failure patients compared with healthy controls are, in general,

not re�ected in circulating miRNA levels, suggesting that the

heart may be an unlikely origin of the most abundant circulating

miRNAs. Moreover, most circulating miRNAs in this study were

highly abundant in haemopoietic cells and endothelial cells; only

0.1% consisted of muscle and cardiac speci�c miRNAs. However,

these circulating myomirs changed comparably with the miRNA

expression in myocardial tissue, which con�rms that the ori-

gin of these cardiac-speci�c miRNAs probably lies in the heart.

Higher levels of these circulating myomirs were found in severe

heart failure patients compared with controls, suggesting these

miRNAs could still be potential biomarker candidates in heart fail-

ure, despite their low abundance in the circulating miRNA pool.

These results indicate that although certain circulating miRNAs

such as the myomirs can be tissue speci�c, the majority of the

abundant circulating miRNAs originate from blood or endothe-

lial cells. Consequently, the search for cardiac-derived circulating

miRNAs as novel biomarkers in heart failure might be challenging

© 2016 The Authors
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because of their low concentrations in the circulation. However,

we hypothesize that the most differentially expressed circulating

miRNAs in heart failure may be a consequence of a systemic (vas-

cular) response to an overloaded heart along with an impaired

perfusion of multiple organs, which may lead to a differential

miRNA response. These miRNAs may therefore serve as potential

biomarkers in heart failure.

Therapeutic microRNA-based
strategies in heart failure

The discovery of circulating miRNAs has opened new windows

for novel drug development by the administration of extracellular

miRNAs. Several studies have shed light on the role of miRNAs

in the maladaptive processes involved in heart failure, such as

hypertrophy and �brosis. Here, we discuss the most intensely stud-

ied miRNAs in cardiac hypertrophy and �brosis and the potential

of miRNA-based therapies to inhibit or reverse these processes.

Further, we elaborate on the dif�culties in moving forward towards

clinical application of miRNA mimics and antimirs in heart failure

patients.

MicroRNA mimics and antimirs

In general, low expression levels of miRNAs can be restored

with miRNA mimics, which are synthetic double-stranded oligonu-

cleotides resembling precursor miRNAs. In target cells they are

cleaved into functional single-stranded miRNAs where they are

able to bind to the 3′ untranslated region of the mRNA, leading

to unsuccessful translation into proteins. MiRNA mimics can be

administered exogenously using adeno-associated viruses (AAVs),

subcutaneously and directly into the circulation. MiRNA mim-

ics have to undergo the same processes as double-stranded

pre-miRNA, therefore chemical modi�cations to optimize their

speci�c delivery, uptake in the recipient cell and regulating function

are more challenging for miRNA mimics than for antimirs.66

Antimirs are single-stranded antisense oligonucleotide

molecules with varying chemical modi�cations to resist ectonu-

cleases and endonucleases. They directly block the miRNA

function by binding to single-stranded mature miRNAs thus

preventing their binding to target mRNAs. Antimirs can be

administered intravenously, subcutaneously and in the intraperi-

toneal space. In the circulation, antimirs remain stable owing

to chemical modi�cation processes.67,68 Enhanced uptake by

target cells has been achieved by adding cholesterol particles

to the antimirs.68,69 Other modi�cation processes to pro-

mote stability and uptake such as 2′-O-methyl modi�cations,

locked nucleic acid (LNA) modi�cations, non-nucleotide ZEN

(N,N-diethyl-4-(4-nitronaphthalen-1-ylazo)-phenylamine) modi-

�cations, conjugation to N-acetylgalactosamine sugars and the

use of miRNA sponges have been recently reviewed by Philippen

et al.70 The majority of antimirs can be taken up into tissue within

hours and animal models have shown that antimirs remain stable in

the intracellular space for months.71 However, functional effects of

the antimirs may be expected only after several days or weeks.72 ..
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.. Although, to date, no clinical trials with antimirs or miRNA

mimics in the cardiovascular �eld are ongoing, preclinical trials

have been conducted using miRNA-based therapies in animal heart

failure models.

Hypertrophy

A variety of miRNAs have been associated with cardiac hyper-

trophy, of which miR-1 has been described as one of the key

regulating miRNAs in this process (Figure 2). MiR-1 is highly

abundant in the heart and deletion of this miRNA causes serious

cardiac defects.1,73,74 Sayed et al.75 demonstrated that in hearts

of mice undergoing transverse aortic constriction (TAC), miR-1

is downregulated even before development of hypertrophy. Elia

et al.76 identi�ed insulin-like growth factor-1 (IGF-1) and IGF-1

receptor as targets of miR-1, controlling cell growth and differen-

tiation. Further, twin�lin-1, a cytoskeleton regulatory protein, was

also identi�ed as miR-1 target.77 The heart-type fatty acid-binding

protein-3 (FABP3) was also found to be targeted by miR-1, and

plasma FABP3 levels functioned as an indirect biomarker of miR-1

expression.78

The use of an antimir for miR-1-induced cardiac hypertrophy

in neonatal rat ventricular cardiomyocytes, while overexpression

of miR-1 was capable of inhibiting cardiac hypertrophy by regu-

lating calmodulin-encoding genes and genes implicated in calcium

handling mechanisms.79 Interestingly, intravenous administration of

a miRNA mimic using an AAV expressing miR-1 in rats with left

ventricular hypertrophy induced by pressure overload resulted in

regression of cardiac hypertrophy, reduction of �brosis and apop-

tosis, and improved calcium signalling.80 These results suggest that

miR-1might play a role in the development of hypertrophy and that

this process may be reversed with a miR-1 mimic.

The myomir miR-133 exists within the same transcriptional unit

as miR-1 and is also highly abundant in the myocardium. In both

animal and human models, miR-133 was identi�ed as regulator of

cardiac hypertrophy, with lower levels in heart failure and cardiac

hypertrophy compared with controls (Figure 2).74,77,81–83 The pro-

hypertrophic phosphatase calcineurin was found to regulate this

miRNA, resulting in a parallel increase of calcineurin and decrease

of miR-133 in both in vivo and in vitro cardiac hypertrophy.83 This

miRNA also plays an important role in �-adrenergic receptor sig-

nalling with its ability to target multiple effectors of this pathway.84

In vitro and in vivo overexpression of miR-133 was shown to

be cardioprotective by inhibiting apoptosis. Disturbances in the

�-adrenergic signalling pathway can lead to a longQT phenotype

in single miR-1/133 cluster knockout mice. Moreover, prolonged

action potentials were found in cardiomyocytes with a deletion

of miR-1/133a, suggesting that this miRNA cluster is essential

for normal electrophysiology in the heart.85 Matkovich et al.86

demonstrated that miR-133 had protective effects in miR-133

transgenic mice undergoing TAC. They observed stable levels of

miR-133, a signi�cant decrease in myocardial �brosis, improve-

ment in diastolic function, and no development of hypertrophy.

In another murine TAC-induced hypertrophy model, inhibition

of miR-133 by an antimir resulted in myocardial hypertrophy and

left ventricular dilatation, whereas overexpression induced by an

© 2016 The Authors
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Figure 2 MicroRNAs (miRNAs) with key roles in cardiac �brosis and hypertrophy in response to cardiac injury or overload. MiR-1, miR-21,

miR-29, and miR-133 are presented with their known targets. The expression of miR-1, miR-29, and miR-133 is downregulated in cardiac tissue

in response to cardiac injury or overload, leading to a decreased negative regulation of their mRNA targets. MiR-21 is upregulated in response

to cardiac injury or overload, resulting in increased negative regulation of the corresponding targets. This in turn activates pathways contributing

to cardiac �brosis and hypertrophy. �1AR, beta-1 adrenergic receptor; Cdc42, cell division control protein 42 homologue; COL1A1, collagen

type I, alpha 1; COL1A2, collagen type I, alpha 2; COL3A1, collagen type III, alpha 1; ELN, elastin; ERK, extracellular signal-regulated kinase;

FBN1, �brillin 1; Gata4, GATA binding protein 4; IGF-1; insulin-like growth factor-1; IGFr, insulin-like growth factor receptor; LIF, leukaemia

inhibitory factor; MAP, mitogen-activated protein; Mef2a, myocyte enhancer factor 2a; MMP-2, matrix metalloproteinase-2; NelfA/WHSC2,

negative elongation factor complex member A/Wolf–Hirschhorn syndrome candidate 2; NFAT, nuclear factor of activated T-cells; PTEN,

phosphatase and tensin homologue; PTX-3, pentraxin-3; RhoA, ras homolog gene family member A; Smad 3, Smad family member 3; Smad 7,

Smad family member 7; Spry1, sprouty homolog 1; TGF-�, transforming growth factor beta.

adenovirus containing a miR-133 mimic led to a decrease in hyper-

trophy by means of Akt activation.74 A recent study con�rmed

the regulatory role of miR-133a in the Akt pathway and showed a

bene�cial effect of a miR-133a mimic on cardiac function in heart

failure rats.87

In 2011, Ucar et al.88 reported on the miR-212/132 family

which are known to regulate cardiac hypertrophy by targeting

the FoxO3 transcription factor. Overexpression of miR-212 and

miR-132 in mice led to a phenotype with an increase in cardiac

hypertrophy and heart failure; however, after administration of

a miR-132 antimir, cardiac hypertrophy and heart failure devel-

opment were attenuated. Another study demonstrated that an

antimir for mir-208a, a well-described and cardiac-speci�c miRNA

involved in heart failure and cardiac remodelling, improved cardiac

function and increased survival rates in a pressure overload rat

heart failure model.71

In addition to the above-described miRNAs, several other

miRNAs have been related to cardiac hypertrophy, such as

miR-23a, miR-27b, miR-132, miR-199b, miR-378, and miR-499,

which are well reviewed elsewhere.89,90

Fibrosis

Non-myocyte myocardial cells, such as endothelial cells and �brob-

lasts, play a key role in remodelling processes, contributing to the

development of heart failure. Among others, miR-21 and miR-29 ..
..
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. have been studied most intensively in relation to cardiac �brosis

(Figure 2).

The miR-29 family has been associated with several extracel-

lular matrix (ECM)-mediating encoding genes for �brillin, elastin,

and collagens. MiR-29 was downregulated in failing hearts com-

pared with control hearts, under the regulation of TGF-�.91

Proteomic analysis of mouse cardiac �broblasts revealed that

miR-29b targeted multiple �brosis related genes, such as IGF-1,

leukaemia inhibitory factor, and pentraxin-3.92 Zhang et al.93 pro-

posed miR-29b as drug target in an angiotensin II induced hyper-

tensive mouse model. In vitro knockdown of miR-29 resulted

in increased cardiac �brosis whereas overexpression resulted

in reduced cardiac �brosis. In vivo, miR-29b overexpression by

miR-29b transfection into the heart attenuated the progression

of �brosis and led to an improvement of cardiac function. The

TGF-�/Smad3 signalling pathway has been described as playing a

crucial role in cardiac �brosis as target of miR-29.93,94

MiR-21 was also associated with the TGF-� pathway and

TGF-� receptor,95 in which overexpression of miR-21 led

to increased cardiac �brosis due to the TGF-� mediated

endothelial-to-mesenchymal transition.96 This miRNA was upreg-

ulated in the mouse myocardium after cardiac stress97 and in

the myocardial tissue of patients with aortic stenosis.81 In these

patients, miR-21 was only present in interstitial cells and cor-

related with collagen expression in the heart.81 Another study

showed that miR-21 was speci�cally increased in �broblasts of

© 2016 The Authors
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failing hearts and capable of enhancing �brosis by stimulating the

extracellular signal-regulated kinase (ERK)–mitogen-activated

protein (MAP) kinase signalling pathway.72. By using an antimir

to silence miR-21 in mouse hearts, cardiac ERK-MAP kinase

activity was reduced, leading to less cardiac �brosis and preserved

cardiac function. Roy et al.98 demonstrated that metalloprotease-2

(MMP-2) expression is elevated in murine cardiac �broblasts

under the regulation of miR-21 via the phosphatase and tensin

homologue (PTEN)–AKT phosphorylation-dependent pathway. A

recent study found that the cytokine osteopontin (OPN) activated

miR-21 thereby promoting cardiac �brosis.99 This process was

inhibited in vivo by LNA-mediated silencing of miR-21, which led

to restored expression levels of PTEN and SMAD7, both genes

involved in cardiac �brosis. These results propose miR-21 as

potential promising drug target.

In contrast to miR-21, it has been shown that miR-24 regu-

lates heart failure-related processes in both cardiomyocytes and

�broblasts. In a post-myocardial infarction (MI) model, miR-24

was downregulated shortly after MI, correlating with factors of

ECM remodelling such as collagen, �bronectin, and TGF-�.100

Transfection of miR-24 to the mouse myocardium before induc-

ing MI led to a reduced infarct size and improved cardiac func-

tion. MiR-24 regulated cardiac �brosis by targeting furin, which

is necessary for TGF-� excretion.100 In cardiomyocytes, miR-24

was mainly described as regulating apoptosis and cell survival via

intrinsic apoptotic pathways.101 In transgenic miR-24 mice under-

going MI, signi�cantly less apoptosis and improved cardiac func-

tion was found compared with wild-type mice.102 MiR-24 was

also found to have a regulatory role in excitation–contraction

uncoupling of the sarcoplasmic reticulum and T-tubules via the

junctophilin-2 protein.103 The effect of miR-24 on cardiomyocytes

and on �broblasts emphasizes the broad range of regulating func-

tions miRNAs can exert, which may challenge the development of

targeted miRNA therapies.

Towards clinical application
of microRNA-based therapies

As described above, experimental and animal data already suggest a

future role for miRNA-based therapies in the treatment of patients

with heart failure. The use of antimirs has also been successful

in larger animals. For example, in pigs undergoing percutaneous

ischaemia and reperfusion, the LNA-modi�ed antisense miR-92a

led to a reduced miR-92a expression after both intravenous and

percutaneous administration.104 However, only regional adminis-

tration additionally resulted in a reduced infarct size and improved

recovery of cardiac function.

Despite several dif�culties regarding miRNA-based therapies,

the �rst phase 1 and 2 trials have been conducted investigating the

potential therapeutic application of miRNA-based drugs intended

for indications other than heart failure. The administration of

MRX34 (miR-34) is currently under investigation in a phase 1 clin-

ical trial in patients with primary liver cancer, other solid tumours,

and haematological malignancies (NCT01829971). Another phase

1 trial studies the safety and ef�cacy of TargomiRs containing a ..
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.. mir-16-based mimic in patients with malignant pleural mesothe-

lioma and non-small cell lung cancer who are not responding to

standard therapy (NCT02369198). To date, the most rapidly devel-

oping miRNA-based drug is miravirsen, a subcutaneously admin-

istrated antisense oligonucleotide for miR-122, which is under

investigation in chronic hepatitis C patients. The �rst phase 1 and

2a results have been promising, showing reduced RNA levels of

hepatitis C virus with no important side-effects.105 The success of

this drug without off-target effects mainly results from the fact that

miR-122 is a tissue-speci�c miRNA that is only expressed in the

liver, while most miRNAs involved in heart failure processes are

not restricted to the heart.

Before clinical application of miRNA-based therapy becomes

widely available, some important issues need to be addressed.

The pharmacodynamic and pharmacokinetic effects of antimirs

and miRNA mimics are not yet fully established but are crucial

for future clinical application. It is currently unknown by which

mechanisms antimirs remain functional, stable and how they are

released, even after a substantial amount of time. The effect of

antimirs can last for months, as demonstrated by studies in mice

and monkeys.69,106 These results raise concerns about potential

toxicity and irreversibility. Moreover, long-term follow-up stud-

ies are necessary to identify any side-effects that may develop

after months or years. Organ-speci�c delivery of antimirs is cur-

rently challenging and techniques to establish targeted delivery

to the heart are needed. Therefore, focusing on miRNA tar-

gets that are mainly expressed in the heart, such as the previ-

ously described miR-1, miR-133, and miR-208 would limit these

unwanted side-effects. Furthermore, as one miRNA has multi-

ple target genes, miRNA-based therapy may lead to unfavourable

off-target effects in tissues other than the target tissue. For

example, the use of miRNA mimics leads to intracellular compe-

tition with endogenous miRNAs in terms of binding to the RISC

machinery, which in turn results in disturbances in normal miRNA

functioning and thereby gene regulation.107

Despite these concerns, promising data have been published in

which miRNA mimics and antimirs were able to modify miRNA

function in heart failure models, and this might pave the way to the

�rst studies in humans.

Conclusions

Our knowledge of miRNAs and their potential role in heart failure

has greatly increased over recent years. Although many uncer-

tainties remain regarding the purpose and origin of circulating

miRNAs, an increasing number of studies have provided impor-

tant clues about their transport and function in the circulation.

Furthermore, circulating miRNAs are promising new biomarkers

in heart failure for diagnostic and prognostic purposes, and to iden-

tify a patient’s response to therapy. Several miRNAs have been

related to important mechanisms leading to heart failure, such

as hypertrophy and �brosis. An increasing number of miRNAs

and miRNA targets have been reported in heart failure models,

increasing our insight into the pathophysiology of this syndrome.

Loss- and gain-of-function experiments revealed an important role

© 2016 The Authors
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for miRNA mimics and antimirs—an interesting development that

might broaden the treatment options for patients with heart fail-

ure. Together, miRNAs and miRNA-based therapies comprise one

of the most innovative advancements of the last years and hold

great promise for future clinical application in heart failure.

Acknowledgements

We acknowledge the support from the Netherlands CardioVascu-

lar Research Initiative: the Dutch Heart Foundation, Dutch Feder-

ation of University Medical Centres, the Netherlands Organization

for Health Research and Development and the Royal Netherlands

Academy of Sciences.

Funding

This work was supported by a grant from the Dutch Heart

Foundation: Approaching Heart Failure By Translational Research

Of RNA Mechanisms (ARENA), [grant number CVON 2011–11].

Con�icts of interest; E.L.V. and L.J.D.W. have no con�icts to

report. Y.M.P has a minor stake (<5%) in a University spin-off

which commercializes IP in the �eld of biomarkers and microRNAs.

P.V.D.M. and A.A.V. are patent holders of a panel of acute heart

failure related circulating microRNAs.

References
1. Zhao Y, Ransom JF, Li A, Vedantham V, von Drehle M, Muth AN, Tsuchihashi T,

McManus MT, Schwartz RJ, Srivastava D. Dysregulation of cardiogenesis, cardiac

conduction, and cell cycle in mice lacking miRNA-1-2. Cell 2007;129:303–317.

2. da Costa Martins PA, Bourajjaj M, Gladka M, Kortland M, van Oort RJ,

Pinto YM, Molkentin JD, De Windt LJ. Conditional dicer gene deletion in the

postnatal myocardium provokes spontaneous cardiac remodeling. Circulation

2008;118:1567–1576.

3. Chen J, Huang ZP, Seok HY, Ding J, Kataoka M, Zhang Z, Hu X, Wang G, Lin

Z, Wang S, Pu WT, Liao R, Wang DZ. Mir-17-92 cluster is required for and

suf�cient to induce cardiomyocyte proliferation in postnatal and adult hearts.

Circ Res 2013;112:1557–1566.

4. Bernstein E, Kim SY, Carmell MA, Murchison EP, Alcorn H, Li MZ, Mills AA,

Elledge SJ, Anderson KV, Hannon GJ. Dicer is essential for mouse development.

Nat Genet 2003;35:215–217.

5. Saxena A, Tabin CJ. miRNA-processing enzyme Dicer is necessary for cardiac

out�ow tract alignment and chamber septation. Proc Natl Acad Sci U S A

2010;107:87–91.

6. Thum T, Galuppo P, Wolf C, Fiedler J, Kneitz S, van Laake LW, Doevendans PA,

Mummery CL, Borlak J, Haverich A, Gross C, Engelhardt S, Ertl G, Bauersachs

J. MicroRNAs in the human heart: a clue to fetal gene reprogramming in heart

failure. Circulation 2007;116:258–267.

7. Melman Yonathan F YF. MicroRNAs in heart failure: is the picture becoming less

miRky? Circulation: Heart Failure 2014;7:203–214.

8. Tijsen AJ, Pinto YM, Creemers EE. Non-cardiomyocyte microRNAs in heart

failure. Cardiovasc Res 2012;93:573–582.

9. Bagnall RD, Tsoutsman T, Shephard RE, Ritchie W, Semsarian C. Global

microRNA pro�ling of the mouse ventricles during development of severe

hypertrophic cardiomyopathy and heart failure. PLoS One 2012;7:e44744.

doi: 10.1371/journal.pone.0044744.

10. Ikeda S, Kong SW, Lu J, Bisping E, Zhang H, Allen PD, Golub TR, Pieske B, Pu

WT. Altered microRNA expression in human heart disease. Physiol Genomics

2007;31:367–373.

11. Mitchell PS, Parkin RK, Kroh EM, Fritz BR,Wyman SK, Pogosova-Agadjanyan EL,

Peterson A, Noteboom J, O’Briant KC, Allen A, Lin DW, Urban N, Drescher

CW, Knudsen BS, Stirewalt DL, Gentleman R, Vessella RL, Nelson PS, Martin

DB, Tewari M. Circulating microRNAs as stable blood-based markers for cancer

detection. Proc Natl Acad Sci U S A 2008;105:10513–10518. ..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.. 12. Chen X, Ba Y, Ma L, Cai X, Yin Y, Wang K, Guo J, Zhang Y, Chen J, Guo X, Li

Q, Li X, Wang W, Zhang Y, Wang J, Jiang X, Xiang Y, Xu C, Zheng P, Zhang

J, Li R, Zhang H, Shang X, Gong T, Ning G, Wang J, Zen K, Zhang J, Zhang

CY. Characterization of microRNAs in serum: a novel class of biomarkers for

diagnosis of cancer and other diseases. Cell Res 2008;18:997–1006.

13. Lawrie CH, Gal S, Dunlop HM, Pushkaran B, Liggins AP, Pulford K, Banham

AH, Pezzella F, Boultwood J, Wainscoat JS, Hatton CS, Harris AL. Detection

of elevated levels of tumour-associated microRNAs in serum of patients with

diffuse large B-cell lymphoma. Br J Haematol 2008;141:672–675.

14. Schmitter D, Cotter G, Voors AA. Clinical use of novel biomarkers in heart

failure: towards personalized medicine. Heart Fail Rev 2014;19:369–381.

15. McMurray JJ, Adamopoulos S, Anker SD, Auricchio A, BohmM, Dickstein K, Falk

V, Filippatos G, Fonseca C, Gomez-Sanchez MA, Jaarsma T, Kober L, Lip GY,

Maggioni AP, Parkhomenko A, Pieske BM, Popescu BA, Ronnevik PK, Rutten

FH, Schwitter J, Seferovic P, Stepinska J, Trindade PT, Voors AA, Zannad F,

Zeiher A, Task Force for the Diagnosis and Treatment of Acute and Chronic

Heart Failure 2012 of the European Society of Cardiology, Bax JJ, Baumgartner

H, Ceconi C, Dean V, Deaton C, Fagard R, Funck-Brentano C, Hasdai D, Hoes

A, Kirchhof P, Knuuti J, Kolh P, McDonagh T, Moulin C, Popescu BA, Reiner

Z, Sechtem U, Sirnes PA, Tendera M, Torbicki A, Vahanian A, Windecker S,

McDonagh T, Sechtem U, Bonet LA, Avraamides P, Ben Lamin HA, Brignole M,

Coca A, Cowburn P, Dargie H, Elliott P, Flachskampf FA, Guida GF, Hardman

S, Iung B, Merkely B, Mueller C, Nanas JN, Nielsen OW, Orn S, Parissis JT,

Ponikowski P, ESC Committee for Practice Guidelines. ESC guidelines for the

diagnosis and treatment of acute and chronic heart failure 2012: The Task Force

for the Diagnosis and Treatment of Acute and Chronic Heart Failure 2012 of

the European Society of Cardiology. Developed in collaboration with the Heart

Failure Association (HFA) of the ESC. Eur J Heart Fail 2012;14:803–869.

16. Akat KM, Moore-McGriff D, Morozov P, Brown M, Gogakos T, Correa Da

Rosa J, Mihailovic A, Sauer M, Ji R, Ramarathnam A, Totary-Jain H, Williams Z,

Tuschl T, Schulze PC. Comparative RNA-sequencing analysis of myocardial and

circulating small RNAs in human heart failure and their utility as biomarkers.

Proc Natl Acad Sci U S A 2014;111:11151–11156.

17. Goren Y, Kushnir M, Zafrir B, Tabak S, Lewis BS, Amir O. Serum levels of

microRNAs in patients with heart failure. Eur J Heart Fail 2012;14:147–154.

18. Voellenkle C, van Rooij J, Cappuzzello C, Greco S, Arcelli D, Di Vito L, Melillo

G, Rigolini R, Costa E, Crea F, Capogrossi MC, Napolitano M, Martelli F.

MicroRNA signatures in peripheral blood mononuclear cells of chronic heart

failure patients. Physiol Genomics 2010;42:420–426.

19. Vogel B, Keller A, Frese KS, Leidinger P, Sedaghat-Hamedani F, Kayvanpour E,

Kloos W, Backe C, Thanaraj A, Brefort T, Beier M, Hardt S, Meese E, Katus

HA, Meder B. Multivariate miRNA signatures as biomarkers for non-ischaemic

systolic heart failure. Eur Heart J 2013;34:2812–2822.

20. Tijsen AJ, Creemers EE, Moerland PD, de Windt LJ, van der Wal AC, Kok

WE, Pinto YM. MiR423-5p as a circulating biomarker for heart failure. Circ Res

2010;106:1035–1039.

21. Ellis KL, Cameron VA, Troughton RW, Frampton CM, Ellmers LJ, Richards

AM. Circulating microRNAs as candidate markers to distinguish heart failure

in breathless patients. Eur J Heart Fail 2013;15:1138–1147.

22. Corsten MF, Dennert R, Jochems S, Kuznetsova T, Devaux Y, Hofstra L,

Wagner DR, Staessen JA, Heymans S, Schroen B. Circulating MicroRNA-208b

and MicroRNA-499 re�ect myocardial damage in cardiovascular disease. Circ

Cardiovasc Genet 2010;3:499–506.

23. Ovchinnikova ES, Schmitter D, Vegter EL, Ter Maaten JM, Valente MA, Liu LC,

van der Harst P, Pinto YM, de Boer RA, Meyer S, Teerlink JR, O’Connor CM,

Metra M, Davison BA, Bloom�eld DM, Cotter G, Cleland JG, Mebazaa A, Laribi

S, Givertz MM, Ponikowski P, van der Meer P, van Veldhuisen DJ, Voors AA,

Berezikov E. Signature of circulating microRNAs in patients with acute heart

failure. Eur J Heart Fail 2015; doi: 10.1002/ejhf.332.

24. Roncarati R, Viviani Anselmi C, Losi MA, Papa L, Cavarretta E, Da Costa Martins

P, Contaldi C, Saccani Jotti G, Franzone A, Galastri L, Latronico MV, Imbriaco M,

Esposito G, De Windt L, Betocchi S, Condorelli G. Circulating miR-29a, among

other up-regulated microRNAs, is the only biomarker for both hypertrophy

and �brosis in patients with hypertrophic cardiomyopathy. J Am Coll Cardiol

2014;63:920–927.

25. Derda AA, Thum S, Lorenzen JM, Bavendiek U, Heineke J, Keyser B, Stuhrmann

M, Givens RC, Kennel PJ, Schulze PC, Widder JD, Bauersachs J, Thum T.

Blood-based microRNA signatures differentiate various forms of cardiac hyper-

trophy. Int J Cardiol 2015;196:115–122.

26. Watson CJ, Gupta SK, O’Connell E, Thum S, Glezeva N, Fendrich J, Gallagher

J, Ledwidge M, Grote-Levi L, McDonald K, Thum T. MicroRNA signatures

differentiate preserved from reduced ejection fraction heart failure. Eur J Heart

Fail 2015;17:405–415.

27. Wong LL, Armugam A, Sepramaniam S, Karolina DS, Lim KY, Lim JY, Chong JP,

Ng JY, Chen YT, Chan MM, Chen Z, Yeo PS, Ng TP, Ling LH, Sim D, Leong KT,

© 2016 The Authors
European Journal of Heart Failure © 2016 European Society of Cardiology



11

Ong HY, Jaufeerally F, Wong R, Chai P, Low AF, Lam CS, Jeyaseelan K, Richards

AM. Circulating microRNAs in heart failure with reduced and preserved left

ventricular ejection fraction. Eur J Heart Fail 2015;17:393–404.

28. Devaux Y, Vausort M, McCann GP, Kelly D, Collignon O, Ng LL, Wagner DR,

Squire IB. A panel of 4 microRNAs facilitates the prediction of left ventricular

contractility after acute myocardial infarction. PLoS One 2013;8:e70644. doi:

10.1371/journal.pone.0070644.

29. Lv P, Zhou M, He J, Meng W, Ma X, Dong S, Meng X, Zhao X, Wang X,

He F. Circulating miR-208b and miR-34a are associated with left ventricular

remodeling after acute myocardial infarction. Int J Mol Sci 2014;15:5774–5788.

30. Zile MR, Mehurg SM, Arroyo JE, Stroud RE, DeSantis SM, Spinale FG. Rela-

tionship between the temporal pro�le of plasma microRNA and left ventric-

ular remodeling in patients after myocardial infarction. Circ Cardiovasc Genet

2011;4:614–619.

31. Matsumoto S, Sakata Y, Nakatani D, Suna S, Mizuno H, Shimizu M, Usami M,

Sasaki T, Sato H, Kawahara Y, Hamasaki T, Nanto S, Hori M, Komuro I. A subset

of circulating microRNAs are predictive for cardiac death after discharge for

acute myocardial infarction. Biochem Biophys Res Commun 2012;427:280–284.

32. Matsumoto S, Sakata Y, Suna S, Nakatani D, Usami M, Hara M, Kitamura

T, Hamasaki T, Nanto S, Kawahara Y, Komuro I. Circulating p53-responsive

microRNAs are predictive indicators of heart failure after acute myocardial

infarction. Circ Res 2013;113:322–326.

33. Gidlof O, Smith JG, Miyazu K, Gilje P, Spencer A, Blomquist S, Erlinge D. Circu-

lating cardio-enriched microRNAs are associated with long-term prognosis fol-

lowing myocardial infarction. BMC Cardiovasc Disord 2013;13:12–2261–13–12.

doi: 10.1186/1471-2261-13-12.

34. Qiang L, Hong L, Ningfu W, Huaihong C, Jing W. Expression of miR-126 and

miR-508-5p in endothelial progenitor cells is associated with the prognosis of

chronic heart failure patients. Int J Cardiol 2013;168:2082–2088.

35. Morley-Smith AC, Mills A, Jacobs S, Meyns B, Rega F, Simon AR, Pepper JR, Lyon

AR, Thum T. Circulating microRNAs for predicting and monitoring response to

mechanical circulatory support from a left ventricular assist device. Eur J Heart

Fail 2014;16:871–879.

36. Marfella R, Di Filippo C, Potenza N, Sardu C, Rizzo MR, Siniscalchi M, Musacchio

E, Barbieri M, Mauro C, Mosca N, Solimene F, Mottola MT, Russo A, Rossi F,

Paolisso G, D’Amico M. Circulating microRNA changes in heart failure patients

treated with cardiac resynchronization therapy: responders vs. non-responders.

Eur J Heart Fail 2013;15:1277–1288.

37. Melman YF, Shah R, Danielson K, Xiao J, Simonson B, Barth A, Chakir K, Laven-

der Z, Lewis GD, Truong QA, Kleber A, Das R, Rosenzweig A, Wang Y, Kass

D, Singh JP, Das S. Circulating MicroRNA-30d is associated with response to

cardiac resynchronization therapy in heart failure and regulates cardiomyocyte

apoptosis: a translational pilot study. Circulation 2015;131:2202–2216.

38. Dickinson BA, Semus HM, Montgomery RL, Stack C, Latimer PA, Lewton

SM, Lynch JM, Hullinger TG, Seto AG, van Rooij E. Plasma microRNAs

serve as biomarkers of therapeutic ef�cacy and disease progression in

hypertension-induced heart failure. Eur J Heart Fail 2013;15:650–659.

39. Kroh EM, Parkin RK, Mitchell PS, Tewari M. Analysis of circulating microRNA

biomarkers in plasma and serum using quantitative reverse transcription-PCR

(qRT-PCR). Methods 2010;50:298–301.

40. Kim DJ, Linnstaedt S, Palma J, Park JC, Ntrivalas E, Kwak-Kim JY, Gilman-Sachs

A, Beaman K, Hastings ML, Martin JN, Duelli DM. Plasma components affect

accuracy of circulating cancer-related microRNA quantitation. J Mol Diagn

2012;14:71–80.

41. Pritchard CC, Kroh E, Wood B, Arroyo JD, Dougherty KJ, Miyaji MM, Tait JF,

Tewari M. Blood cell origin of circulating microRNAs: a cautionary note for

cancer biomarker studies. Cancer Prev Res (Phila) 2012;5:492–497.

42. Wang K, Yuan Y, Cho JH, McClarty S, Baxter D, Galas DJ. Comparing the

MicroRNA spectrum between serum and plasma. PLoS One 2012;7:e41561. doi:

10.1371/journal.pone.0041561.

43. Tiberio P, Callari M, Angeloni V, Daidone MG, Appierto V. Challenges in using

circulating miRNAs as cancer biomarkers. Biomed Res Int 2015;2015:731479.

doi: 10.1155/2015/731479.

44. Hunter MP, Ismail N, Zhang X, Aguda BD, Lee EJ, Yu L, Xiao T, Schafer J,

Lee ML, Schmittgen TD, Nana-Sinkam SP, Jarjoura D, Marsh CB. Detection

of microRNA expression in human peripheral blood microvesicles. PLoS One

2008;3:e3694. doi: 10.1371/journal.pone.0003694.

45. Zernecke A, Bidzhekov K, Noels H, Shagdarsuren E, Gan L, Denecke B, Hristov

M, Koppel T, Jahantigh MN, Lutgens E, Wang S, Olson EN, Schober A, Weber

C. Delivery of microRNA-126 by apoptotic bodies induces CXCL12-dependent

vascular protection. Sci Signal 2009;2:ra81. doi: 10.1126/scisignal.2000610

46. Vickers KC, Palmisano BT, Shoucri BM, Shamburek RD, Remaley AT. MicroR-

NAs are transported in plasma and delivered to recipient cells by high-density

lipoproteins. Nat Cell Biol 2011;13:423–433. ..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.. 47. Wang K, Zhang S, Weber J, Baxter D, Galas DJ. Export of microRNAs

and microRNA-protective protein by mammalian cells. Nucleic Acids Res

2010;38:7248–7259.

48. Kosaka N, Iguchi H, Yoshioka Y, Takeshita F, Matsuki Y, Ochiya T. Secretory

mechanisms and intercellular transfer of microRNAs in living cells. J Biol Chem

2010;285:17442–17452.

49. Gibbings DJ, Ciaudo C, Erhardt M, Voinnet O. Multivesicular bodies associate

with components of miRNA effector complexes and modulate miRNA activity.

Nat Cell Biol 2009;11:1143–1149.

50. Villarroya-Beltri C, Gutierrez-Vazquez C, Sanchez-Cabo F, Perez-Hernandez

D, Vazquez J, Martin-Cofreces N, Martinez-Herrera DJ, Pascual-Montano A,

Mittelbrunn M, Sanchez-Madrid F. Sumoylated hnRNPA2B1 controls the sorting

of miRNAs into exosomes through binding to speci�c motifs. Nat Commun

2013;4:2980. doi: 10.1038/ncomms3980.

51. Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Lotvall JO.

Exosome-mediated transfer of mRNAs and microRNAs is a novel mechanism

of genetic exchange between cells. Nat Cell Biol 2007;9:654–659.

52. Pigati L, Yaddanapudi SC, Iyengar R, Kim DJ, Hearn SA, Danforth D, Hast-

ings ML, Duelli DM. Selective release of microRNA species from normal and

malignant mammary epithelial cells. PLoS One 2010;5:e13515. doi: 10.1371/jour-

nal.pone.0013515.

53. Pegtel DM, Cosmopoulos K, Thorley-Lawson DA, van Eijndhoven MA, Hop-

mans ES, Lindenberg JL, de Gruijl TD, Wurdinger T, Middeldorp JM. Func-

tional delivery of viral miRNAs via exosomes. Proc Natl Acad Sci U S A

2010;107:6328–6333.

54. Bang C, Batkai S, Dangwal S, Gupta SK, Foinquinos A, Holzmann A, Just A,

Remke J, Zimmer K, Zeug A, Ponimaskin E, Schmiedl A, Yin X, Mayr M, Halder

R, Fischer A, Engelhardt S, Wei Y, Schober A, Fiedler J, Thum T. Cardiac

�broblast-derived microRNA passenger strand-enriched exosomes mediate

cardiomyocyte hypertrophy. J Clin Invest 2014;124:2136–2146.

55. Mullokandov G, Baccarini A, Ruzo A, Jayaprakash AD, Tung N, Israelow B, Evans

MJ, Sachidanandam R, Brown BD. High-throughput assessment of microRNA

activity and function using microRNA sensor and decoy libraries. Nat Methods

2012;9:840–846.

56. Chevillet JR, Kang Q, Ruf IK, Briggs HA, Vojtech LN, Hughes SM, Cheng HH,

Arroyo JD, Meredith EK, Gallichotte EN, Pogosova-Agadjanyan EL, Morrissey

C, Stirewalt DL, Hladik F, Yu EY, Higano CS, Tewari M. Quantitative and

stoichiometric analysis of the microRNA content of exosomes. Proc Natl Acad

Sci U S A 2014;111:14888–14893.

57. Simons M, Raposo G. Exosomes – vesicular carriers for intercellular commu-

nication. Curr Opin Cell Biol 2009;21:575–581.

58. Mathivanan S, Ji H, Simpson RJ. Exosomes: extracellular organelles important in

intercellular communication. J Proteomics 2010;73:1907–1920.

59. Gross JC, Chaudhary V, Bartscherer K, Boutros M. Active Wnt proteins are

secreted on exosomes. Nat Cell Biol 2012;14:1036–1045.

60. Vickers KC, Landstreet SR, Levin MG, Shoucri BM, Toth CL, Taylor RC,

Palmisano BT, Tabet F, Cui HL, Rye KA, Sethupathy P, Remaley AT.

MicroRNA-223 coordinates cholesterol homeostasis. Proc Natl Acad Sci U

S A 2014;111:14518–14523.

61. Arroyo JD, Chevillet JR, Kroh EM, Ruf IK, Pritchard CC, Gibson DF, Mitchell

PS, Bennett CF, Pogosova-Agadjanyan EL, Stirewalt DL, Tait JF, Tewari M. Arg-

onaute2 complexes carry a population of circulating microRNAs independent

of vesicles in human plasma. Proc Natl Acad Sci U S A 2011;108:5003–5008.

62. Turchinovich A, Weiz L, Langheinz A, Burwinkel B. Characterization of extra-

cellular circulating microRNA. Nucleic Acids Res 2011;39:7223–7233.

63. Turchinovich A, Tonevitsky AG, Cho WC, Burwinkel B. Check and mate to

exosomal extracellular miRNA: new lesson from a new approach. Front Mol

Biosci 2015;2:11. doi: 10.3389/fmolb.2015.00011.

64. Goldraich LA, Martinelli NC, Matte U, Cohen C, Andrades M, Pimentel M,

Biolo A, Clausell N, Rohde LE. Transcoronary gradient of plasma microRNA

423-5p in heart failure: evidence of altered myocardial expression. Biomarkers

2014;19:135–141.

65. De Rosa S, Fichtlscherer S, Lehmann R, Assmus B, Dimmeler S, Zeiher AM.

Transcoronary concentration gradients of circulating microRNAs. Circulation

2011;124:1936–1944.

66. van Rooij E, Purcell AL, Levin AA. Developing microRNA therapeutics. Circ Res

2012;110:496–507.

67. van Rooij E, Olson EN. MicroRNA therapeutics for cardiovascular disease:

opportunities and obstacles. Nat Rev Drug Discov 2012;11:860–872.

68. Krutzfeldt J, Rajewsky N, Braich R, Rajeev KG, Tuschl T, Manoharan M, Stoffel

M. Silencing of microRNAs in vivo with ‘antagomirs’. Nature 2005;438:685–689.

69. Krutzfeldt J, Kuwajima S, Braich R, Rajeev KG, Pena J, Tuschl T, Manoharan

M, Stoffel M. Speci�city, duplex degradation and subcellular localization of

antagomirs. Nucleic Acids Res 2007;35:2885–2892.

© 2016 The Authors
European Journal of Heart Failure © 2016 European Society of Cardiology



12 EL Vegter et al.

70. Philippen LE, Dirkx E, Wit JB, Burggraaf K, de Windt LJ, da Costa Martins PA.

Antisense MicroRNA therapeutics in cardiovascular disease: quo vadis? Molecular

Therapy 2015;23(12):1810–1818.

71. Montgomery RL, Hullinger TG, Semus HM, Dickinson BA, Seto AG, Lynch

JM, Stack C, Latimer PA, Olson EN, van Rooij E. Therapeutic inhibition of

miR-208a improves cardiac function and survival during heart failure. Circulation

2011;124:1537–1547.

72. Thum T, Gross C, Fiedler J, Fischer T, Kissler S, Bussen M, Galuppo P, Just

S, Rottbauer W, Frantz S, Castoldi M, Soutschek J, Koteliansky V, Rosen-

wald A, Basson MA, Licht JD, Pena JT, Rouhanifard SH, Muckenthaler MU,

Tuschl T, Martin GR, Bauersachs J, Engelhardt S. MicroRNA-21 contributes to

myocardial disease by stimulating MAP kinase signalling in �broblasts. Nature

2008;456:980–984.

73. Rao PK, Toyama Y, Chiang HR, Gupta S, Bauer M, Medvid R, Reinhardt

F, Liao R, Krieger M, Jaenisch R, Lodish HF, Blelloch R. Loss of cardiac

microRNA-mediated regulation leads to dilated cardiomyopathy and heart

failure. Circ Res 2009;105:585–594.

74. Care A, Catalucci D, Felicetti F, Bonci D, Addario A, Gallo P, Bang ML,

Segnalini P, Gu Y, Dalton ND, Elia L, Latronico MV, Hoydal M, Autore C,

Russo MA, Dorn GW,2nd, Ellingsen O, Ruiz-Lozano P, Peterson KL, Croce

CM, Peschle C, Condorelli G.. MicroRNA-133 controls cardiac hypertrophy.

Nat Med 2007;13:613–618.

75. Sayed D, Hong C, Chen IY, Lypowy J, Abdellatif M. MicroRNAs play an essential

role in the development of cardiac hypertrophy. Circ Res 2007;100:416–424.

76. Elia L, Contu R, Quintavalle M, Varrone F, Chimenti C, Russo MA, Cimino

V, De Marinis L, Frustaci A, Catalucci D, Condorelli G. Reciprocal regulation

of microRNA-1 and insulin-like growth factor-1 signal transduction cascade

in cardiac and skeletal muscle in physiological and pathological conditions.

Circulation 2009;120:2377–2385.

77. Li Q, Song XW, Zou J,Wang GK, Kremneva E, Li XQ, Zhu N, Sun T, Lappalainen

P, Yuan WJ, Qin YW, Jing Q. Attenuation of microRNA-1 derepresses the

cytoskeleton regulatory protein twin�lin-1 to provoke cardiac hypertrophy.

J Cell Sci 2010;123:2444–2452.

78. Varrone F, Gargano B, Carullo P, Di Silvestre D, De Palma A, Grasso L, Di

Somma C, Mauri P, Benazzi L, Franzone A, Jotti GS, Bang ML, Esposito G,

Colao A, Condorelli G, Catalucci D. The circulating level of FABP3 is an indirect

biomarker of microRNA-1. J Am Coll Cardiol 2013;61:88–95.

79. Ikeda S, He A, Kong SW, Lu J, Bejar R, Bodyak N, Lee KH, Ma Q,

Kang PM, Golub TR, Pu WT. MicroRNA-1 negatively regulates expression

of the hypertrophy-associated calmodulin and Mef2a genes. Mol Cell Biol

2009;29:2193–2204.

80. Karakikes I, Chaanine AH, Kang S, Mukete BN, Jeong D, Zhang S, Hajjar RJ,

Lebeche D. Therapeutic cardiac-targeted delivery of miR-1 reverses pressure

overload-induced cardiac hypertrophy and attenuates pathological remodeling.

J Am Heart Assoc 2013;2:e000078. doi: 10.1161/JAHA.113.000078.

81. Villar AV, Garcia R, Merino D, Llano M, Cobo M, Montalvo C, Martin-Duran

R, Hurle MA, Nistal JF. Myocardial and circulating levels of microRNA-21

re�ect left ventricular �brosis in aortic stenosis patients. Int J Cardiol

2013;167:2875–2881.

82. Danowski N, Manthey I, Jakob HG, Siffert W, Peters J, Frey UH. Decreased

expression of miR-133a but not of miR-1 is associated with signs of heart failure

in patients undergoing coronary bypass surgery. Cardiology 2013;125:125–130.

83. Dong DL, Chen C, Huo R, Wang N, Li Z, Tu YJ, Hu JT, Chu X, Huang W, Yang

BF. Reciprocal repression between microRNA-133 and calcineurin regulates

cardiac hypertrophy: a novel mechanism for progressive cardiac hypertrophy.

Hypertension 2010;55:946–952.

84. Castaldi A, Zaglia T, Di Mauro V, Carullo P, Viggiani G, Borile G, Di Stefano

B, Schiattarella GG, Gualazzi MG, Elia L, Stirparo GG, Colorito ML, Pironti G,

Kunderfranco P, Esposito G, Bang ML, Mongillo M, Condorelli G, Catalucci D.

MicroRNA-133 modulates the beta1-adrenergic receptor transduction cascade.

Circ Res 2014;115:273–283.

85. Besser J, Malan D, Wystub K, Bachmann A, Wietelmann A, Sasse P, Fleis-

chmann BK, Braun T, Boettger T. MiRNA-1/133a clusters regulate adrenergic

control of cardiac repolarization. PLoS One 2014;9:e113449. doi: 10.1371/jour-

nal.pone.0113449.

86. Matkovich SJ, WangW, Tu Y, EschenbacherWH, Dorn LE, Condorelli G, Diwan

A, Nerbonne JM, Dorn GW 2nd. MicroRNA-133a protects against myocardial

�brosis and modulates electrical repolarization without affecting hypertrophy in

pressure-overloaded adult hearts. Circ Res 2010;106:166–175.

87. Sang HQ, Jiang ZM, ZhaoQP, Xin F. MicroRNA-133a improves the cardiac func-

tion and �brosis through inhibiting Akt in heart failure rats. Biomed Pharmacother

2015;71:185–189.

88. Ucar A, Gupta SK, Fiedler J, Erikci E, Kardasinski M, Batkai S, Dangwal

S, Kumarswamy R, Bang C, Holzmann A, Remke J, Caprio M, Jentzsch C,

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
. Engelhardt S, Geisendorf S, Glas C, Hofmann TG, Nessling M, Richter K,

Schiffer M, Carrier L, Napp LC, Bauersachs J, Chowdhury K, Thum T. The

miRNA-212/132 family regulates both cardiac hypertrophy and cardiomyocyte

autophagy. Nat Commun 2012;3:1078. doi: 10.1038/ncomms2090.

89. Wang J, Yang X. The function of miRNA in cardiac hypertrophy. Cell Mol Life Sci

2012;69:3561–3570.

90. Kalozoumi G, Yacoub M, Sanoudou D. MicroRNAs in heart failure:

small molecules with major impact. Glob Cardiol Sci Pract 2014;2014:

79–102. doi: 10.5339/gcsp.2014.30.

91. van Rooij E, Sutherland LB, Thatcher JE, DiMaio JM, Naseem RH, Marshall

WS, Hill JA, Olson EN. Dysregulation of microRNAs after myocardial infarc-

tion reveals a role of miR-29 in cardiac �brosis. Proc Natl Acad Sci U S A

2008;105:13027–13032.

92. Abonnenc M, Nabeebaccus AA, Mayr U, Barallobre-Barreiro J, Dong X, Cuello

F, Sur S, Drozdov I, Langley SR, Lu R, Stathopoulou K, Didangelos A, Yin

X, Zimmermann WH, Shah AM, Zampetaki A, Mayr M. Extracellular matrix

secretion by cardiac �broblasts: role of microRNA-29b and microRNA-30c. Circ

Res 2013;113:1138–1147.

93. Zhang Y, Huang XR, Wei LH, Chung AC, Yu CM, Lan HY. miR-29b as

a therapeutic agent for angiotensin II-induced cardiac �brosis by targeting

TGF-beta/Smad3 signaling. Mol Ther 2014;22:974–985.

94. Zhou L, Wang L, Lu L, Jiang P, Sun H, Wang H. Inhibition of miR-29 by

TGF-beta-Smad3 signaling through dual mechanisms promotes transdifferenti-

ation of mouse myoblasts into myo�broblasts. PLoS One 2012;7:e33766. doi:

10.1371/journal.pone.0033766.

95. Liang H, Zhang C, Ban T, Liu Y, Mei L, Piao X, Zhao D, Lu Y, Chu W, Yang B.

A novel reciprocal loop between microRNA-21 and TGFbetaRIII is involved in

cardiac �brosis. Int J Biochem Cell Biol 2012;44:2152–2160.

96. Kumarswamy R, Volkmann I, Jazbutyte V, Dangwal S, Park DH, Thum T.

Transforming growth factor-beta-induced endothelial-to-mesenchymal tran-

sition is partly mediated by microRNA–21. Arterioscler Thromb Vasc Biol

2012;32:361–369.

97. van Rooij E, Sutherland LB, Liu N, Williams AH, McAnally J, Gerard RD,

Richardson JA, Olson EN. A signature pattern of stress-responsive microRNAs

that can evoke cardiac hypertrophy and heart failure. Proc Natl Acad Sci U S A

2006;103:18255–18260.

98. Roy S, Khanna S, Hussain SR, Biswas S, Azad A, Rink C, Gnyawali S, Shilo S,

Nuovo GJ, Sen CK. MicroRNA expression in response to murine myocardial

infarction: miR-21 regulates �broblast metalloprotease-2 via phosphatase and

tensin homologue. Cardiovasc Res 2009;82:21–29.

99. Lorenzen JM, Schauerte C, Hubner A, Kolling M, Martino F, Scherf K, Batkai

S, Zimmer K, Foinquinos A, Kaucsar T, Fiedler J, Kumarswamy R, Bang C,

Hartmann D, Gupta SK, Kielstein J, Jungmann A, Katus HA, Weidemann F,

Muller OJ, Haller H, Thum T. Osteopontin is indispensible for AP1-mediated

angiotensin II-related miR-21 transcription during cardiac �brosis. Eur Heart J

2015;36(32):2184–2196.

100. Wang J, Huang W, Xu R, Nie Y, Cao X, Meng J, Xu X, Hu S, Zheng Z.

MicroRNA-24 regulates cardiac �brosis after myocardial infarction. J Cell Mol

Med 2012;16:2150–2160.

101. Wang L, Qian L. miR-24 regulates intrinsic apoptosis pathway in mouse

cardiomyocytes. PLoS One 2014;9:e85389. doi: 10.1371/journal.pone.0085389.

102. Guo C, Deng Y, Liu J, Qian L. Cardiomyocyte-speci�c role of miR-24 in

promoting cell survival. J Cell Mol Med 2015;19:103–112.

103. Xu M, Wu HD, Li RC, Zhang HB, Wang M, Tao J, Feng XH, Guo YB, Li SF, Lai

ST, Zhou P, Li LL, Yang HQ, Luo GZ, Bai Y, Xi JJ, Gao W, Han QD, Zhang

YY, Wang XJ, Meng X, Wang SQ. Mir-24 regulates junctophilin-2 expression in

cardiomyocytes. Circ Res 2012;111:837–841.

104. Hinkel R, Penzkofer D, Zuhlke S, Fischer A, Husada W, Xu QF, Baloch E,

van Rooij E, Zeiher AM, Kupatt C, Dimmeler S. Inhibition of microRNA-92a

protects against ischemia/reperfusion injury in a large-animal model. Circulation

2013;128:1066–1075.

105. Janssen HL, Reesink HW, Lawitz EJ, Zeuzem S, Rodriguez-Torres M, Patel K,

van der Meer AJ, Patick AK, Chen A, Zhou Y, Persson R, King BD, Kauppinen

S, Levin AA, Hodges MR. Treatment of HCV infection by targeting microRNA.

N Engl J Med 2013;368:1685–1694.

106. Elmen J, Lindow M, Schutz S, Lawrence M, Petri A, Obad S, Lindholm M,

Hedtjarn M, Hansen HF, Berger U, Gullans S, Kearney P, Sarnow P, Straarup

EM, Kauppinen S. LNA-mediated microRNA silencing in non-human primates.

Nature 2008;452:896–899.

107. Grimm D, Streetz KL, Jopling CL, Storm TA, Pandey K, Davis CR, Marion P,

Salazar F, Kay MA. Fatality in mice due to oversaturation of cellular

microRNA/short hairpin RNA pathways. Nature 2006;441:537–541.

© 2016 The Authors
European Journal of Heart Failure © 2016 European Society of Cardiology


