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Abstract: microRNAs have recently opened new pathways to explain gene expression and disease biology in many sce-

narios, including cardiac diseases. microRNAs are endogenous small non-coding RNAs that mediate post-transcriptional 

repression or messenger RNA degradation. By annealing to inexactly complementary sequences in the 3’ untranslated re-

gion of the target messenger RNA, protein level is down-regulated. Several microRNAs appear to act cooperatively 

through multiple target sites in one gene and, conversely, most microRNAs can target several genes. miR-133 and miR-1 

are specifically expressed in cardiac and skeletal muscle and control myogenesis, cardiac development, cardiac perform-

ance and cardiomyocyte hypertrophy (mainly by tuning transcription factors and other growth-related targets). They also 

modulate the expression of certain cardiac ion channels and related proteins with proarrhythmic effect. Besides them, 

other microRNAs have been shown to exert influence on the myocardial growth, the electrical balance and the angiogene-

sis processes that take place in the heart. Bioinformatics is a useful tool to identify potential targets of a given microRNA, 

although there is still substantial concern about their reliability. Experimental manipulation of microRNAs has provided a 

tantalizing basis to speculate that future research on microRNAs may yield important progress in the prevention of sudden 

cardiac death and in the treatment of cardiac heart failure. However, the final effect of the blockage of microRNAs in vivo 

remains unclear, since each of them can target hundreds of genes with different intensity. The era of the microRNAs in 

cardiovascular diseases has just started. 

Key Words: microRNA, gene expression, differentiation, cardiac hypertrophy, ion channel, repolarization, connexin, angio-
genesis.  

GENERAL ASPECTS OF GENE SILENCING: RNA 

SILENCING 

 Small RNAs derive from double-stranded DNA and con-
stitute a family of regulatory non-coding RNAs of 19-22 nt 
in length. This group comprises repeat-associated short inter-
fering RNA (rasiRNAs), small scanRNA (scnRNA), mi-
croRNA (miRNA) and short interfering RNA (siRNA). ra-
siRNAs and scnRNAs can produce DNA silencing through 
histone and/or DNA methylation control, whereas miRNAs 
and siRNAs induce RNA silencing [1-3]. Initially perceived 
differences in siRNA and miRNA action have recently van-
ished [4-7]. In fact, both can cleave perfectly complementary 
messenger RNA (mRNA) targets and diminish the transla-
tion of partially complementary targets [8-10]. However, 
some differences can still be pointed out: siRNAs start out as 
folded double-stranded RNAs, whereas miRNAs start out as 
folded single-stranded molecules [4, 8]. Not surprisingly, 
RNA silencing pathways have fascinated researchers. Above 
all, interest has been focused on miRNAs because of their 
potential use in studying gene function, validating diagnostic 
biomarkers, confirming candidate drug targets, and perhaps  
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even treating certain diseases [5, 11]. As a result, a consider-
able number of miRNAs has already been identified and a 
never-ending list can be found in an updated miRNA Regis-
try at http://microrna.sanger.ac.uk/sequences/ [12, 13].  

miRNA 

 Ever since miRNAs were discovered in 1993 by Lee et 

al. [14], research endeavours have documented that many 

miRNAs involved in their machinery are highly conserved 
across species [1, 10, 15]. Importantly, miRNA’s transcrip-

tional and post-transcriptional maturation processes take 

place in a tissue-specific manner. Therefore, miRNA tran-
scription can be regulated by its own specific transcription 

units, but also by its host gene tissue-specific promoters [1, 

17]. miRNAs are transcribed from different genomic loca-
tions, such as introns or exons of protein-coding mRNA or 

noncoding RNA [16]. Those miRNAs encoded by more than 

one locus are differentiated by numerical suffixes (for in-
stance, miR-1-1 and miR-1-2), miRNAs which only differ in 

a reduced number of bases by alphabetical suffixes (for in-

stance, miR-133a and miR-133b) and miRNAs deriving 
from the same hairpin precursor, but with different tissue-

specific post-transcriptional maturation, by adding the arm 

from which they are originated in the suffix (for instance, 
miR-126-5p and miR-126-3p, derived from the 5’arm and 

the 3’arm, respectively) [5].  
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 miRNA biosynthesis and functions are summarized in 
Fig. (1). Like protein-coding mRNAs, miRNAs are tran-
scribed as long primary transcripts in the nucleus [9]. How-
ever, unlike protein-coding mRNAs, miRNAs are subse-
quently cleaved by nuclear RNase III enzyme Drosha [4] to 
produce stem-loop-structured precursor molecules of 70-90 
nt in length (pre-miRNAs), which are exported to the cyto-
plasm by exportin 5 [18]. Both the nuclear transcription of 
miRNA genes and the cytoplasmatic maturation of the pre-
miRNAs, represent important points in the biogenesis of 
miRNAs for they ensure tissue-specific protein expression 
[19]. Given the fact that the maturation machinery is usually 
restricted to certain tissues, inhibiting the processing step or 
differently editing a given pre-miRNA in a cell-selective 
manner may offer a unique opportunity to obtain a range of 
different miRNA isoforms with different mRNA targets and 
functions, depending on the cell type under study [19, 20]. 
RNase III enzyme Dicer further processes it into a miRNA: 
miRNA duplex [1]. One strand of this duplex is rapidly de-
graded and the remaining mature 22 nt miRNA sequence 
assembles into effector complexes, ready to anneal to its 
target mRNA through the seed sequence, which normally 
involves nucleotides 2-8 in the 5’ end of the miRNA [21]. 
Although many proteins have been identified within these 
complexes, only one family is consistently found in all of 
them, the highly conserved Argonaute (Ago) proteins [22]. 
Among them, Ago2 acts as a ‘slicer’ enzyme, able to cleave 
target mRNA [23].  

 Currently, more than 400 human miRNAs have been 
cloned and sequenced among an estimated number of 1000 
miRNAs. Given that miRNAs are only partially complemen-
tary to their mRNAs targets, a single miRNA can regulate 
the expression of a wide variety of genes (up to 200) with 
different intensities. Conversely, many miRNAs appear to 
act cooperatively through multiple target sites in one gene. It 
is widely believed that as many as 30% of all genes could be 
miRNA targets [24] and that miRNA genes may represent 2-
3% of the total number of genes in humans [25], some of 
them with a well characterized tissue and developmental 
stage-specific expression [9, 26-28]. Therefore, any misregu-
lation of the miRNA pathways may break the physiological 
homeostasis and lead to pathological situations and diseases, 
such as uncontrolled growth or cell proliferation (cardiac 
hypertrophy or cancer) or electrical dysbalance (sudden car-
diac death). 

 Gene regulation by miRNAs is achieved by three mecha-

nisms, namely translational repression, mRNA degradation, 
and transcriptional control, not only in the host cell, but also 
in adjacent cells, given that this genetic material can be ex-
changed through cell-cell interactions as exosomal shuttle 

RNA [29]. Low complementarity between a miRNA and its 
target mRNA results in translational repression, though the 
exact point of repression is still unknown (inhibition of 
eIF4E-dependent initiation, elongation, and/or cotransla-

tional nascent protein degradation) [5, 30]. On the other 
hand, almost perfect base-pairing between the miRNA and 
its target leads to mRNA degradation, which can be con-
ducted by either direct (Ago2 mediated [23, 31]) or indirect 

(increased mRNA digestion in the specialized cytoplasmic 
processing bodies [8, 9, 32, 33]) mechanisms. Recently, 
translation repression and mRNA degradation mechanisms 
have been harmonized in a two-step model, which estab-

lishes that, upon binding to the 3’untranslated region (UTR) 
of the target mRNA, the effector complex inhibits translation 
initiation, and then moves to the processing bodies for stor-
age (and possibly reuse) or digestion [9]. Although the final 

effect of a given miRNA on the expression of a given protein 
is variable, it normally hovers around 50% of protein level 
decrease. This modulation is mainly achieved through trans-
lational repression, without significant modification of 

mRNA levels [34-37]. However, synthetic RNAs, mostly 
acting as siRNAs, can robustly and specifically lower protein 
levels as much as 12-fold [38]. Besides these post-trans- 
criptional mechanisms, miRNAs might also down-regulate 

host gene transcription by targeting transcription factors 
mRNAs, therefore acting as negative feedback regulators, for 
instance [17]. Moreover, newly released data support that 
certain mature miRNAs might also be imported back to the 

nucleus to exert some sort of transcriptional control (such as 
regulation of transcription or splicing processes of target 
transcripts). This transfer is related to the presence of a dis-
tinctive hexanucleotide terminal motif at the 3’ terminus, 

which may be crucial for designing stable siRNAs or miR-
NAs useful for the manipulation of nuclear steps in gene 
expression [39]. Occasionally, through a competitive action, 
certain miRNAs can repress the target protein, so that the 

target protein level paradoxically increase [37]. 

 Among the hundreds of miRNAs discovered, only a 
small fraction has assigned target mRNAs or an established 
role. A reliable identification of the targets for a given 

 

 

 

 

 

 

Fig. (1). miRNA synthesis and RNA silencing mechanisms. See explanation in the text. miRNA functions are highlighted with italics. 

RNA, ribonucleic acid. RNA pol, RNA polymerase. miRNA, microRNA. mRNA, messenger RNA. 
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miRNA deserves further investigation, since bioinformatics 
algorithms leading to target prediction identify too many 
putative targets among which some are strongly repressed, 
while others are only weakly affected, even though they 
share the same seed sites [27, 40, 41]. In order to explain this 
phenomenon, Zhao et al. introduced the concept of target 
selectivity by which a stable environment (low free energy) 
might be less accessible for miRNA silencing complexes, 
whereas miRNAs target 3’UTR regions with a less complex 
secondary structure would be more accessible and prone to 
bind miRNAs [28]. Some available bioinformatics algo-
rithms are Diana-MicroT (http://www.diana.pcbi.upenn.edu/ 
cgi-bin/micro_t.cgi), PicTar (http://pictar.bio.nyu.edu), mi 
Randa (http://microrna.org/miranda_new.html), and Target-
Scan (http://www.targetscan.org), reviewed elsewere [5]. 
Functional studies of miRNAs require development of ap-
propriate tools. To date, these studies have been conducted in 
knockout animals, in which further gene profile expression 
analyses with microarrays have been performed. This strat-
egy is unfortunately hampered by the fact that there might be 
more than one copy of a miRNA coding sequence within the 
genome, some of them embedded in sequences encoding 
mRNAs of other genes, whose expression might also be af-
fected after deleting the miRNA coding sequence. Another 
approach to study miRNAs is to block miRNA function with 
antisense oligonucleotides, antagomirs, decoys, and miRNAs 
sponges [5]. Antisense oligonucleotides compete with a 
mRNA to bind a given miRNA and when they are choles-
terol-linked single-stranded RNAs, they are termed an-
tagomirs [42]. Decoy oligonucleotides placed at the 3’UTR 
of a reporter gene act as miRNAs traps when this gene is 
expressed [43]. Similarly, miRNAs sponges are transcripts 
expressed from strong promoters, containing multiple, tan-
dem binding sites to a miRNA of interest [44].  

miRNA AND THE HEART 

 The heart reacts to cardiac injury or burden by activating 
a range of intracellular signalling pathways which result in 
the so-called heart-failure phenotype by switching the pattern 
of expressed genes to an embryonic profile, and by favouring 
the remodelling of the extracellular matrix and myocardial 
fibrosis [45]. Despite the high expression of miRNAs in the 
heart, their roles still remain unclear. Some of them, such as 
miR-1 and miR-133, are preferentially expressed in cardiac 
and skeletal muscles [26-28], but others show a more ubiqui-
tous profile (miR-21, miR-195, miR-206 and miR-208). This 
updated review of the literature summarizes the current 
knowledge about their physiologic and pathologic functions 
(Table 1). 

Influence on the Myocardium and the Developing Heart 

 miRNAs, such as bicistronic miR-1 and the miR-133 
cluster (including miR-1-1 and miR-1-2 in the first family 
and miR-133a-1, miR-133a-2, and miR-133b in the second) 
and miR-206, are transcriptionally regulated by the myo-
genic differentiating factors, such as the myogenic differen-
tiation 1 (MyoD), the myocyte enhancer factor 2 (Mef2), and 
the serum response factor (SRF) [27]. This regulation can be 
tissue-specific, as in the case of miR-1, which is controlled 
by SRF in the heart and by MyoD and Mef2 in skeletal mus-
cles [5]. Furthermore, inhibitors of these factors, the inhibitor 

of the differentiation-3 protein (Id1-3) and the myogenic 
repressor (MyoR), decrease upon miR-206 introduction, 
suggesting the presence of additional mechanisms by which 
miRNAs enforce the differentiation program [41]. miR-1 can 
be detected in the mouse heart in early embryonic stages and 
increases with progression of differentiation [27, 41, 46, 47]. 
The role of the miR-1 family in embryonic and post-
embryonic development is undoubted since the targeted dele-
tion of the locus coding for miR-1-2 in mice yielded a strik-
ing incidence of heart morphogenesis abnormalities with 
high in utero and post partem mortality, even in the presence 
of structurally normal hearts [28, 48]. Its recognized actions 
include promotion of differentiation and maintenance of the 
differentiated state [49], induction of maturation into myo-
tubes [50], favouring of apoptotic mechanisms [51] and inhi-
bition of cardiac development [46]. However, according to 
different authors, opposite effects of miR-1 have been sug-
gested on muscle cell proliferation, which increases myo-
genesis by targeting the transcriptional repressor of the mus-
cle gene expression histonedeacetylase 4 [52], or inhibiting 
proliferation by down-regulating growth-related targets, such 
as the Ras GTPase-activating protein (RasGAP), the cyclin-
dependent kinase 9 (Cdk9), fibronectin and the Ras homolog 
enriched in the brain (Rheb) [5, 28, 50]. Probably the final 
effect on proliferation may depend on the balance between 
both mechanisms. The promotion of differentiation exhibited 
by miR-206 seems to be related to the observed down-
regulation of the p180 subunit of DNA polymerase , which 
is necessary for DNA synthesis, by cleavage of its mRNA. 
Accordingly, the opposite effect (inhibition of muscle differ-
entiation and cell quiescence) can be observed when miR-
206 is inhibited with antisense oligonucleotides [41]. How-
ever, upon regulation of SRF, miR-133 exhibits a totally 
different pattern of effects on muscle cells since it prevents 
skeletal differentiation [52], enhances myoblast proliferation 
by repressing SRF [52], exerts effects as a regulator of car-
diac hypertrophy and cardiogenesis [43], and also as an in-
hibitor of apoptotic mechanisms [51]. Several targets for 
miR-133 have been identified, such as RhoA (a GDP-GTP 
exchange protein regulating cardiac hypertrophy), Cdc42 (a 
signal transduction kinase implicated in hypertrophy), and 
Nelf-A/WHSC2 (a nuclear factor involved in cardiogenesis) 
[43]. 

 The complex mechanisms by which miRNAs control the 

protein expression sometimes intersect hormone signalling. 

An example to illustrate this complex collaborative network 

is the repression of the thyroid hormone receptor-associated 

protein (THRAP) 1 by miR-208 through a mechanism that 

involves the regulation of the - and -myosin heavy chain 

(MHC) expression. Indeed stress stimuli, responsible for the 

reduction of -MHC transcription, also reduce the expres-

sion of miR-208, which is embedded in one of its introns. In 

turn, the previous repression exerted by miR-208 on its tar-

get mRNA, THRAP1, is relieved. The resulting increase in 

THRAP1 differentially fosters the thyroid receptor-regulated 

expression of - and -MHC, which are finally up- and 

down-regulated, respectively. This network seems to play an 

important role in cardiac remodelling, hypertrophic growth 

and -MHC up-regulation under stress and hypothyroidism 

[54].  
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Table 1. List of miRNA with Recognized Effects on the Heart 

miRNA Regulated Protein Phenotype Ref 

miR-1 Downregulated: transcription factor Hand2*, RasGAP, Cdk9, 

fibronectin, Rheb, HSP60 and HSP70, histoneacetylase 4 

Cardiac proliferation, cardiac morphogenesis (VSD), myoblast 

differentiation, maintenance of the differentiated state, induc-

tion of maturation into myotubes, proapoptosis 

28,47-52 

 Downregulated: Connexin 43 

 

Downregulated: Kir2.1 subunit of the IK1 current 

Downregulated: beta Mink of the IKs current  

Downregulated: HCN2 or cAMP-sensitive subunit of the If  

Downregulated: transcription factor Irx5* 

Prolongs repolarization, slows conduction velocity,  

promotes ADs and PVBs 

Prolongs action potential and promotes ADs  

Prolongs action potential 

Decreases heart rate  

Ventricular repolarization abnormalities (bundle branch block) 

34 

 

34 

61 

62 

28 

miR-15 Downregulated: VEGF , c-MET , COX-2 , uPAR  Regulates angiogenesis under hypoxia 37 

miR-16 Downregulated: VEGF, c-MET, COX-2, uPAR Regulates angiogenesis under hypoxia 37 

miR-20 Downregulated: c-MET , COX-2  Regulates angiogenesis under hypoxia 37 

miR-21 Downregulated: TPM1 Cardiac hypertrophy  50,58 

 Downregulated: Thrombospondin-1 

Upregulated: angiopoietin receptor Tie-1, interleukin-8.  

Downregulated: VEGF, VEGF receptors, endothelial nitric 

oxide synthase 

Downregulated: PTEN, Bcl-2 

Promotes angiogenesis and endothelial migration 

 

Capillary sprouting of endothelial cells and tube forming 

activity 

Endothelial proliferation after balloon angioplasty,  

antiapoptotic effect 

66  

 

65 ,67 

 

68 

miR-126 Upregulated: angiopoietin receptor Tie-1, interleukin-8, c-Kit. 

Downregulated: VEGF, VEGF receptors, endothelial  

nitric oxide synthase 

Capillary sprouting of endothelial cells and tube 

 forming activity 

65 -67 

miR-133 Downregulated: nuclear factor Nelf-A/WHSC2, GDP-GTP 

exchange protein RhoA, signal transduction kinase  

Cdc42, SRF, caspase-9 gene 

Cardiogenesis, cardiac hypertrophy, prevents differentiation, 

enhances myoblast proliferation anti-apoptosis 

43,51,52 

 Downregulated: alpha KvLQT1 subunit of the IKs current 

Downregulated: HCN4 subunit of the If 

Downregulated: ERG protein responsible of the IKr  

Prolongs action potential  

Decreases heart rate 

Repolarization slowing, QT prolongation 

61 

62 

35 

 Downregulated: Receptors of angiogenic factors  --- 36 

miR-195 --- 

 

Downregulated: VEGF 

Cardiac hypertrophy with rapid transition to dilated cardiomy-

opathy and heart failure 

Regulates angiogenesis under hypoxia 

54 

 

37 

miR-206 Downregulated: DNA pol , B-ind1, Mmd Promotes differentiation 41 

 Downregulated : Connexin 43 Prolongs repolarization, slows conduction velocity,  

promotes ADs and PVBs 

41,59 

miR-208 Downregulated: THRAP1 Cardiac remodelling, hypertrophic growth, -MHC upregula-

tion all of them induced by stress and hypothyroidism  

53 

miR-221  Downregulated: VEGF, VEGF receptors, angiopoietin recep-

tor Tie-1, endothelial NOS, interleukin-8, c-Kit 

Capillary sprouting, tube forming activity, and  

endothelial migration 

36,65 -67 

miR-222 Downregulated: VEGF, VEGF receptors, angiopoietin recep-

tor Tie-1, endothelial NOS, interleukin-8, c-Kit 

Controversial results on the capacity of capillary sprouting, 

tube forming activity, and endothelial migration 

36,65 -67 

See explanation in the text. Effects on arrhythmogenesis appear highlighted on grey and effect on angio genesis with italics, in contrast to effects on muscle structure (differentiation, 
proliferation, development…) which are not highlighted. *Specifically described for miR-1-2. Specifically described for miR-15b.  Specifically described for miR-20a. Specifically 

described for miR-20b. Specifically described for miR-133a.  Effect observed in experiments in which Dicer machinery was blocked (either in mice or in endothelial or vascular 

smooth muscle cell cultures). miRNA, microRNA. mRNA, messenger RNA. HSP, heat shock protein. RasGAP, Ras GTPase-activating protein. Cdk9, cyclin-dependent kinase 9. 
Rheb, Ras homolog enriched in brain. IK1, inward rectifier potassium channel. IKs, slow-activating delayed rectifying potassium channel. If, hyperpolarization-activated (pacemaker) 

channels. AD, afterdepolarization. PVB, premature ventricular beat. VSD, ventricular septal defect. HCN, hyperpolarization-activated cation channel. DNA pol, polymerase. B-ind1, 
butyrate- induced transcript 1. Mmd, monocyte-to-macrophage differentiation-associated protein. IKr, rapid delayed rectifier potassium current. THRAP1, thyroid hormone receptor 

associated protein 1. MHC, myosin heavy chain. TPM1, tumour suppressor gene tropomyosin 1. VEGF, vascular endothelial growth factor. NOS, nitric oxide synthase. c-MET, 

mesenchymal epithelial transition factor. COX-2, cyclooxygenase-2. uPAR, receptor for urokinase-type plasminogen activator. PAI-1, plasminogen activator inhibitor-1. MAPK7, 
mitogen-activated protein kinase-7. HIF-1 , hypoxia inducible factor-1 . PTEN, phosphatase and tensin homolog deleted on chromosome Ten. Bcl-2, B-cell leukemia-2. 
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 Important efforts to screen the clinical consequences of 

miRNA gene modulation have highlighted their influence on 

the development of cardiac hypertrophy, an important car-
diac adaptive mechanism which, if uncontrolled, can induce 

itself remodelling and heart failure. In animal models of in-

duced cardiac hypertrophy with calcineurin stimuli or aortic 
banding, more than 50 miRNA showed progressive changes 

during the development of hypertrophy [43, 50, 54-56], and 

forced overexpression of stress-inducible miRNAs was suf-
ficient to induce hypertrophy of cultured cardiomyocytes 

[43, 54, 56]. Interestingly, many of these miRNAs were 

similarly regulated in failing human hearts, suggesting that 
their effects on the regulated target mRNAs contribute to the 

creation of a fetal-type transcriptosome [5, 26, 45, 57]. 

Among the miRNA altered in pressure-overload cardiac hy-
pertrophy models, miR-1 was singularly down-regulated, 

plausibly through a SRF-dependent mechanism, and the re-

lief of the usual repression of miRNA on growth-related tar-
get genes allowed an induction of compensatory cardiac hy-

pertrophy [43, 50, 55]. Similar behaviour was described for 

miR-133 and functional studies confirmed that a gain of 
function obtained with viral vector transduction prevented 

cardiomyocyte hypertrophy to take place, whereas a loss of 

function achieved with the suppression of miR-133 (either 
by 'decoy' sequences in vitro and by infusion of an antagomir 

in vivo) induced hypertrophy, which was more pronounced 

than that after stimulation with conventional hypertrophy 
inducers [43, 54, 55]. Unlike miR-1 and miR-133, miR-195 

and miR-21 were overexpressed in these models [50, 54-56]. 

Interestingly, both miRNAs were shown to induce cardiac 
hypertrophy when overexpressed without pressure-overload 

[54, 55, 58]. Indeed, the miR-195 forced overexpression was 

sufficient to induce cardiac hypertrophy with a rapid transi-
tion to dilated cardiomyopathy and heart failure [54]. In ad-

dition, miR-21 overexpression, stimulated by angiotensin II 

and epinephrine, induced a hypertrophy in cultured cardio-
myocytes which could be blocked with antisense oligonu-

cleotides [55]. The putative mechanism by which miR-21 

promotes cardiac hypertrophy could be an antiapoptotic role 
in early stages [50, 58]. All these assays suggest the possibil-

ity that cardiac phenotypes resulting from the regulated ex-

pression of endogenous miRNAs most likely reflect the 
combined actions of multiple miRNAs rather than the effect 

of a single miRNA. Unfortunately, the study of miRNAs in 

cultures of cardiomyocytes to address this issue has been 
troublesome because of their poor transfection capacity. This 

capacity might improve by using recombinant adenovirus to 

transfer the stem-loop pre-miRNA to myocytes under the 
control of the cytomegalovirus promoter [50].  

Effects on the Electrical Properties of the Heart 

 Besides the wide range of actions on the myocardium, 
several miRNA have been implicated in the maintenance of 
the electrical properties of the heart. Dysregulations in the 
fine balance of miRNA homeostasis may lead to electrical 

instability and to sudden death [59]. The down-regulation of 
ion channels and proteins localized in gap junctions account 
for the molecular mechanisms implicated. All of them are of 
paramount importance in the generation of the action poten-

tial and the electromechanical coupling, respectively. 

 miR-1 is up-regulated in structurally diseased human 
hearts and in patients with myocardial infarction [34]. Its 
expression can be localized near the infarct border zone, 
where it down-regulates the KCNJ2 and GJA1 expressions 
with the cooperation of miR-206 [60] . The first of these 
genes encodes the principle pore-forming subunit Kir2.1 of 
the inwardly rectified ion current (IK1), while the second 
encodes connexin43, a constituent gap junction protein, criti-
cal for the impulse propagation and electrical synchroniza-
tion between myocytes [34, 60]. Both reduction in the IK1 
potassium current and loss of connexin43 prolong repolariza-
tion and slow the conduction velocity generating re-entry 
circuits, and enhancement of cellular calcium ion entry, 
which underlies the phenomena of afterdepolarizations and 
premature ventricular beats. Other cardiac ion channels are 
under miRNA control, such as the slow-activating delayed 
rectifying potassium channel (IKs), hyperpolarization-
activated (pacemaker) channels (If), the voltage-gated potas-
sium channel (IKv) and the rapid delayed rectifier potassium 
current (IKr). In cardiac cells, KCNQ1 assembles with 
KCNE1 and forms a channel complex constituting the IKs. 
Similarly, hyperpolarization-activated cation channel 2 
(HCN2) and hyperpolarization-activated cation channel 4 
(HCN4) constitute the If current. Both the KCNQ1 and 
HCN2 products have been characterized as targets for the 
repressive action of miR-1, and KCNE1 and HCN4 of miR-
133 [61, 62]. Zhao Y et al. demonstrated that miR-1-2 down-
regulates Irx5, a transcription factor essential for repressing 
KCND2, which encodes the Kv4.2 subunit of the IKv current 
[28]. Hence, in mutant mice lacking miR-1-2, Irx5 levels 
increased and transcripts from the KCND2 decreased and 
correlated with both short PR intervals and broad QRS com-
plexes in the electrocardiogram in these animals [28, 63, 64]. 
Finally, miRNA-133 was shown to down-regulate the ex-
pression of HERG, a gene encoding the ion channel respon-
sible for the IKr current, thus, contributing to repolarization 
slowing, QT prolongation and arrhythmogenesis [35]. 

Modulation of Angiogenesis 

 Angiogenesis-controlling mechanisms have always at-
tracted the interest of cardiologists because of their crucial 
role in ischemic heart disease. In recent years, the study of 
miRNAs has shed new and useful lights on the understand-
ing of the mechanisms underlying angiogenic factors modu-
lation and vessel formation. Thus, silencing the enzymatic 
processes that intervene in miRNA maturation results in the 
regulation of the vascular endothelial growth factor (VEGF) 
and its receptor KDR, the angiopoietin receptor Tie-1, and 
also the modulation of the endothelial nitric oxide synthase 
(NOS), interleukin-8, capillary sprouting, tube forming activ-
ity, and endothelial migration [65-67]. Based on bioinformat-
ics algoryhtms, at least 15 miRNAs target up to 5 receptors 
of angiogenic factors [36], but only 4 of them are overex-
pressed in endothelial cells, namely miR-21, miR-126, miR-
221 and miR-222. Under hypoxia stimulation, different 
miRNAs may play a predominant role in controlling the key 
angiogenic factors which are up-regulated in this setting, 
such as VEGF, mesenchymal epithelial transition factor (c-
MET), cyclooxygenase-2 (COX-2), receptor for urokinase-
type plasminogen activator (uPAR), plasminogen activator 
inhibitor-1 (PAI-1), mitogen-activated protein kinase-7 
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(MAPK7), and angiotensinogen [37]. Indeed, miR-15b, miR-
16, miR-20a, and miR-20b, but no others, were observed to 
specifically regulate these angiogenic factors, probably 
through either an accumulation of the product of the tumour 
supressor gene p53 or a stabilization of the hypoxia inducible 
factor-1  (HIF-1 ) during the hypoxic stimuli [37]. Interest-
ingly, several miRNAs with well-known actions in the heart 
(Table 1) were overexpressed, both under basal conditions 
(miR-133a, miR-21) [36], and hypoxia (miR-195) [37], and 
all of them had angiogenic factors as putative targets. Once 
again, miR-21 was found to be an important regulator of 
neointima formation after the vascular burden caused by 
carotid balloon angioplasty in rats [68]. The aberrant in-
creased expression of miR-21 could be suppressed with an-
tisense oligonucleotides, and resulted in a parallel reduction 
of neointimal proliferation and in an increase in cell apopto-
sis in a dose-dependent manner. Western blot analysis dem-
onstrated that phosphatase and tensin homolog deleted from 
chromosome Ten (PTEN) and B-cell leukemia-2 (Bcl-2) 
were attributable to miR-21 targets which are probably in-
volved in its cellular effects [68].  

TANTALIZING HORIZONS 

 Given the spectrum of miRNAs’ actions on the heart 
(Table 1), it is easily observed that their major areas of influ-
ence are cardiac development and performance, arrhythmias 
and angiogenesis. miRNAs are overexpressed in certain car-

diac pathological situations (such as cardiac pressure-
overload, idiopathic end-stage failing heart, myocardial in-
farction and vessel insult due to percutaneous coronary in-
terventions) and being able to attenuate or abolish their ac-

tions would reduce their deleterious consequences (such as 
excessive cardiac hypertrophy and transition to dilated car-
diomyopathy, life-threatening electrical perturbations and 
coronary angioplasty/stent restenosis). The more we know 

about miRNAs, the more appealing they seem for cardiology 
researchers. Several clinical issues somehow connected to 
miRNAs’ pathways are remarked below. Their real involve-
ment, though tantalizing, remains to be proved. Several 

miRNAs, simultaneously involved in the hypertrophic 
mechanisms and electrical dysbalance of certain diseases 
(aortic stenosis, idiopathic left ventricle hypertrophy and 
hypertrophic cardiomyopathy), could turn out to be promis-

ing new targets in the future (see Table 1) [69, 70]. The high 
levels of angiotensin II associated to certain renin-angio- 
tensin-aldosterone system polymorphisms, through the over-
expression of miR-21, might help to explain the mechanism 

by which these genetic traits correlate with higher extent of 
hypertrophy in patients with hypertrophic cardiomyopathy 
(see Table 1) [71-73]. Disturbances in the fine network of 
miRNAs controlling connexin expression (see Table 1) 

might be responsible for alterations in the embryonic cardiac 
development [74-78] leading to the development of a large 
variety of congenital heart diseases. Finally, also the control 
of cardiac ion channels by certain miRNAs (see Table 1) 

provides a basis to speculate that a dysregulation in this fine 
network of miRNAs might mimic channelopathies (which 
are potentially lethal primary arrythmic syndromes due to 
mutations in the coding genes of the cardiac ion channels in 

the absence of structural heart abnormalities). Whether post-
transcriptional effects of these miRNAs can explain the 

mechanisms underlying those cases with an electrocardio-

graphic pattern of a given channelopathy and a negative ge-
netic study remains unexplored, a frequent scenario which 
accounts for up to 80-85% of the cases of electrocardio-
graphical Brugada syndrome [79], for instance. 

 The current rise in papers on miRNA reflects the strong 
interest of researchers on this field, based on the hope that 
miRNAs hold promise as novel diagnostic tool and possibly 
as therapeutic targets or drug agents [80]. As diagnostic 
tools, miRNAs should aim to anticipate the development of 
severe cardiac hypertrophy and end-stage dilated cardiomy-
opathy on one hand, and also shed some light on the current 
risk stratification for sudden death, on the other. Current 
approaches towards a therapeutic use of miRNAs include the 
use of antisense oligonucleotides to inhibit miRNA function 
and siRNA-like technologies to replace miRNAs [34, 62, 74, 
80]. Few companies have jumped into the miRNA field as 
suppliers of tools and information. However, debate has been 
sparked about future patents and biotech industry seems to 
be awaiting more data on mechanism and some clarity on the 
intellectual property situation (a list of interested firms is 
updated elsewere [80]). It is well-known that diseased tissues 
reveal aberrant expression patterns that implicate many 
genes, including miRNAs, and the feasibility to utilise single 
molecules to modulate most of them looks quite reasonable 
and attractive. At least theoretically, targeting specific miR-
NAs implicated in ischeamic heart disease, cardiac hypertro-
phy, heart failure, angiogenesis and ion channel perturbances 
could turn out to be an attractive therapeutic tool in the fu-
ture, aiming to prevent the development of heart failure, an-
gioplasty/stent restenosis and ventricular arrhythmias or to 
promote neoangiogenesis for ischemic myocardium. Moreo-
ver, attending to the properties of miR-1 and miR-133 in 
modifying the If current (Table 1), they could both be used 
to modulate heart rate in sinus rhythm, in order to increase 
heart rate in patients with sick sinus syndrome or to decrease 
it in patients with inappropriate sinus tachycardia or 
ischemic heart disease, by blocking or replacing these miR-
NAs, respectively. However, the in vivo final effect of the 
modulation of miRNAs remains unclear, since each of them 
can target hundreds of genes with different intensity. Con-
cerns about delivery of antisense oligonucleotides into cells, 
distribution in blood, clearance pathways and toxicity still 
remain unsolved [80]. Nonetheless, microRNAs really do 
seem to have a macro effect on cardiac structure (differentia-
tion, development and hypertrophy) and arrhythmogenesis 
(sudden death). Further research will hopefully address these 
and other outstanding issues with success and provide the 
basis to implement all this knowledge in our future daily 
practice. Although cancer will surely be the first field where 
miRNAs will be assayed in clinical trials (hopefully within 
five years’ time [80]), lethal cardiopathies will patiently wait 
their turn throughout the next decade. 
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ABBREVIATIONS 

Ago = Argonaute 

Bcl-2 = B-cell leukemia-2 

Cdk9 = Cyclin-dependent kinase 9 

c-MET = Mesenchymal epithelial transition factor 

COX-2 = Cyclooxygenase-2 

HCN = Hyperpolarization-activated cation channel 

HIF-1  = Hypoxia inducible factor-1  

Id1-3 = Inhibitor of differentiation-3 protein 

If  = Hyperpolarization-activated (pacemaker) 

current 

IK1  = Inwardly rectified ion current  

IKr  = Rapid delayed rectifier potassium current 

IKs = Slow-activating delayed rectifying potas-
sium current  

IKv = Voltage-gated potassium current 

MAPK7 = Mitogen-activated protein kinase-7 

miRNA = microRNA  

mRNA = Messenger RNA 

Mef2 = Myocyte enhancer factor 2 

MHC = Myosin heavy chain 

MyoD = Myogenic differentiation 1 

MyoR = Myogenic repressor  

PAI-1 = Plasminogen activator inhibitor-1 

PTEN = Phosphatase and tensin homolog deleted on 

chromosome Ten 

RAAS = Renin-angiotensin-aldosterone system  

RasGAP = Ras GTPase-activating protein 

rasiRNA = Repeat-associated siRNA  

Rheb = Ras homolog enriched in brain 

scnRNA = Small scanRNA 

siRNA = Short interfering RNA 

SRF = Serum response factor 

THRAP1 = Thyroid hormone receptor-associated pro-

tein  

uPAR = Receptor for urokinase-type plasminogen 

activator 

UTR = Untranslated region 

VEGF = Vascular endothelial growth factor 

WHSC = Wolf-Hirschhorn syndrome complex 
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