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Abstract: MicroRNAs (miRNAs) are single-stranded small non-coding RNA (18–25 nucleotides)
that until a few years ago were considered junk RNA. In the last twenty years, they have acquired
more importance thanks to the understanding of their influence on gene expression and their role as
negative regulators at post-transcriptional level, influencing the stability of messenger RNA (mRNA).
Approximately 5% of the genome encodes miRNAs which are responsible for regulating numerous
signaling pathways, cellular processes and cell-to-cell communication. In the cardiovascular system,
miRNAs control the functions of various cells, such as cardiomyocytes, endothelial cells, smooth
muscle cells and fibroblasts, playing a role in physiological and pathological processes and seeming
also related to variations in contractility and hereditary cardiomyopathies. They provide a new per-
spective on the pathophysiology of disorders such as hypertrophy, fibrosis, arrhythmia, inflammation
and atherosclerosis. MiRNAs are differentially expressed in diseased tissue and can be released into
the circulation and then detected. MiRNAs have become interesting for the development of new
diagnostic and therapeutic tools for various diseases, including heart disease. In this review, the
concept of miRNAs and their role in cardiomyopathies will be introduced, focusing on their potential
as therapeutic and diagnostic targets (as biomarkers).

Keywords: miRNA; biomarkers; cardiomyopathy; hypertrophic cardiomyopathy; arrhythmogenic
cardiomyopathy; dilated cardiomyopathy

1. Introduction

With age, the heart undergoes enormous stress and pathological stimuli that lead to
cardiac remodeling and consequent cardiovascular disease [1,2]. During the last twenty
years, non-coding microRNAs (miRNAs) have been identified as fundamental negative
gene regulators. Among the functions regulated by these RNAs, there are also physiological
and pathological aspects of the heart [3,4]. For a long time considered as junk RNA, today
they are considered extremely important. MiRNAs control physiological functions such as
the proliferation and differentiation of stem and progenitor cells, the function of cardiac
myocytes, pacemaker cells, endothelial cells and smooth muscle cells [5]. These small
sequences play a fundamental role in regulating cardiomyocyte contractility, maintaining
heart rhythm, plaque formation, lipid metabolism and angiogenesis [6]. Even the stress
response of the heart muscle is controlled by a precise spatiotemporal gene regulation of
miRNAs [7,8].

MiRNAs play a fundamental role in the pathophysiology of myocardial remodeling,
causing damage to cardiomyocytes, cardiac hypertrophy, cardiac fibrosis and abnormal
inflammatory response, binding to multiple targets. The balancing and minute regulation
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of different miRNAs are key to guiding cellular events towards functional recovery, and
any variation can lead to detrimental effects on cardiac function following various insults.
The discovery of miRNAs, therefore, changed our understanding of the regulation of
gene expression.

As the expression pattern of miRNAs varies according to the type of heart disease, it is
believed that dysregulation of miRNA expression can be detected in the blood of patients
with cardiomyopathies, making them optimal candidates as non-invasive biomarkers
for diagnosis, prognosis and therapeutic response [9–11]. The characteristic that makes
miRNAs possible biomarkers and even potential therapeutic targets are their stability and
presence in circulating biofluids [12]. Instead, their specificity concerning different cardiac
diseases needs to be studied more.

In this review, we will analyze the main characteristics of miRNAs and their role
in various cardiomyopathies such as hypertrophic cardiomyopathy, arrhythmogenic car-
diomyopathy and dilated cardiomyopathy. It will be also mentioned the possible role
that miRNAs could have as biomarkers of pathology, as well as an overview of future
therapeutic approaches of miRNAs for cardiomyopathies.

2. MiRNAs: What Are They?

From an early age, we have always been taught the “Dogma of Biology”, which
states that DNA is transcribed into RNA and then translated into protein. This suggested
that only coding RNA could determine gene expression. Only 1% of the human genome
encodes genes which will then be translated into proteins [13]. The remaining 99% of the
DNA was considered junk and therefore not useful for gene regulation. In recent years,
the importance of non-coding RNAs (ncRNAs) as regulators of gene expression has finally
been understood [14]. Although ncRNAs cannot encode proteins, an important role of
ncRNAs in the regulation of gene expression has been observed, both in physiological and
pathological conditions (Table 1) [15].

In this review, we will focus on a specific class of ncRNA, namely, microRNAs
(miRNAs), which correspond to ~5% of the human genome [16,17]. MiRNAs are a class of
single-stranded, non-coding RNA, approximately 18–25 nucleotides in length, which nega-
tively regulate gene expression at the post-transcriptional level. They are highly conserved
ncRNA and can be identified in animals, plants and viruses [18], and are thought to be a
vital evolutionary component of gene regulation [19,20].

MiRNAs influence protein production by binding to messenger RNA (mRNA) via
imperfect base pairing and complementary sequences in their target mRNA, resulting in
translational repression or transcript degradation [21,22]. The mRNA and miRNA binding
occurs through a sequence of 2–8 nucleotides [7] of the 5′ end of the miRNA with the 3′

untranslated region (3′UTR) of the target mRNAs [23–25].
It has been estimated that miRNAs control the activity of 30–50% of protein-coding

genes [26]. Unlike transcriptional regulators, which have an activation and deactivation
function in controlling gene expression, the various miRNA profiles appear to adapt
the level of protein expression to changes in environmental conditions [6]. Due to the
imperfect binding between the two strands, a single miRNA can influence the expression
of many target genes in a cell and a target mRNA can be regulated by multiple miRNAs,
as mRNAs host binding sequences for multiple miRNAs (Figure 1) [25,26]. MiRNAs are
essential in various biological processes, including cell differentiation and proliferation, cell
death and metabolism [27–30]. Dysregulation of miRNAs often disrupts critical cellular
processes, leading to the onset and progression of various human diseases including
heart diseases [31]. Furthermore, miRNAs can enter the circulation through microvesicles
(exosomes) in an extremely stable form and can therefore be quantified through plasma
sampling and then used as biomarkers [32,33].



Cardiogenetics 2021, 11 232

Figure 1. Graphical representation that a miRNA can control several genes (A) and that one gene can
be controlled by different miRNAs (B).

Table 1. Brief description of the main ncRNAs.

ncRNA Class Function References

Micro RNA (miRNA)

Fundamental role in gene regulation
at the post-transcriptional level. They

act either by cleaving the target
mRNA or by inhibiting translation

and therefore protein synthesis

[21]

long non-coding RNAs (lncRNAs)

They have various inhibitory
functions by acting on transcription

regulatory proteins (histone
modifying enzymes and chromatin

remodeling factors), mRNA and
miRNA

[34,35]

circular RNAs (circRNAs)

Their function is not yet well known,
however some experiments have

shown that some of them can bind to
specific proteins or to miRNAs

blocking their functions.

[36,37]

Small nucleolar RNA (snoRNA) Essential to drive nucleotide
modifications and processing. [38]

2.1. The miRNA Factory: How They Work

MiRNAs are an evolutionarily conserved integral part of the cellular genome. Depend-
ing on the genomic location of the miRNA coding sequences, miRNAs can be transcribed
as independent transcription units starting from intergenic regions or in the introns and
exons of the protein-coding genes. Intergenic miRNAs are transcribed under the control
of distinct promoters, while the transcription of intronic and exonic miRNAs is mainly
controlled by their host gene promoters. The genes encoding miRNAs can be transcribed
singly or in polycistronic clusters forming a long transcript which is then cleaved into
the different miRNAs [22,39]. In the latter case, more than one miRNA is transcribed
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together by the same transcription factor, generating a transcript with miRNAs belonging
also to different families. Therefore, miRNAs from the same cluster can target multiple
mRNAs [40]. Alternatively, miRNAs can be transcribed from introns of protein-coding
genes, from introns or exons of non-coding genes, or even from 3′UTR of protein-coding
genes [41].

The biosynthesis of miRNAs occurs in several enzymatic steps, both in the nucleus
and in the cytoplasm (Figure 2) [23,42]. The miRNAs are transcribed into the nucleus by
RNA polymerase II (RNA Pol II) into primary miRNAs (pri-miRNA), a long strand of
hundreds to thousands of nucleotides that overlaps on itself with an imperfect pairing in a
stem-loop structure with two flanking single-stranded regions at the end [43–45].

Figure 2. Graphical representation of miRNA biogenesis and how they inhibit mRNA translation at
the post-transcriptional level.

At this point, it activates an enzyme called Drosha (protein complex containing the
RNase III endonuclease) that is associated with a nuclear protein called DGCR8. Drosha
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(with DGCR8) cleaves the 5′-end and 3′-end of the pri-miRNA and stabilizes the molecule,
giving rise to precursor miRNAs (pre-miRNA) of ~70 nucleotides with a hairpin struc-
ture [22,39,44]. Then, the process continues in the cytoplasm.

Exportin 5 (EXP5) and RAN-GTP (GTP-dependent protein) form a transport machin-
ery that recognizes a short sequence of 2–3 nucleotides at the end of the pre-miRNAs to
transport them from the nucleus to the cytoplasm [22,46]. EXP5 also protects pre-miRNAs
from the degradation process which avoids the accumulation of pre-miRNAs in the nu-
cleus [47].

A final trimming step is performed in the cytoplasm by RNase III endonuclease
called Dicer. Dicer interacts with the 5′-end and 3′-end of the hairpin and creates double-
stranded miRNAs (miRNA*duplex) of approximately 22 nucleotides [48,49]. A double-
strand presents an imperfect complementarity which will facilitate its division [50]. The
miRNA*duplex splits to form two single strands: the guide strand, which acts as a func-
tional unit, and the passenger strand [51,52]. The choice of the guide strand depends on
the thermodynamic stability of the 5′-end of the miRNA*duplex [53]. In general, the strand
with lower stability preferentially combines with Argonaute protein (AGO). This causes
some miRNAs to have both of their strands loaded into the RNA-induced silencing complex
(RISC) with the same proportion, while for others only one strand will dominate [53].

The guide strand combines with AGO in the RISC complex to become a mature
and functional miRNA [54,55]. The passenger strand is often degraded or incorporated
into microvesicles and released in the bloodstream [12,56]. Both mature miRNAs and
pre-miRNAs can be found in microvesicles [12].

Thanks to the link with RISC, a mature miRNA is formed, ready to inhibit target
mRNAs at the post-transcriptional level [22,57]. The RISC binding sites are complemen-
tary sequences to the 3′-untranslated region (3′UTR) of the mRNAs [58]. Therefore, this
complex can direct mRNA towards miRNA through sequence complementarity. The
miRNA sequence, incorporated in the RISC, binds to the mRNA by a seed sequence (first
2–8 nucleotides of the 5′ end of a miRNA).

When the miRNA sequence matches its target perfectly, AGO cleaves the mRNA
resulting in direct degradation. More frequently, when complementarity is lacking, mR-
NAs translation is inhibited, blocking protein synthesis [59]. Therefore, AGO does not
induce target cleavage, but represses translation by three different mechanisms: translation
initiation block, elongation block, or deadenylation [60]. However, these processes will not
be discussed in this review.

Thanks to the imperfect base-pairing with complementary sequences between miRNA
and mRNA, a single miRNA can regulate multiple mRNAs targets which are involved
in different biological processes and, conversely, a single mRNA can be regulated by
several miRNAs.

Generally, gene suppression is partial, and one mRNA can have multiple binding sites
for different miRNAs.

Not surprisingly, the binding of a single miRNA may not be sufficient to block the
translation and several miRNAs are needed to regulate a single mRNA [18].

Mature miRNAs are indicated with the prefix “miR-” followed by an identification
number that reflects their order of discovery. In case of miRNAs with sequences that differ
only in one or two nucleotides, an additional letter or number is added to the name, e.g.,
“miR-120a” and “miR-120b” or “miR-232a-1” and “miR323a-2” [10,39].

Little is known about the half-life and degradation of mature miRNAs, which are stable
in cells and have also been shown to play a central role in cell-to-cell communication [12,43].
Most miRNAs are located at the intracellular level, but some of them are released into the
blood in association with proteins (e.g., Ago2, nucleophosmin 1 and HDL). They can be
packaged in microvesicles, exosomes or apoptotic bodies in circulation, allowing resistance
even to changes in temperature, pH and multiple freeze/thaw cycles.

They are present in all blood compartments, including plasma, platelets, erythro-
cytes and nucleated blood cells [57]. MiRNAs bind RNA-binding proteins or high-density
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lipoproteins, forming miRNA–protein complexes which give them protection from circu-
lating RNases [12].

2.2. MiRNA as Biomarkers

As previously mentioned, miRNAs are relatively stable within biofluids and tis-
sues, allowing us to measure them reliably [61,62]. We indicated that mature miRNAs,
pre-miRNAs and stand passengers can be found in the blood due to their inclusion in
microvesicles. Therefore, it is possible to measure these molecules not only in the tissues,
but also in the blood of patients with CMP. Several techniques are available to identify and
quantify miRNAs, but the gold standard is the real-time PCR, which remains the most
reliable technique. This technique can be used only with predefined primers to amplify
and measure individual miRNAs in a sample. Alternatively, miRNA arrays could be used,
which consists in miRNA hybridization on specific primers. MiRNA arrays allow obtaining
a less accurate quantification than the previous one; however, they allow evaluating a
greater number of miRNAs at the same time at lower costs.

Both of these techniques can be used only and exclusively for already known miRNAs,
as they are based on predefined primer sequences. The identification of uncharacterized
miRNAs can be evaluated with non-coding RNA sequencing technologies, essential for the
identification of miRNAs with unknown sequences. In this way, it is possible to have a
quantitative analysis of a complete miRNA transcriptome [63].

In recent years, advances in molecular technology, such as the Next-Generation Se-
quencing (NGS), have enabled the discovery of new disease sequences with higher yields
and lower costs than conventional technologies [64]. NGS has become a fundamental tool
for the clinical work-up of cardiomyopathies.

Therefore, these techniques can be used to evaluated miRNAs, which can play the role
of pathological biomarkers. Not only is their expression important, but also the mutations
in seed regions or the deletion of some miRNAs themselves can cause a pathology [65].
This is possible because an aberrant expression of miRNA profile during disease has been
demonstrated. Not surprisingly, variations in miRNA expression have been found in
cardiomyopathies, and specific plasma miRNAs have been identified in correlation with
these illnesses. Different miRNA expression profiles have been studied in pathological and
normal conditions and the result highlights that dysregulation of miRNA levels can detect
a pathology.

The identification of miRNAs with the technique explained can allow evaluating the
differential expression between healthy and diseased subjects [66,67]. In various studies,
it has been shown that miRNA expression pattern was different and specific for different
heart diseases; this led to the hypothesis that miRNAs could have etiological implications
in the development of the disease. Therefore, their profile expression could be used as
potential biomarkers for diagnosis, prognosis and response to therapy.

MiRNAs are present in target cells and tissues, in biological fluids, including plasma
and serum, stored within microvesicles. The microvesicles confer protection from the
cleavage of endonucleases and stability in biofluids and which makes them easily detectable
in circulation [68–70].

With NGS technologies it is possible to obtain a rapid and accurate measurement of
miRNAs which can be also measured with real-time PCR (even in small volumes of bioflu-
ids) [71,72]. The stability and diversity of miRNAs in combination with the available tech-
nologies make them new and promising diagnostic biomarkers [73,74]. However, miRNAs
also have some limitations [75]. Unfortunately, miRNA detection is time-consuming and
rapid diagnosis is not possible; there are no standardized laboratory protocols for the ex-
traction, dosage and normalization of the analysis, so for now they may not be usable [76].
Furthermore, different miRNAs can regulate more genes and, at the same time, several
genes can be regulated by more miRNAs, so there is a low correlation between miRNA
and specific pathologies.
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3. MicroRNA and Cardiomyopathies

In genetic diseases, pathogenesis mechanisms are often unknown or difficult to in-
terpret. Mutations in a specific gene can be associated with different phenotypes. In this
perspective, miRNAs and other ncRNA represent a further mechanism to be investigated
in homogeneous groups of patients to better understand the mechanisms associated with
particular pathologies.

MicroRNAs are a group of short, non-coding and endogenous RNAs that regulate gene
expression through the sequence-specific recognition of their target transcripts [18]. They
are involved in various cellular processes such as apoptosis, proliferation or differentiation.
Aberrant levels of miRNA are implicated in numerous pathophysiological conditions,
including cardiomyopathies. The overexpression or underexpression of certain miRNAs
also plays a crucial role in cardiomyopathies such as hypertrophic cardiomyopathy (HCM),
dilated cardiomyopathy (DCM) or arrhythmogenic cardiomyopathy (AC), demonstrating
that several cardiomyopathies can have a specific miRNA signature [12].

MiRNAs are involved in cardiac biogenesis. Blocking specific genes essential for
miRNA biogenesis, such as DROSHA, DGCR8, AGO or Dicer, in the heart tissue of murine
embryos, results in an interruption of gestation due to severe developmental defects of
the heart and blood vessels. However, the deletion of individual miRNAs is not lethal [6].
Thanks to several studies, we now know that heart muscle phenotypes are tightly regulated
by multiple miRNA species [77]. Cardiomyopathies are a very heterogeneous group of
diseases that affect the heart muscle. They are generally characterized by changes in the
size of the heart chambers, ventricular wall thickness or contraction abnormalities.

The main cardiomyopathies affecting the population are HCM (1:500), DCM (1:2.500)
and ACM (1: 5.000) [78,79] which we will deal with in this review. Table 2 shows the
miRNAs studied in this review and their associated cardiomyopathies.

Table 2. Expression of the different miRNAs in human cardiomyopathies and the main target genes according to Targetscan
(http://www.targetscan.org/vert_71/ accessed on: 17 October 21).

MiRNA Regulation Cardiomyopathy Reference Gene Target

miR-590-5p Upregulated Hypertrophic [80] TRIM, JPH1, POM121C

miR-92a Upregulated Hypertrophic [80] STAT, SUMO2, TBC1D1

miR-483-5p Upregulated Hypertrophic [81] APOL, DLL4, FHL2

miR-29a Upregulated Hypertrophic [82] PRTEN, AKT, NFAT, GSK3B, Elastin

miR-133 Downregulated Hypertrophic [83] CTGF, SERCA2a, NFATC4, MYH,
SERCA

miR-155 Downregulated Hypertrophic [84] SOCS1, MEF2A, JARID2 AT1R

miR-1 Downregulated Hypertrophic [85] BCL1, CBX6, CCND1, CREB

miR-204 Upregulated Hypertrophic [86] ATXN1, CAPRIN1, CREB, OGT . . .

miR-139-5p Downregulated Hypertrophic [87] c-JUN, SRSF, Est-1, MEIS1, ZFX

miR-20 Upregulated Hypertrophic [88] STAT3, ATF2, DVL3

miR-3135b Upregulated Dilated [89] FLNC, PRX, RBL1

miR-3908 Upregulated Dilated [89] ADD2, FRMD4B, PDE11A

miR-5571-5p Upregulated Dilated [89] PPP2R2B, BMP7, TCF21, PSEN1

miR-148a Downregulated Dilated [90] gp130, AKT,ITPR2

miR-185 Upregulated Dilated [91] TFPI, Ctgf, ARHGEF, CAMK2

miR-1251 Upregulated Arrhythmogenic [92,93] TMEM, ANK1, PROX1

http://www.targetscan.org/vert_71/
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Table 2. Cont.

MiRNA Regulation Cardiomyopathy Reference Gene Target

miR-21-3p,
miR-21-5p Upregulated Arrhythmogenic [92,93] PITX2, CADM1, PVRL3, SLMAP

miR-212-3p Upregulated Arrhythmogenic [92,93] PLXNA2, PRDM16, TCF, PKP4

miR-34a-5p Upregulated Arrhythmogenic [92,93] HCN, JPH, PKP2

miR-135b Upregulated Arrhythmogenic [92,93] ERBB, FOXO1,TMEM, SCN5A

miR-138-5p Downregulated Arrhythmogenic [92,93] WNT9A, BMPR, AKAP11

miR-193-3p Downregulated Arrhythmogenic [92,93] ALOX5, SOX2, L-MYC, KLF4

miR-302 Downregulated Arrhythmogenic [92,93] FMR1, CAMTA1

miR-491-3p Downregulated Arrhythmogenic [92,93] WNT, BMPR2, TGFBR2

miR-575 Downregulated Arrhythmogenic [92,93] EPB41L5, HCN1, HCN4

miR-4254 Downregulated Arrhythmogenic [92,93] CDR1AS, COL4A, HSPB7

miR-4643 Downregulated Arrhythmogenic [92,93] RBM20, RAC1, VCAM1, PTPRC

miR-320a Downregulated Arrhythmogenic [94] CDH2, CTNNA3, DSC2

miR-144-3p Upregulated Arrhythmogenic [95] CTNNA3, AREG, PROS1

miR-145-5p Upregulated Arrhythmogenic [95] CDH2, DAG1, CITED2, TLL1,
PAK7

miR-185-5p Upregulated Arrhythmogenic [95] DLG2, NOX5,PRRT2

miR-494 Upregulated Arrhythmogenic [95,96] PTEN, ROCK1, CaMKIIδ, FGFR2,
LIF

3.1. Hypertrophic Cardiomyopathy

HCM is the most common primary cardiomyopathy (1:500) with heterogeneous clini-
cal and genetic characteristics, the leading cause of sudden cardiac death (SCD) in adoles-
cents and athletes [97–99]. It is an autosomal dominant disease with incomplete penetrance.

HCM is a highly complex and heterogeneous disease as regards not only the number
of associated mutations, but also the severity of the phenotype and the frequency of
complications, such as heart failure and SCD [66,100]. HCM is also characterized by the
varying degree of left ventricle hypertrophy (LVH) [101], symptoms and risk of SCD [102] or
heart failure [103,104]. The disease is characterized by the so-called “myocardial disorder”
which involved the hypertrophic non-dilated left ventricle. The pathological mutations
generally affect genes that encode proteins belonging to the contractile components of the
heart. Thus, mutations can occur in one or more of the eight genes encoding sarcomere
proteins [105,106]. Seventy percent of HCM-causing mutations affect cardiac myosin
binding protein C (MYBPC3) genes with nonsense mutations, as well as cardiac myosin
heavy chain (MYH7) with missense mutations. A recent study showed that sarcomeric
variants are mostly associated with female gender and young age, presenting asymmetric
septal hypertrophy, a family history of HCM and SCD [107]. This pathology presents
morphological and pathological heterogeneity, penetrance and age dependence with the
consequence of different clinical outcomes, with conditions ranging from asymptomatic
patients to cardiac arrhythmias and SCD [108].

Furthermore, it has been observed that genetic and environmental modifiers may also
be involved in the pathogenesis of the disease. Other genes that can cause HCM include
TNNT2, TNNI3, TPM1, MYL2, MYL3 and ACTC1 even if with lower frequency (1–5%
each) [109–112]. In recent years, other genes besides sarcomeric ones have also been identi-
fied. These include CSRP3, PLN, CRYAB, TNNC1, MYOZ2, ACTN2, ANKRD1 FLNC [64,113–118]
and FHL1 [114,119].
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Interesting results have also been obtained with the study of miRNAs, but this will be
discussed later. Given the variety of genes involved, there is an equivalent high phenotypic
variety of recognized HCM.

Unfortunately, the genotype–phenotype relationship may not be obvious. A high
percentage of patients are asymptomatic or mildly asymptomatic, and the diagnosis is
made during family screening or by accidental observation in mid or late adulthood where
functional heart weakness has already progressed. Not surprisingly, members of the
same family with the same mutation can have very different phenotypes [106]. Often, the
phenotype is mild, but the arrhythmic prognosis could be particularly poor. Fortunately,
the identification of causal mutations in a proband with HCM facilitates pre-symptomatic
diagnosis of family members and clinical monitoring [97]. To explain the phenotypic
variability, gene and environmental modulators were investigated. Interesting results have
been obtained from miRNA studies which could therefore become potential biomarkers
and therapeutic agents. If confirmed, the results obtained by the miRNAs would allow
to have an early diagnosis, to evaluate the prognosis and future therapies. In this regard,
the transcriptional profile modified by miRNA expression and other post-transcriptional
modifications appears to be crucial for understanding the onset of HCM.

Currently, therapies for HCM are purely symptomatic. Beta-blockers, calcium channel
blockers and disopyramide are generally given to patients [120]. Severe patients require
surgical myectomy and alcohol ablation to relieve left ventricular obstruction [121].

MiRNA and Hypertrophic Cardiomyopathy

The discovery of miRNAs and their role at the post-transcriptional level has made it
possible to identify pathological regulatory mechanisms that have been little known until
now. To date, an ever-growing list of HCM-associated miRNAs varied in animal models
and human samples has been created and the miRNA profile may allow understanding
of the pathophysiology of the disease [122]. For this reason, some miRNAs have been
reported as useful biomarkers of diseases and future therapeutic agents [82]. In this section,
the best-known miRNAs involved in HCM will be evaluated (Table 2).

In one study, 370 miRNAs were analyzed in pathological HCM tissue, with and
without mutation in the MYH7 gene. Two miRNAs—miR-590-5p and miR-92a—were
overexpressed in HCM patients compared to healthy controls, and their expression was
different between HCM-mutated and HCM-unmutated tissues [80]. In addition, the same
group studied miRNA profile expression in plasma samples from HCM patients, where
10 miRNAs were analyzed in 24 patients and compared with healthy controls. Only
miR-483-5p was upregulated in HCM patients compared to healthy ones [81].

Increased levels of miR-29a have been found in the blood of patients with HCM
carrying mutations in the MYH7 gene [82]. The same miRNA appears to be upregulated
also in fibroblasts during the process of cardiac fibrosis. Therefore, miR-29a could be used
as a biomarker of both fibrosis and hypertrophy [82]. Instead, miR-155 appears to be
downregulated in HCM patients with MYBPC3 mutations [84].

Duisters et al. have shown that in patients with LVH there is a correlation between
the downregulation of miR-133 and the upregulation of CTGF and the effects of their
interaction on collagen synthesis [83]; miR-133 is also downregulated in myocardiocytes
during cardiac hypertrophy. RhoA (a GTP-GDP exchange protein), CDC42 (a kinase
that transduces the signal involved in the development of hypertrophy) and WHSC2 (a
nuclear factor involved in cardiogenesis) have been identified as possible target modulating
negatively by miR-133 to counteract hypertrophy [83].

MiR-1 is downregulated in myocardiocytes in the process of cardiac hypertrophy.
Under physiological conditions, this miRNA negatively modulates the Insulin-like Growth
Factor-1 (IGF-1) pathway. In this way, it can block a series of processes including myocardial
hypertrophy. Therefore, its downregulation can lead to cardiac hypertrophy [85].

C. Kuster and colleagues studied miRNA profile expression in six patients with a
loss-of-function mutation in MYBPC3 [86]. Among the 699 miRNAs analyzed, 13 of them
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formed a unique miRNA signature for HCM: 10 were upregulated (miR-181-a2, miR-184,
miR-497, miR-204, miR-222, miR-96, miR-34b, miR-383, miR-708 and miR-371-3p) and three
were downregulated (miR-10b, miR-10a and miR-10b). Studies in silico demonstrated that
a large number of differentially expressed miRNA-regulated genes were associated with
the cardiac hypertrophic signaling pathway in which a large number of predicted mRNA
targets were involved in β-adrenergic signaling [86]. In particular, they found that miR-204,
incorporated in the TRPM3 gene (Transient receptor potential cation channel subfamily
M member 3), appears to be upregulated in HCM patients carrying a mutation in the
MYBPC3 gene, one of the genes most frequently mutated in HCM [86]. TRPM3 encodes
a cation-selective channel involved in calcium entry and is found to be upregulated with
consequent alteration of calcium homeostasis in HCM [123]. This finding suggests that
TRPM3 may be involved in the pathogenesis of the disease caused by MYBPC3 mutations.

MiR-139-5p is also one of the most downregulated miRNAs in the hearts of HCM
patients [87,124].

Finally, Sun et al. screened miR-20, which was one of the highly expressed miR-
NAs in HCM [88]. To do this, they constructed the cardiomyocyte hypertrophy model
in vitro to validate whether miR-20 was associated with cardiomyocyte hypertrophy. In
the study, a total of 1451 miRNAs were identified in both groups, 195 of which were
upregulated and 172 downregulated in the HCM group compared to the control group;
among these, miR-20a-5p was 2.26 times higher in the HCM group than in the control
group. Over-expressed miR-20 could induce cardiomyocyte hypertrophy by suppressing
MFN2 expression. Among the target genes of miR-20 are MFN2, PTEN, SMAD4 and
DUSP1, which are associated with cardiac remodeling [88]. This study identified 367 miR-
NAs differentially expressed between HCM cardiac samples and healthy control samples,
meaning that some miRNAs may be indispensable in the development of HCM. It has
been reported that miR-1 [125], miR-22 [126], miR-29a [82], miR-106a [127], miR-133 [128],
miR-181a [129] and miR-195 [122] took part in the development of myocardial hypertro-
phy and showed significant differences between an expressed model of hypertrophic and
physiological myocardium.

3.2. Dilated Cardiomyopathy

Dilated cardiomyopathy (DCM) is a major cause of SCD and heart failure with an
unknown etiology. It has a prevalence of 1:2500, can occur at any age and is usually
identified when associated with severe symptoms [130]. Unfortunately, it is the leading
indication for heart transplantation in children and adults worldwide [98]. DCM is a heart
muscle disease characterized by ventricular dilation and systolic dysfunction with cardiac
fibrosis in the absence of abnormal load conditions or coronary artery disease [130,131]. It
progressively leads to heart failure and a decline in left ventricular (LV) contractile function.

DCM is a complex disease with a common phenotype, but the pathological mecha-
nisms are heterogeneous and still poorly understood. Early diagnosis is essential for the
clinical management of the patient. Clinical diagnosis is currently made using imaging
methods and genetic tests. However, the assessment of the disease still remains challenging;
therefore, new non-invasive indicators are needed. The European Society of Cardiology
has proposed a genetic and non-genetic classification of DCM, including etiologies such
as peripartum, cancer therapies, drug or alcohol abuse, and myocarditis [132]. However,
overlapping phenotypes often make the differential diagnosis unclear.

Currently, myocardial biopsies are used as a diagnostic tool. However, due to the inva-
siveness of the procedure, the use of the method is limited to a few patients [133]. The most
used imaging techniques for the diagnosis of DCM are transthoracic echocardiography and
magnetic resonance imaging as they are non-invasive and of wide applicability [134,135].

Approximately 20–35% of patients with DCM exhibit a family inheritance with incom-
plete penetrance associated with at least 40 genes [98]. Most DCM-associated mutations
have been found in genes encoding proteins related to the cytoskeleton, sarcomere, nuclear
envelope, ion channels and unclassified proteins [130,136]. Identifying the genetic factors



Cardiogenetics 2021, 11 240

that lead to the clinical manifestation of diseases is the key to understanding the triggering
mechanism that initiates the disorder [137]. In recent years, great efforts have been made
to explore the molecular mechanisms underlying DCM which, however, still remain little
known. Currently, attention is focusing on the myocardial gene expression of miRNA and
their role in DCM [138,139]. Research suggests that miRNAs signature may constitute
a novel source of non-invasive biomarkers for a wide range of cardiovascular diseases.
Specifically, several studies have reported the potential role of miRNAs as clinical markers
among the etiologies of DCM. However, this field has not yet been explored in detail.

MiRNA and Dilated Cardiomyopathy

Currently, several manuscripts have evaluated the relationship between miRNA and
DCM profiles, without a detailed definition of the etiological mechanism. Among these
is the manuscript of Tao et al., in which the interaction between long non-coding RNA
(lncRNA), miRNA and competing for endogenous RNA (ceRNA) in patients with DCM
were studied [140]. In this study, a miRNA array was initially performed to determine the
differentially expressed miRNAs in samples from DCM patients and healthy controls. The
results obtained were confirmed by RT-PCR. Cardiac tissue from patients with DCM and
the mouse model of the pathology were used as samples. The results showed that miR-
144-3p and miR-451a are downregulated compared to healthy controls, while miR-21-5p
is upregulated [140]. Based on the ceRNA theory, a triple global network was developed
using data from the NCBI-GEO (National Center for Biotechnology Information Gene
Expression Omnibus) and the results obtained from the miRNA array. The results showed
that two lncRNAs (NONHSAT001691 and NONHSAT006358) targeted at miR-144/451,
both highly related to DCM. Therefore, clusterization and the use of an adequate random
walk with restart algorithm for the analysis of the ceRNA network have identified four
lncRNAs (NONHSAT026953/NONHSAT006250/NONHSAT133928/NONHSAT041662)
that interact with miR-21 and are significantly related to DCM. This study could provide a
new strategy for diagnosing DCM or other diseases. Furthermore, lncRNA–miRNA pairs
can be considered potential diagnostic biomarkers or therapeutic targets for DCM [140].

In another study, 3100 miRNAs were evaluated in the plasma of four DCM patients.
Forty-seven miRNAs were differentially expressed compared to three healthy subjects.
Among these 47 miRNAs, miR-3135b, miR-3908 and miR-5571-5p were chosen because
their levels were significantly increased in the plasma samples. The results obtained from
this first comparison were then confirmed by a larger cohort, demonstrating that indeed
the upregulation of miR-3135b, miR-3908 and miR-5571-5p had a discriminatory power to
distinguish DCM patients from controls utilizing analysis of the ROC curve [89].

Highlighting the regulatory role that miRNAs can play, it has been understood that
miR-148a is downregulated in DCM, while it is upregulated in concentric hypertrophy in
human cardiac biopsies [90]. These results were confirmed in transgenic mouse models
for DCM and concentric hypertrophy. The knockdown of miR-148a, obtained through
the use of antagomiRNAs in WT mice, led to chamber dilation, increase in the volume of
the left ventricle, cardiac wall thinning and reduction of the ejection fraction. Instead, the
upregulation of AAV-mediated miR-148a protects against systolic dysfunction caused by
pressure overload [90].

Yu et al., in 2011, evaluated the plasma levels of circulating miR-185 in patients with
DCM [91]. These patients were compared with healthy ones. The analysis showed that
miR-185 expression was significantly higher in DCM patients. DCM patients were placed
in two distinct subsets, “high-group” and “low-group”, clustered by miR-185 plasma levels.
Essays were performed at DCM diagnosis time and 1-year follow-up. During this year,
DCM cases had received standard therapy. At follow-up, circulatory levels of miR-185
were stable. Patients in the “high-group” showed evident improvements in left ventricular
size and systolic function with a significant decrease in blood pressure and cardiovascular
mortality. This suggests that higher levels of circulating miR-185 determine the better
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clinical outcomes in DCM patients, proposing miR-185 as a new prognostic biomarker for
DCM [91].

Interestingly, mutations in enzymes that participate in miRNA biogenesis can also
induce DCM. Studies conducted on subjects with DCM have found altered levels of Dicer
expression. Dicer targeted cardiac deletion was performed in a mouse model. The result
was progressive DCM, heart failure and early postnatal lethality [141]. This led to a reduc-
tion in mature miRNA levels and an increase in pre-miRNA levels. Dicer expression was
reduced in human patients with DCM or heart failure. However, therapeutic implantation
of a left ventricular assist device resulted in an increased Dicer expression and improved
cardiac function [141].

Despite all these data, further studies will have to be carried out to demonstrate a
unique relationship between miRNA and cardiomyopathies in general; therefore, they can
be used as early biomarkers of disease or for possible gene therapies.

3.3. Arrhythmogenic Cardiomyopathy

Arrhythmogenic cardiomyopathy (ACM) is a relatively rare genetic disease of the
heart muscle with a frequency of 1:5000 [142–145], characterized by palpitations, syncope
and/or cardiac arrest secondary to ventricular tachycardia (VT) or fibrillation; ventricular
dysfunction and heart failure and high risk of SCD may also develop in some patients [146].
Structural changes include dilation of the right ventricle, aneurysms, abnormalities of
regional wall movement, fibrosis, adipose infiltration and impaired ventricular function.

Histologically, cardiomyocyte death, inflammation and progressive substitution of
adipose or fibro-adipose ventricular cardiomyocytes are observed [147–149]. Consequently,
there is progressive atrophy of the ventricular myocardium which interferes with the con-
duction of the electrical impulse [98,150]. The disease progresses outwardly, first involving
the sub-epicardial tissue and extending towards the endocardium, eventually resulting in a
thinned and trans-mural lesion [150]. Inflammatory infiltrates are typical of the ACM and
are often observed in both ventricular walls [151]. Generally, males are more frequently
affected by ACM than females; therefore, it is thought that there is a correlation between
the disease and sex hormones, especially on the severity of ACM [152]. ACM is a disease
that exhibits variable expression and age-related reduced penetrance. Clinical symptoms
typically present in the third to fourth decade of life, with arrhythmic manifestations
that generally precede structural features. Sometimes ACM affects adolescents and rarely
children [153]. The early onset of ACM can occur during adolescence and early adulthood
and in many cases, they present with nonspecific symptoms, such as syncope and palpita-
tions [154]. It particularly affects athletes, as intense exercise worsens the phenotype of the
disease [154].

It is a cardiomyopathy caused by heterozygous mutations in genes coding mainly
for proteins of the desmosomal protein complex, the adhesive junctions that connect
cardiomyocytes, identified in almost 50% of subjects and with low and age-dependent
penetrance [155]. However, the molecular mechanisms that lead to the destruction, remod-
eling and arrhythmic predisposition of the myocardium remain poorly understood. ACM
inheritance is autosomal dominant with incomplete penetrance being the most common
mode of transmission [156], although recessive forms are also known, namely, Naxos and
Carvajal syndromes, and are associated with a cutaneous phenotype [157].

The most frequently mutated genes are desmosomal and cardiomyocyte junction
genes [157], but mutations in non-desmosomal genes are also known [156]. Desmosomes
influence intracellular transduction signals via the Wnt pathway, which is impaired in
patients with ACM [92]. Cardiomyocytes form electrical and structural connections due to
desmosomes, adherent junctions and gap junctions, located at the intercalated disc [158,159].
The most affected genes are on JUP and DSP [160–162], and truncating and missense muta-
tions in the desmosome genes PKP2 (encoding plakofilin 2), DSG2 (encoding desmoglein
2) and DSC2 (encoding desmocollin 2) in patients with ACM [163–165]. About half of
ACM patients have mutations in one or more of these desmosomal genes [166,167]. PKP2
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is the most commonly affected gene in adult cohorts [153,163], while some studies have
suggested that the pediatric age group has more frequent mutations in the DSP [153,168].

Mutations have also recently been identified in the adherent junction genes CDH2
(encoding cadherin 2) [169,170] and CTNNA3 (encoding catenin-α3) [171] in patients
with ACM.

Less frequent, there are also mutations in non-desmosomal genes. It is included genes
that are involved in cytoskeletal architecture, calcium manipulation, sodium transport
and cytokine signaling [172,173]. After desmosomal genes, genes encoding cytoskeletal
proteins constitute the second largest category of ACM-associated mutations. These defects
alter the architecture of cardiomyocytes [174,175]. The genes affected are DES (coding for
desmin), LMNA (coding for lamina A), TMEM43 (coding for transmembrane protein 43),
TTN (coding for titin) and FLNC (coding for filamin C).

These pathways include canonical and non-canonical WNT signaling, the Hippo-Yes-
associated protein (YAP) pathway and transforming growth factor-β signaling. Despite the
discovery of multiple pathogenic genes, a large percentage of patients (35–50%) have no
identifiable disease-associated variants. It suggests a more heterogeneous and complex
etiology, with both polygenic and environmental factors contributing to the phenotypic
expression [175,176]. For patients with an identifiable genetic cause, the exact biological
mechanisms underlying this diverse and pleiotropic disease remain poorly characterized.
Increasingly, asymptomatic relatives with variable penetration disease can be detected by
cascade family screening [176].

Diagnosing ACM can be challenging and requires a high degree of clinical suspicion
as well as supporting diagnostic tests. Primarily, it is based on a scoring system of criteria
that include structural and electrocardiographic changes, tissue characterization, previous
arrhythmic events and family history. In selected cases, a genetic test is recommended [168].
Criteria for the clinical diagnosis of ACM were defined by the International Task Force (ITF)
to inform the diagnostic process and improve consistency between research studies [168].
These criteria consider cardiac morphology and function, tissue characterization, electrical
rhythm conduction and family history, including identification of pathogenic mutations.

MiRNA and Arrhythmogenic Cardiomyopathy

The clinical heterogeneity of the ACM and its incomplete penetrance suggests that
there are also other mechanisms, such as the involvement of more than one pathogenic
allele and epigenetics [177,178]. These two factors contribute together with known gene
mutations to the severity of the disease. Therefore, how the synergy of genetic, epigenetic
and environmental factors acts to modify the phenotype and the onset of the disease is
crucial for understanding the pathophysiology of the disease [179]. Unfortunately, few
studies have evaluated the miRNAs circulating in the ACM.

Most of the miRNA identification studies were performed on serum or plasma sam-
ples, but also myocardial tissue samples from subjects with ACM. As previously reported,
circulating miRNAs are extremely stable, often found in association with exosomes or
proteins and represent potentially informative biomarkers [180]. The underexpression of
specific miRNAs on tissues and the overexpression in the circulation lead us to hypothesize
that miRNAs may be released into the circulation by apoptotic or necrotic cardiomyocytes.
Consequently, elevated levels of a specific miRNA can indicate disease progression, as
its level increases as more cardiomyocytes die. This evidence suggests that circulating
overexpressed miRNAs may be potential prognostic biomarkers. Conversely, miRNA
overexpression in tissue could indicate cardiomyocyte malfunction.

Zhang and colleagues studied miRNA profile expression in 24 histologically confirmed
ACM patients compared with controls. They evaluated 1.078 miRNA levels by RT-PCR and
identified 21miRNAs differentially expressed in ACM samples [93]. The data obtained were
validated and the analysis of the ROC curve was performed to determine whether these
miRNAs have diagnostic power. The conclusion was that the overexpression of miR-1251,
miR-21-3p, miR-21-5p, miR-212-3p and miR-34a-5p and the downregulation of miR-135b,
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miR-138-5p, miR-193-3p, miR-302b-3p, miR-302c-3p, miR-491-3p, miR-575, miR-4254 and
miR-4643, allowed discrimination between ACM and healthy controls. In silico analyzes
suggested the correlation of two miRNAs (miR-21-5p and miR-135) with the Wnt and
Hippo pathways, which have been associated with the pathogenesis of ACM [92,181].
MiR-21-5p and miR-135 may play an important role in the regulation of Wnt/β-catenin
and Hippo signaling pathways resulting in the phenotypic manifestation of ACM [93].

In 2017, Sommariva and colleagues identified miR-320a as a potential plasma biomarker
of ACM. In particular, they correlated the ACM and low plasma levels of miR-320a [94].
In this study, 377 miRNAs present in the plasma of three ACM patients and three healthy
controls were screened [94]. One-hundred-and-twenty-one miRNAs were detected in all
plasma samples and five showed potential differential expression between ACM patients
and controls. When these five miRNAs were evaluated in 36 ACM patients and 53 healthy
controls, only miR-320a exhibited significantly lower expression. Plasma levels of miR-320a
showed a 0.53-fold difference in expression between ACM and healthy control. Further-
more, the miRNA expression profile in ACM patients was also compared to patients with
idiopathic ventricular tachycardia (IVT) and miR-320a showed 0.78-fold lower expression,
suggesting not only miR-320a as a potential biomarker for patients with ACM, but also as
a potential discriminatory biomarker for ACM vs. IVT. Plasma levels of miR-320a were not
influenced by intense physical activity, so the authors hypothesized that the differential ex-
pression of miR-320a is independent of the increase in mechanical elongation and adaptive
cardiac remodeling induced by the training [94]. Furthermore, miR-320a appeared to have
mechanistic implications in the pathogenesis of ACM. The diagnostic value of miR-320a
must be validated in larger cohorts of patients with ACM.

A similar study was performed on 62 patients with ventricular arrhythmia (VA),
where 28 had definite ACM, 11 had borderline ACM and 23 had IVT [95]. In this study,
they observed plasma levels of miR-144-3p, miR-145-5p, miR-185-5p and miR-494 with
significantly higher expression in ACM patients with VA than in healthy controls. Among
these, miR-494 levels appeared to have a central prognostic value because it was linked
to recurrent VA after ablation [96]. Furthermore, based on in vitro results, a possible
correlation between high expression of miR-494 and the apoptotic process that occurs in
ACM hearts, although the role of miR-494 in apoptosis is unclear [96].

4. How to Train a miRNA: A Possible Therapy

Depending on how miRNAs are dysregulated when the heart is under stress, their ma-
nipulation has great potential for developing new treatments to restore the normal phenotype.

The central action of miRNAs is to suppress protein expression by binding and
silencing specific target mRNAs, which reduce protein synthesis. The overexpression of
a miRNA will suppress its direct targets, while the inhibition of endogenous miRNAs
will decrease the expression and therefore gene inhibition is lacking. Therefore, miRNAs
constitute extremely attractive targets for possible therapies [182,183].

The strong impact of miRNAs on the cardiac phenotype is of particular interest in the
possibility of targeting these molecules as therapeutic substrates.

The most effective way to use miRNAs as drugs is to modulate intracellular levels of
miRNAs by transfecting target cells with miRNA mimics or inhibitors (Table 3). However,
these methods require the development of efficient methods for cell/site-specific release,
which we have not been able to achieve for the moment. As reported in the introduction
of this review, a single miRNA can affect several genes at the same time. This offers
miRNAs both an advantage and a disadvantage over conventional drug therapies, which
traditionally target a single target within a cellular pathway [184]. To date, few clinical
trials are in Phase I that show significant clinical promise of miRNAs. Only one treatment
for chronic hepatitis C has managed to move into phase II clinical trials.
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Table 3. The potential advantages and disadvantages of using miRNAs as an alternative therapy to conventional drugs.

miRNA Therapeutic Approach Advantage Limitation

miRNA mimics Promote the expression of miRNAs

Low efficiency in the heart and vascular
system;

Can cause miRNA to over-act, potentially
causing serious side effects;

Easily degraded by nucleases;
The chemistry of the construct is toxic;

miRNA inhibitors Block the activity of miRNAs
Directly bind the target of the miRNA sequence

Low efficiency in the heart and vascular
system;

Low target binding affinity;
Unwanted genetic changes or off-target

effects;
Easily degraded by nucleases

Difficult to create and to keep stable

Currently, the activity of miRNAs can be modulated by different approaches based on
the imitation of the functions of miRNAs or the silencing of their function due to the use of
miRNA inhibitors (antagomiRNAs and miRNAsponges) (Figure 3) [7].

Figure 3. Different approaches to using exogenous miRNAs as gene therapies. (a) Endogenous miRNA (blue) binds
to the seed sequence present in the 3′-UTR of the mRNA target; (b) representation of miRNA mimic (red), a synthetic
double-stranded RNA molecule. The double-stranded structure mimics the endogenous miRNA*duplex that binds RISC to
inhibit translation of the mRNA target. (c) AntagomiRNA (brown) synthetic miRNA complementary to the target miRNA
that has to be inhibited. (d) miRNAsponge(orange) synthetic oligonucleotide containing several seed sequences for different
multiple miRNAs.

If miRNAs levels are compromised in any way, exogenous miRNAs can be adminis-
tered in vivo. MiRNAmimics are small chemically synthesized double-stranded RNAs that
mimic endogenous miRNAs and cause gene silencing. One strand of this molecule is iden-
tical to the native form of the miRNA, the other is complementary. The double-stranded
structure is needed so the RISC complex can accurately recognize miRNAmimics [185].

AntagomiRNAs are synthetic single-stranded RNAs made up of nucleotides com-
plementary to an endogenous miRNA so that they can be silenced. The inhibitors are
complementary to the entire sequence or the seed sequence of the miRNA [185]. This
method allows the repression of an over-regulated miRNA by blocking its inhibiting
action [186].

MiRNAsponges are another approach to reduce miRNA levels. MiRNAsponges are
exogenous transcripts that contain complementary regions for multiple miRNAs that have
the same target site. The release of miRNAsponges into a cell determines their binding to
the target miRNAs and reduces the number of free and active miRNAs [185].
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To enter the cell, these external miRNAs have to pass the lipid bilayer of the cell
membrane. The lipid bilayers allow small neutral and slightly hydrophobic molecules
to passively diffuse through them, while preventing large, charged molecules, such as
RNA, from passing through them [187]. To do this, an approach has been developed that
exploits the use of chemically modified liposomes or cationic polymers with specific ligands
for the receptors on target tissues to improve the ability of nanoparticles to bypass the
plasma membrane and enter target cells [188]. These modifications allow cellular uptake of
exogenous miRNAs via receptor-mediated endocytosis.

Alternatively, other systems exploit recombinant viral systems such as lentiviruses,
adenoviruses and adeno-associated viruses (AAVs) as vectors.

Currently, viral vectors are best suited for delivery miRNAs in the myocardium [189].
Viruses have already been used for some time to target genetic material in a given cell. In
recent studies, excellent results have been obtained at the cardiac level through the use of
lentiviruses and AAVs.

In one experiment, miR-378, a regulator of cardiac hypertrophy, was administered via
AAV9 (a serotype with cardiac tropism) in vivo, improving cardiac function [190]. AAV9
administration has also been exploited to treat dilated cardiomyopathy (DCM) in mouse
models. The resulting is overexpression of miR-669a, downregulated in DCM. This increase
in miR-669a levels reduced cardiac fibrosis, hypertrophy and apoptosis of cardiomyocytes
for up to 18 months [191].

Currently, AAV cardiotropic viruses achieve efficient miRNA delivery in cardiomy-
ocytes [190]. However, this mechanism can only be used to inhibit overexpressed miRNAs.
The use of antagomiRNAs or miRNAsponges are not suitable methods for the overexpres-
sion of an endogenous miRNA. However, antagomiRNAs have been observed to have low
efficiency in the heart and vascular system. Therefore, the use of exogenous miRNAs for
cardiovascular applications will require solutions for local or specific cell type release.

Another method to allow the entry of miRNAs into cardiomyocytes is ultrasound-
mediated sonoporation [192]. It uses albumin-coated microbubbles, which carry genetic
material to target sites. Microbubbles are gas-filled acoustic microspheres that explode
with ultrasound and release their contents to the target site [193]. The ideal would be to
develop new techniques that use electromechanical mapping [194] or the use of positron
emission tomography to study blood flow to carry miRNAs into cardiomyocytes [195].

Unlike conventional drugs, which are specific for a cellular target, a single miRNA
does not act on just one target, but on multiple ones. The multiple mechanisms of action
of miRNAs can cause numerous side effects if they are released into the bloodstream.
Potentially, most miRNA-based therapies would act systemically, which could preclude
widespread clinical use. The development of insertion method of highly site-specific
miRNA could be a step forward for effective clinical use, leading to the development of
miRNA-based therapies [196].

In the future, it is hoped that exploiting miRNAs will provide an effective therapeutic
tool in the field of vascular and cardiovascular biology. Monogenic therapy has had limited
success, and a single miRNA has far greater therapeutic potential with its unique ability to
alter complex genetic networks. Therefore, it is hoped that miRNAs will become a new
line of treatment in multiple human diseases. However, at the moment, the limitations are
greater than the potential therapeutic benefits.

5. Conclusions

The discovery of miRNA changed our understanding of gene expression regulation.
Indeed, miRNAs can regulate the expression of proteins at the post-transcriptional level
and are involved in cardiovascular physiology, while their expression is altered in vari-
ous cardiovascular diseases. Many different biological events interact to determine the
cardiovascular phenotype and its response to injury or stress. Due to their multitarget
ability, a multitude of miRNAs is involved in these processes. Studies on miRNAs in
cardiomyopathy could represent an important advance both for their use as biomarkers
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and for their therapeutic potential [7]. Treatment strategies currently focus on the systemic
delivery of exogenous miRNAs. Exogenous miRNAs act by miming the function of en-
dogenous ones, while exogenous complementary sequences bind miRNAs and limit their
role, but every miRNA act on multiple genes. Systemically delivered drugs reach virtually
every body district, acting also in non-desired organs and potentially leading to side effects
and iatrogenic pathology. Due to their lack of targeting, future efforts should be aimed
at evaluating site-specific strategies. For the cardiovascular system, targeting could be
achieved by the use of adeno-associated viruses as vectors for the release of miRNAs or
antagomiRNAs linked to nanoparticles or miRNA mimics [197].

In hereditary cardiomyopathies, miRNAs could provide an answer to the search
for factors responsible for broadly variable expressivity and thus bridge the genotype–
phenotype gap, improving the therapeutic strategy. Research has mainly focused on
identifying the mechanisms within a single tissue or cell type. However, care must be taken
because the regulation of miRNA protein expression is highly dependent on the context
and cell type. Therefore, their ubiquitous expression makes the side effects of miRNA
therapies unpredictable. Targeting individual miRNAs, therefore, requires a meticulous
evaluation of systemic effects.

Although several studies have identified several altered circulating miRNAs in the
plasma or serum of patients with cardiomyopathy, these are differentially expressed across
disease phenotypes and are potentially usable as a novel early non-invasive biomarkers.
To achieve this, however, more in-depth studies and standard protocols on the mechanics
of these non-coding RNAs and their validation in larger cohorts of patients are needed to
use them as disease biomarkers. In the same way, it is essential to develop faster analytical
technologies, to make the use of miRNAs as biomarkers effectively competitive with,
respect to current techniques.
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27. Fu, G.; Brkić, J.; Hayder, H.; Peng, C. MicroRNAs in Human Placental Development and Pregnancy Complications. Int. J. Mol. Sci.

2013, 14, 5519–5544. [CrossRef] [PubMed]
28. Chen, C.-Z.; Li, L.; Lodish, H.F.; Bartel, D.P. MicroRNAs Modulate Hematopoietic Lineage Differentiation. Science 2004, 303,

83–86. [CrossRef]
29. Brennecke, J.; Hipfner, D.R.; Stark, A.; Russell, R.B.; Cohen, S.M. bantam Encodes a Developmentally Regulated microRNA that

Controls Cell Proliferation and Regulates the Proapoptotic Gene hid in Drosophila. Cell 2003, 113, 25–36. [CrossRef]
30. Wilfred, B.R.; Wang, W.-X.; Nelson, P.T. Energizing miRNA research: A review of the role of miRNAs in lipid metabolism, with a

prediction that miR-103/107 regulates human metabolic pathways. Mol. Genet. Metab. 2007, 91, 209–217. [CrossRef]
31. Barwari, T.; Joshi, A.; Mayr, M. MicroRNAs in Cardiovascular Disease. J. Am. Coll. Cardiol. 2016, 68, 2577–2584. [CrossRef]
32. Lim, L.P.; Lau, N.C.; Garrett-Engele, P.; Grimson, A.; Schelter, J.M.; Castle, J.; Bartel, D.P.; Linsley, P.S.; Johnson, J.M. Micro-array

analysis shows that some microRNAs downregulate large numbers of target mRNAs. Nature 2005, 433, 769–773. [CrossRef]
33. Eulalio, A.; Huntzinger, E.; Izaurralde, E. Getting to the root of miRNA-mediated gene silencing. Cell 2008, 132, 9–14. [CrossRef]

[PubMed]
34. Tsai, M.-C.; Manor, O.; Wan, Y.; Mosammaparast, N.; Wang, J.K.; Lan, F.; Shi, Y.; Segal, E.; Chang, H.Y. Long Noncoding RNA as

Modular Scaffold of Histone Modification Complexes. Science 2010, 329, 689–693. [CrossRef]
35. Paci, P.; Colombo, T.; Farina, L. Computational analysis identifies a sponge interaction network between long non-coding RNAs

and messenger RNAs in human breast cancer. BMC Syst. Biol. 2014, 8, 83. [CrossRef]
36. Schneider, T.; Hung, L.H.; Schreiner, S.; Starke, S.; Eckhof, H.; Rossbach, O.; Reich, S.; Medenbach, J.; Bindereif, A. CircR-NA-

protein complexes: IMP3 protein component defines subfamily of circRNPs. Sci. Rep. 2016, 6, 31313. [CrossRef]
37. Hansen, T.B.; Jensen, T.I.; Clausen, B.H.; Bramsen, J.B.; Finsen, B.; Damgaard, C.K.; Kjems, J. Natural RNA circles function as

efficient microRNA sponges. Nature 2013, 495, 384–388. [CrossRef]
38. Cech, T.R.; Steitz, J.A. The Noncoding RNA Revolution—Trashing Old Rules to Forge New Ones. Cell 2014, 157, 77–94. [CrossRef]

[PubMed]
39. O’Brien, J.; Hayder, H.; Zayed, Y.; Peng, C. Overview of MicroRNA Biogenesis, Mechanisms of Actions, and Circulation.

Front. Endocrinol. 2018, 9, 402. [CrossRef] [PubMed]
40. Yuan, X.; Liu, C.; Yang, P.; He, S.; Liao, Q.; Kang, S.; Zhao, Y. Clustered microRNAs’ coordination in regulating protein-protein

interaction network. BMC Syst. Biol. 2009, 3, 65. [CrossRef] [PubMed]
41. Rodriguez, A.; Griffiths-Jones, S.; Ashurst, J.L.; Bradley, A. Identification of mammalian microRNA host genes and transcrip-tion

units. Genome Res. 2004, 14, 1902–1910. [CrossRef] [PubMed]
42. Lin, S.; Gregory, R.I. MicroRNA biogenesis pathways in cancer. Nat. Rev. Cancer 2015, 15, 321–333. [CrossRef] [PubMed]
43. Winter, J.; Jung, S.; Keller, S.; Gregory, R.I.; Diederichs, S. Many roads to maturity: microRNA biogenesis pathways and their

regulation. Nat. Cell Biol. 2009, 11, 228–234. [CrossRef]
44. Lee, Y.; Ahn, C.; Han, J.; Choi, H.; Kim, J.; Yim, J.; Lee, J.; Provost, P.; Rådmark, O.; Kim, S.; et al. The nuclear RNase III Drosha

initiates microRNA processing. Nature 2003, 425, 415–419. [CrossRef]
45. Lee, Y.; Kim, M.; Han, J.; Yeom, K.-H.; Lee, S.; Baek, S.H.; Kim, V.N. MicroRNA genes are transcribed by RNA polymerase II.

EMBO J. 2004, 23, 4051–4060. [CrossRef]

http://doi.org/10.1126/science.1058040
http://doi.org/10.1038/nrg2814
http://www.ncbi.nlm.nih.gov/pubmed/20628352
http://doi.org/10.1038/nrg3074
http://doi.org/10.1016/j.molcel.2011.08.018
http://www.ncbi.nlm.nih.gov/pubmed/21925379
http://doi.org/10.1002/bies.201100084
http://doi.org/10.1016/S0092-8674(04)00045-5
http://doi.org/10.1038/nrg2504
http://doi.org/10.1038/nrg3965
http://doi.org/10.1038/nature02871
http://doi.org/10.1016/j.bbamcr.2010.06.013
http://doi.org/10.1038/nrm3838
http://doi.org/10.1016/j.molcel.2016.09.004
http://www.ncbi.nlm.nih.gov/pubmed/27720646
http://doi.org/10.1097/TP.0b013e3181e913c2
http://www.ncbi.nlm.nih.gov/pubmed/20574417
http://doi.org/10.1038/nrg2936
http://doi.org/10.3390/ijms14035519
http://www.ncbi.nlm.nih.gov/pubmed/23528856
http://doi.org/10.1126/science.1091903
http://doi.org/10.1016/S0092-8674(03)00231-9
http://doi.org/10.1016/j.ymgme.2007.03.011
http://doi.org/10.1016/j.jacc.2016.09.945
http://doi.org/10.1038/nature03315
http://doi.org/10.1016/j.cell.2007.12.024
http://www.ncbi.nlm.nih.gov/pubmed/18191211
http://doi.org/10.1126/science.1192002
http://doi.org/10.1186/1752-0509-8-83
http://doi.org/10.1038/srep31313
http://doi.org/10.1038/nature11993
http://doi.org/10.1016/j.cell.2014.03.008
http://www.ncbi.nlm.nih.gov/pubmed/24679528
http://doi.org/10.3389/fendo.2018.00402
http://www.ncbi.nlm.nih.gov/pubmed/30123182
http://doi.org/10.1186/1752-0509-3-65
http://www.ncbi.nlm.nih.gov/pubmed/19558649
http://doi.org/10.1101/gr.2722704
http://www.ncbi.nlm.nih.gov/pubmed/15364901
http://doi.org/10.1038/nrc3932
http://www.ncbi.nlm.nih.gov/pubmed/25998712
http://doi.org/10.1038/ncb0309-228
http://doi.org/10.1038/nature01957
http://doi.org/10.1038/sj.emboj.7600385


Cardiogenetics 2021, 11 248

46. Yi, R.; Qin, Y.; Macara, I.G.; Cullen, B.R. Exportin-5 mediates the nuclear export of pre-microRNAs and short hairpin RNAs.
Genes Dev. 2003, 17, 3011–3016. [CrossRef] [PubMed]

47. Wang, X.; Xu, X.; Ma, Z.; Huo, Y.; Xiao, Z.; Li, Y.; Wang, Y. Dynamic mechanisms for pre-miRNA binding and export by
Ex-portin-5. RNA 2011, 17, 1511–1528. [CrossRef]

48. Hammond, S.M. Dicing and slicing: The core machinery of the RNA interference pathway. FEBS Lett. 2005, 579, 5822–5829.
[CrossRef] [PubMed]

49. Van Rooij, E.; Marshall, W.S.; Olson, E.N. Toward microRNA-based therapeutics for heart disease: The sense in antisense.
Circ. Res. 2008, 103, 919–928. [CrossRef]

50. Hutvagner, G.; McLachlan, J.; Pasquinelli, A.E.; Bálint, É.; Tuschl, T.; Zamore, P.D. A Cellular Function for the RNA-Interference
Enzyme Dicer in the Maturation of the let-7 Small Temporal RNA. Science 2001, 293, 834–838. [CrossRef] [PubMed]

51. Ikeda, S.; He, A.; Kong, S.W.; Lu, J.; Bejar, R.; Bodyak, N.; Lee, K.-H.; Ma, Q.; Kang, P.M.; Golub, T.R.; et al. MicroRNA-1
Negatively Regulates Expression of the Hypertrophy-Associated Calmodulin and Mef2a Genes. Mol. Cell. Biol. 2009, 29,
2193–2204. [CrossRef]

52. Diniz, G.P.; Lino, C.A.; Moreno, C.R.; Senger, N.; Barreto-Chaves, M.L.M. MicroRNA-1 overexpression blunts cardiomyocyte
hypertrophy elicited by thyroid hormone. J. Cell. Physiol. 2017, 232, 3360–3368. [CrossRef]

53. Meijer, H.A.; Smith, E.M.; Bushell, M. Regulation of miRNA strand selection: Follow the leader? Biochem. Soc. Trans. 2014, 42,
1135–1140. [CrossRef]

54. Treiber, T.; Treiber, N.; Meister, G. Regulation of microRNA biogenesis and its crosstalk with other cellular pathways.
Nat. Rev. Mol. Cell Biol. 2018, 20, 5–20. [CrossRef] [PubMed]

55. Pratt, A.; MacRae, I.J. The RNA-induced Silencing Complex: A Versatile Gene-silencing Machine. J. Biol. Chem. 2009, 284,
17897–17901. [CrossRef] [PubMed]

56. Bang, C.; Batkai, S.; Dangwal, S.; Gupta, S.K.; Foinquinos, A.; Holzmann, A.; Just, A.; Remke, J.; Zimmer, K.; Zeug, A.; et al.
Cardiac fibroblast–derived microRNA passenger strand-enriched exosomes mediate cardiomyocyte hypertrophy. J. Clin. Investig.
2014, 124, 2136–2146. [CrossRef] [PubMed]

57. Zhu, H.; Fan, G.-C. Extracellular/circulating microRNAs and their potential role in cardiovascular disease. Am. J. Cardiovasc. Dis.
2011, 1, 138–149. [PubMed]

58. Lee, L.C.; Zhihong, Z.; Hinson, A.; Guccione, J.M. Reduction in Left Ventricular Wall Stress and Improvement in Function in
Failing Hearts using Algisyl-LVR. J. Vis. Exp. 2013, e50096. [CrossRef]

59. Doench, J.G.; Petersen, C.P.; Sharp, P.A. siRNAs can function as miRNAs. Genes Dev. 2003, 17, 438–442. [CrossRef]
60. Ameres, S.L.; Zamore, P. Diversifying microRNA sequence and function. Nat. Rev. Mol. Cell Biol. 2013, 14, 475–488. [CrossRef]
61. Latronico, M.V.G.; Condorelli, G. MicroRNAs and cardiac pathology. Nat. Rev. Cardiol. 2009, 6, 418–429. [CrossRef]
62. Pritchard, C.C.; Cheng, H.H.; Tewari, M. MicroRNA profiling: Approaches and considerations. Nat. Rev. Genet. 2012, 13, 358–369. [CrossRef]
63. Wang, Z.; Gerstein, M.; Snyder, M. RNA-Seq: A revolutionary tool for transcriptomics. Nat. Rev. Genet. 2009, 10, 57–63. [CrossRef]

[PubMed]
64. Mogensen, J.; van Tintelen, J.P.; Fokstuen, S.; Elliott, P.; van Langen, I.M.; Meder, B.; Richard, P.; Syrris, P.; Caforio, A.L.; Adler, Y.;

et al. The current role of next-generation DNA sequencing in routine care of patients with hereditary cardiovascular conditions:
A viewpoint paper of the European Society of Cardiology working group on myocardial and pericardial diseases and members
of the European Society of Human Genetics. Eur. Hear. J. 2015, 36, 1367–1370. [CrossRef]

65. Mencía, A.; Modamio-Høybjør, S.; Redshaw, N.; Morín, M.; Mayo-Merino, F.; Olavarrieta, L.; Aguirre, L.A.; del Castillo, I.; Steel,
K.P.; Dalmay, T.; et al. Mutations in the seed region of human miR-96 are responsible for nonsyndromic progressive hearing loss.
Nat Genet. 2009, 41, 609–613. [CrossRef]

66. Ghai, V.; Wang, K. Recent progress toward the use of circulating microRNAs as clinical biomarkers. Arch. Toxicol. 2016, 90,
2959–2978. [CrossRef]

67. Chen, X.; Ba, Y.; Ma, L.; Cai, X.; Yin, Y.; Wang, K.; Guo, J.; Zhang, Y.; Chen, J.; Guo, X.; et al. Characterization of microRNAs in
serum: A novel class of biomarkers for diagnosis of cancer and other diseases. Cell Res. 2008, 18, 997–1006. [CrossRef] [PubMed]

68. Mitchell, P.; Parkin, R.K.; Kroh, E.M.; Fritz, B.R.; Wyman, S.K.; Pogosova-Agadjanyan, E.L.; Peterson, A.; Noteboom, J.; O’Briant,
K.C.; Allen, A.; et al. Circulating microRNAs as stable blood-based markers for cancer detection. Proc. Natl. Acad. Sci. USA 2008,
105, 10513–10518. [CrossRef]

69. Cortez, M.A.; Bueso-Ramos, C.; Ferdin, J.; Lopez-Berestein, G.; Sood, A.K.; Calin, G.A. MicroRNAs in body fluids—the mix of
hormones and biomarkers. Nat. Rev. Clin. Oncol. 2011, 8, 467–477. [CrossRef] [PubMed]

70. Hunter, M.P.; Ismail, N.; Zhang, X.; Aguda, B.D.; Lee, E.J.; Yu, L.; Xiao, T.; Schafer, J.; Lee, M.-L.T.; Schmittgen, T.D.; et al. Detection
of microRNA Expression in Human Peripheral Blood Microvesicles. PLoS ONE 2008, 3, e3694. [CrossRef] [PubMed]

71. Kozomara, A.; Griffiths-Jones, S. miRBase: Annotating high confidence microRNAs using deep sequencing data. Nucleic Acids Res.
2013, 42, D68–D73. [CrossRef]

72. Reuter, J.A.; Spacek, D.V.; Snyder, M.P. High-throughput sequencing technologies. Mol. Cell 2015, 58, 586–597. [CrossRef] [PubMed]
73. Wang, K.; Yuan, Y.; Cho, J.-H.; McClarty, S.; Baxter, D.; Galas, D.J. Comparing the MicroRNA Spectrum between Serum and

Plasma. PLoS ONE 2012, 7, e41561. [CrossRef]
74. Moldovan, L.; Batte, K.E.; Trgovcich, J.; Wisler, J.; Marsh, C.B.; Piper, M. Methodological challenges in utilizing miRNAs as

circulating biomarkers. J. Cell Mol. Med. 2014, 18, 371–390. [CrossRef]

http://doi.org/10.1101/gad.1158803
http://www.ncbi.nlm.nih.gov/pubmed/14681208
http://doi.org/10.1261/rna.2732611
http://doi.org/10.1016/j.febslet.2005.08.079
http://www.ncbi.nlm.nih.gov/pubmed/16214139
http://doi.org/10.1161/CIRCRESAHA.108.183426
http://doi.org/10.1126/science.1062961
http://www.ncbi.nlm.nih.gov/pubmed/11452083
http://doi.org/10.1128/MCB.01222-08
http://doi.org/10.1002/jcp.25781
http://doi.org/10.1042/BST20140142
http://doi.org/10.1038/s41580-018-0059-1
http://www.ncbi.nlm.nih.gov/pubmed/30228348
http://doi.org/10.1074/jbc.R900012200
http://www.ncbi.nlm.nih.gov/pubmed/19342379
http://doi.org/10.1172/JCI70577
http://www.ncbi.nlm.nih.gov/pubmed/24743145
http://www.ncbi.nlm.nih.gov/pubmed/22059153
http://doi.org/10.3791/50096
http://doi.org/10.1101/gad.1064703
http://doi.org/10.1038/nrm3611
http://doi.org/10.1038/nrcardio.2009.56
http://doi.org/10.1038/nrg3198
http://doi.org/10.1038/nrg2484
http://www.ncbi.nlm.nih.gov/pubmed/19015660
http://doi.org/10.1093/eurheartj/ehv122
http://doi.org/10.1038/ng.355
http://doi.org/10.1007/s00204-016-1828-2
http://doi.org/10.1038/cr.2008.282
http://www.ncbi.nlm.nih.gov/pubmed/18766170
http://doi.org/10.1073/pnas.0804549105
http://doi.org/10.1038/nrclinonc.2011.76
http://www.ncbi.nlm.nih.gov/pubmed/21647195
http://doi.org/10.1371/journal.pone.0003694
http://www.ncbi.nlm.nih.gov/pubmed/19002258
http://doi.org/10.1093/nar/gkt1181
http://doi.org/10.1016/j.molcel.2015.05.004
http://www.ncbi.nlm.nih.gov/pubmed/26000844
http://doi.org/10.1371/journal.pone.0041561
http://doi.org/10.1111/jcmm.12236


Cardiogenetics 2021, 11 249

75. Haider, B.A.; Baras, A.S.; McCall, M.N.; Hertel, J.A.; Cornish, T.C.; Halushka, M.K. A critical evaluation of microRNA bi-omarkers
in non-neoplastic disease. PLoS ONE 2014, 9, e89565.

76. Kim, Y.-K. Extracellular microRNAs as Biomarkers in Human Disease. Chonnam Med J. 2015, 51, 51–57. [CrossRef] [PubMed]
77. Towbin, J.A. Inherited cardiomyopathies. Circ. J. 2014, 9, e89565. [CrossRef] [PubMed]
78. Jacoby, D.; McKenna, W.J. Genetics of inherited cardiomyopathy. Eur. Hear. J. 2011, 33, 296–304. [CrossRef]
79. Elliott, P.M.; Anastasakis, A.; Borger, M.A.; Borggrefe, M.; Cecchi, F.; Charron, P.; Hagege, A.A.; Lafont, A.; Limongelli, G.;

Mahrholdt, H.; et al. 2014 ESC Guidelines on diagnosis and management of hypertrophic cardiomyopathy: The Task Force for
the Diagnosis and Management of Hypertrophic Cardiomyopathy of the European Society of Cardiology (ESC). Eur. Heart J.
2014, 35, 2733–2779. [PubMed]

80. Palacín, M.; Reguero, J.R.; Martín, M.; Molina, B.D.; Morís, C.; Alvarez, V.; Coto, E. Profile of MicroRNAs Differentially Produced in
Hearts from Patients with Hypertrophic Cardiomyopathy and Sarcomeric Mutations. Clin. Chem. 2011, 57, 1614–1616. [CrossRef]

81. Palacín, M.; Coto, E.; Reguero, J.R.; Morís, C.; Alvarez, V. Profile of microRNAs in the plasma of hypertrophic cardiomyopa-thy
patients compared to healthy controls. Int. J. Cardiol. 2013, 167, 3075–3076.

82. Roncarati, R.; Viviani Anselmi, C.; Losi, M.A.; Papa, L.; Cavarretta, E.; Da Costa Martins, P.; Contaldi, C.; Saccani Jotti, G.;
Franzone, A.; Galastri, L.; et al. Circulating miR-29a, among other up-regulated microRNAs, is the only biomarker for both
hypertrophy and fibrosis in patients with hypertrophic cardiomyopathy. J. Am. Coll. Cardiol. 2014, 63, 920–927.

83. Duisters, R.F.; Tijsen, A.J.; Schroen, B.; Leenders, J.J.; Lentink, V.; van der Made, I.; Herias, V.; van Leeuwen, R.E.; Schellings,
M.W.; Barenbrug, P.; et al. miR-133 and miR-30 regulate connective tissue growth factor: Implications for a role of microRNAs in
myocardial matrix remodeling. Circ. Res. 2009, 104, 170–178, 6p following 178. [CrossRef]

84. Derda, A.A.; Thum, S.; Lorenzen, J.M.; Bavendiek, U.; Heineke, J.; Keyser, B.; Stuhrmann, M.; Givens, R.C.; Kennel, P.J.; Schulze,
P.C.; et al. Blood-based microRNA signatures differentiate various forms of cardiac hypertrophy. Int. J. Cardiol. 2015, 196, 115–122.
[CrossRef] [PubMed]

85. Latronico, M.V.G.; Costinean, S.; Lavitrano, M.L.; Peschle, C.; Condorelli, G. Regulation of Cell Size and Contractile Function by
AKT in Cardiomyocytes. Ann. N. Y. Acad. Sci. 2004, 1015, 250–260. [CrossRef] [PubMed]

86. Kuster, D.W.; Mulders, J.; Cate, F.T.; Michels, M.; dos Remedios, C.G.; Martins, P.A.D.C.; van der Velden, J.; Oudejans,
C.B. MicroRNA transcriptome profiling in cardiac tissue of hypertrophic cardiomyopathy patients with MYBPC3 mutations.
J. Mol. Cell. Cardiol. 2013, 65, 59–66. [CrossRef]

87. Ming, S.; Shui-Yun, W.; Wei, Q.; Jian-Hui, L.; Ru-Tai, H.; Lei, S.; Mei, J.; Hui, W.; Ji-Zheng, W. miR-139-5p inhibits isopro-terenol-
induced cardiac hypertrophy by targetting c-Jun. Biosci. Rep. 2018, 38, BSR20171430. [CrossRef]

88. Sun, D.; Li, C.; Liu, J.; Wang, Z.; Liu, Y.; Luo, C.; Chen, Y.; Wen, S. Expression Profile of microRNAs in Hypertrophic
Cardi-omyopathy and Effects of microRNA-20 in Inducing Cardiomyocyte Hypertrophy Through Regulating Gene MFN2.
DNA Cell Biol. 2019, 38, 796–807. [CrossRef]

89. Wang, H.; Chen, F.; Tong, J.; Li, Y.; Cai, J.; Wang, Y.; Li, P.; Hao, Y.; Tian, W.; Lv, Y.; et al. Circulating microRNAs as novel
biomarkers for dilated cardiomyopathy. Cardiol. J. 2017, 24, 65–73. [CrossRef] [PubMed]

90. Raso, A.; Dirkx, E.; Philippen, L.E.; Fernandez-Celis, A.; De Majo, F.; Pinto, V.; Sansonetti, M.; Juni, R.; el Azzouzi, H.; Calore, M.;
et al. Therapeutic Delivery of miR-148a Suppresses Ventricular Dilation in Heart Failure. Mol. Ther. 2018, 27, 584–599. [CrossRef]

91. Yu, D.-C.; Li, Q.-G.; Ding, X.-W.; Ding, Y.-T. Circulating MicroRNAs: Potential Biomarkers for Cancer. Int. J. Mol. Sci. 2011, 12,
2055–2063. [CrossRef]

92. Garcia-Gras, E.; Lombardi, R.; Giocondo, M.J.; Willerson, J.T.; Schneider, M.D.; Khoury, D.S.; Marian, A.J. Suppression of
ca-nonical Wnt/beta-catenin signaling by nuclear plakoglobin recapitulates phenotype of arrhythmogenic right ventricular
car-diomyopathy. J. Clin. Investig. 2006, 116, 2012–2021. [CrossRef]

93. Zhang, H.; Liu, S.; Dong, T.; Yang, J.; Xie, Y.; Wu, Y.; Kang, K.; Hu, S.; Gou, D.; Wei, Y. Profiling of differentially expressed
microRNAs in arrhythmogenic right ventricular cardiomyopathy. Sci. Rep. 2016, 6, 28101. [CrossRef]

94. Sommariva, E.; D’Alessandra, Y.; Farina, F.M.; Casella, M.; Cattaneo, F.; Catto, V.; Chiesa, M.; Stadiotti, I.; Brambilla, S.; Del-lo
Russo, A.; et al. MiR-320a as a Potential Novel Circulating Bi-omarker of Arrhythmogenic CardioMyopathy. Sci. Rep. 2017, 7,
4802. [CrossRef]

95. Yamada, S.; Hsiao, Y.-W.; Chang, S.-L.; Lin, Y.-J.; Lo, L.-W.; Chung, F.-P.; Chiang, S.-J.; Hu, Y.-F.; Tuan, T.-C.; Chao, T.-F.; et al.
Circulating microRNAs in arrhythmogenic right ventricular cardiomyopathy with ventricular arrhythmia. Europace 2017, 20,
f37–f45. [CrossRef]

96. Wang, X.; Zhang, X.-W.; Ren, X.-P.; Chen, J.; Liu, H.; Yang, J.; Medvedovic, M.; Hu, Z.; Fan, G.-C. MicroRNA-494 Targeting Both
Proapoptotic and Antiapoptotic Proteins Protects Against Ischemia/Reperfusion-Induced Cardiac Injury. Circulation 2010, 122,
1308–1318. [CrossRef] [PubMed]

97. Maron, B.J.; Towbin, J.A.; Thiene, G.; Antzelevitch, C.; Corrado, D.; Arnett, D.; American Heart Association; Council on Clinical
Cardiology, Heart Failure and Transplantation Committee; Quality of Care and Outcomes Research and Functional Genomics and
Translational Biology Interdisciplinary Working Groups; Council on Epidemiology and Prevention. Contemporary definitions
and classification of the cardiomyopathies: An American Heart Association Scientific Statement from the Council on Clinical
Cardiology, Heart Failure and Transplantation Committee; Quality of Care and Outcomes Research and Functional Genomics
and Translational Biology Interdisciplinary Working Groups; and Council on Epidemiology and Prevention. Circ. J. 2006, 113,
1807–1816.

http://doi.org/10.4068/cmj.2015.51.2.51
http://www.ncbi.nlm.nih.gov/pubmed/26306299
http://doi.org/10.1253/circj.CJ-14-0893
http://www.ncbi.nlm.nih.gov/pubmed/25186923
http://doi.org/10.1093/eurheartj/ehr260
http://www.ncbi.nlm.nih.gov/pubmed/25173338
http://doi.org/10.1373/clinchem.2011.168005
http://doi.org/10.1161/CIRCRESAHA.108.182535
http://doi.org/10.1016/j.ijcard.2015.05.185
http://www.ncbi.nlm.nih.gov/pubmed/26086795
http://doi.org/10.1196/annals.1302.021
http://www.ncbi.nlm.nih.gov/pubmed/15201165
http://doi.org/10.1016/j.yjmcc.2013.09.012
http://doi.org/10.1042/BSR20171430
http://doi.org/10.1089/dna.2019.4731
http://doi.org/10.5603/CJ.a2016.0097
http://www.ncbi.nlm.nih.gov/pubmed/27748501
http://doi.org/10.1016/j.ymthe.2018.11.011
http://doi.org/10.3390/ijms12032055
http://doi.org/10.1172/JCI27751
http://doi.org/10.1038/srep28101
http://doi.org/10.1038/s41598-017-05001-z
http://doi.org/10.1093/europace/eux289
http://doi.org/10.1161/CIRCULATIONAHA.110.964684
http://www.ncbi.nlm.nih.gov/pubmed/20837890


Cardiogenetics 2021, 11 250

98. Maron, B.J.; Haas, T.S.; Ahluwalia, A.; Murphy, C.J.; Garberich, R.F. Demographics and Epidemiology of Sudden Deaths in Young
Competitive Athletes: From the United States National Registry. Am. J. Med. 2016, 129, 1170–1177. [CrossRef] [PubMed]

99. Movahed, M.R.; Strootman, D.; Bates, S.; Sattur, S. Prevalence of suspected hypertrophic cardiomyopathy or left ventricular
hypertrophy based on race and gender in teenagers using screening echocardiography. Cardiovasc. Ultrasound 2010, 8, 54.
[CrossRef] [PubMed]

100. Limongelli, G.; Monda, E.; Tramonte, S.; Gragnano, F.; Masarone, D.; Frisso, G.; Esposito, A.; Gravino, R.; Ammendola, E.; Salerno,
G.; et al. Prevalence and clinical significance of red flags in patients with hypertrophic cardiomyopathy. Int. J. Cardiol. 2020, 299,
186–191. [CrossRef]

101. Kumar, K.R.; Mandleywala, S.N.; Link, M.S. Atrial and Ventricular Arrhythmias in Hypertrophic Cardiomyopathy.
Card. Electrophysiol. Clin. 2015, 7, 173–186. [CrossRef] [PubMed]

102. Artham, S.M.; Lavie, C.J.; Milani, R.V.; Patel, D.A.; Verma, A.; Ventura, H.O. Clinical Impact of Left Ventricular Hypertrophy and
Implications for Regression. Prog. Cardiovasc. Dis. 2009, 52, 153–167. [CrossRef]

103. Tham, Y.K.; Bernardo, B.C.; Ooi, J.; Weeks, K.; McMullen, J.R. Pathophysiology of cardiac hypertrophy and heart failure: Signaling
pathways and novel therapeutic targets. Arch. Toxicol. 2015, 89, 1401–1438. [CrossRef] [PubMed]

104. Ho, C.Y. Genetics and Clinical Destiny: Improving Care in Hypertrophic Cardiomyopathy. Circulation 2010, 122, 2430–2440.
[CrossRef]

105. Maron, B.J. Clinical Course and Management of Hypertrophic Cardiomyopathy. N. Engl. J. Med. 2018, 379, 655–668. [CrossRef]
[PubMed]

106. Maron, B.J.; Haas, T.S.; Goodman, J.S. Hypertrophic Cardiomyopathy: One Gene . . . but Many Phenotypes. Am. J. Cardiol. 2014,
113, 1772–1773. [CrossRef]

107. Lopes, L.R.; Syrris, P.; Guttmann, O.P.; O’Mahony, C.; Tang, H.C.; Dalageorgou, C.; Jenkins, S.; Hubank, M.; Monserrat, L.;
McKenna, W.J.; et al. Novel genotype-phenotype associations demonstrated by high-throughput sequencing in patients with
hypertrophic cardiomyopathy. Heart 2015, 101, 294–301. [CrossRef] [PubMed]

108. Spirito, P.; Autore, C.; Formisano, F.; Assenza, G.E.; Biagini, E.; Haas, T.S.; Bongioanni, S.; Semsarian, C.; Devoto, E.; Musumeci,
B.; et al. Risk of Sudden Death and Outcome in Patients With Hypertrophic Cardiomyopathy With Benign Presentation and
Without Risk Factors. Am. J. Cardiol. 2014, 113, 1550–1555. [CrossRef]

109. Lopes, L.R.; Rahman, M.S.; Elliott, P.M. A systematic review and meta-analysis of genotype-phenotype associations in pa-tients
with hypertrophic cardiomyopathy caused by sarcomeric protein mutations. Heart 2013, 99, 1800–1811. [CrossRef]

110. Keren, A.; Syrris, P.; McKenna, W.J. Hypertrophic cardiomyopathy: The genetic determinants of clinical disease expression.
Nat. Clin. Pract. Cardiovasc. Med. 2008, 5, 158–168. [CrossRef]

111. Bos, J.M.; Towbin, J.A.; Ackerman, M.J. Diagnostic, prognostic, and therapeutic implications of genetic testing for hyper-trophic
cardiomyopathy. J. Am. Coll. Cardiol. 2009, 54, 201–211. [CrossRef]

112. Ingles, J.; Sarina, T.; Yeates, L.; Hunt, L.; Macciocca, I.; McCormack, L.; Winship, I.; McGaughran, J.; Atherton, J.; Semsarian, C.
Clinical predictors of genetic testing outcomes in hypertrophic cardiomyopathy. Genet. Med. 2013, 15, 972–977. [CrossRef]

113. Hoffmann, B.; Schmidt-Traub, H.; Perrot, A.; Osterziel, K.J.; Gessner, R. First mutation in cardiac troponin C, L29Q, in a pa-tient
with hypertrophic cardiomyopathy. Hum. Mutat. 2001, 17, 524. [CrossRef]

114. Walsh, R.; Buchan, R.; Wilk, A.; John, S.; Felkin, L.E.; Thomson, K.L.; Chiaw, T.H.; Loong, C.C.W.; Pua, C.J.; Raphael, C.; et al.
Defining the genetic architecture of hypertrophic cardiomyopathy: Re-evaluating the role of non-sarcomeric genes. Eur. Heart J.
2017, 38, 3461–3468. [CrossRef]

115. Osio, A.; Tan, L.; Chen, S.N.; Lombardi, R.; Nagueh, S.F.; Shete, S.; Roberts, R.; Willerson, J.T.; Marian, A.J. Myozenin 2 Is a Novel
Gene for Human Hypertrophic Cardiomyopathy. Circ. Res. 2007, 100, 766–768. [CrossRef] [PubMed]

116. Chiu, C.L.; Bagnall, R.D.; Ingles, J.; Yeates, L.; Kennerson, M.; Donald, J.A.; Jormakka, M.; Lind, J.M.; Semsarian, C. Mutations
in Alpha-Actinin-2 Cause Hypertrophic Cardiomyopathy: A Genome-Wide Analysis. J. Am. Coll. Cardiol. 2010, 55, 1127–1135.
[CrossRef]

117. Arimura, T.; Bos, J.M.; Sato, A.; Kubo, T.; Okamoto, H.; Nishi, H.; Harada, H.; Koga, Y.; Moulik, M.; Doi, Y.L.; et al. Cardiac
Ankyrin Repeat Protein Gene (ANKRD1) Mutations in Hypertrophic Cardiomyopathy. J. Am. Coll. Cardiol. 2009, 54, 334–342.
[CrossRef] [PubMed]

118. Valdés-Mas, R.; Gutiérrez-Fernández, A.; Gómez, J.; Coto, E.; Astudillo, A.; Puente, D.A.; Reguero, J.R.; Álvarez, V.; Morís,
C.; León, D. Mutations in filamin C cause a new form of familial hypertrophic cardiomyopathy. Nat. Commun. 2014, 29, 5326.
[CrossRef] [PubMed]

119. Román, I.S.; Navarro, M.; Martínez, F.; Albert, L.; Polo, L.; Guardiola, J.; García-Molina, E.; Esparza, C.M.; Lopez-Ayala, J.M.;
Molina, M.S.; et al. Unclassifiable arrhythmic cardiomyopathy associated with Emery-Dreifuss caused by a mutation in FHL1.
Clin. Genet. 2016, 90, 171–176. [CrossRef] [PubMed]

120. Roma-Rodrigues, C.; Fernandes, A.R. Genetics of hypertrophic cardiomyopathy: Advances and pitfalls in molecular diagnosis
and therapy. Appl. Clin. Genet. 2014, 7, 195–208. [CrossRef]

121. Van Putten, M.; Young, C.; Berg, S.V.D.; Pronk, A.; Hulsker, M.; Karnaoukh, T.G.; Vermue, R.; van Dijk, K.W.; de Kimpe, S.;
Aartsma-Rus, A. Preclinical Studies on Intestinal Administration of Antisense Oligonucleotides as a Model for Oral Delivery for
Treatment of Duchenne Muscular Dystrophy. Mol. Ther. Nucleic. Acids 2014, 3, e211. [CrossRef]

http://doi.org/10.1016/j.amjmed.2016.02.031
http://www.ncbi.nlm.nih.gov/pubmed/27039955
http://doi.org/10.1186/1476-7120-8-54
http://www.ncbi.nlm.nih.gov/pubmed/21143986
http://doi.org/10.1016/j.ijcard.2019.06.073
http://doi.org/10.1016/j.ccep.2015.03.002
http://www.ncbi.nlm.nih.gov/pubmed/26002384
http://doi.org/10.1016/j.pcad.2009.05.002
http://doi.org/10.1007/s00204-015-1477-x
http://www.ncbi.nlm.nih.gov/pubmed/25708889
http://doi.org/10.1161/CIRCULATIONAHA.110.978924
http://doi.org/10.1056/NEJMra1710575
http://www.ncbi.nlm.nih.gov/pubmed/30110588
http://doi.org/10.1016/j.amjcard.2014.02.032
http://doi.org/10.1136/heartjnl-2014-306387
http://www.ncbi.nlm.nih.gov/pubmed/25351510
http://doi.org/10.1016/j.amjcard.2014.01.435
http://doi.org/10.1136/heartjnl-2013-303939
http://doi.org/10.1038/ncpcardio1110
http://doi.org/10.1016/j.jacc.2009.02.075
http://doi.org/10.1038/gim.2013.44
http://doi.org/10.1002/humu.1143
http://doi.org/10.1093/eurheartj/ehw603
http://doi.org/10.1161/01.RES.0000263008.66799.aa
http://www.ncbi.nlm.nih.gov/pubmed/17347475
http://doi.org/10.1016/j.jacc.2009.11.016
http://doi.org/10.1016/j.jacc.2008.12.082
http://www.ncbi.nlm.nih.gov/pubmed/19608031
http://doi.org/10.1038/ncomms6326
http://www.ncbi.nlm.nih.gov/pubmed/25351925
http://doi.org/10.1111/cge.12760
http://www.ncbi.nlm.nih.gov/pubmed/26857240
http://doi.org/10.2147/TACG.S49126
http://doi.org/10.1038/mtna.2014.62


Cardiogenetics 2021, 11 251

122. Van Rooij, E.; Sutherland, L.B.; Liu, N.; Williams, A.H.; McAnally, J.; Gerard, R.D.; Richardson, J.A.; Olson, E.N. A signature
pattern of stress-responsive microRNAs that can evoke cardiac hypertrophy and heart failure. Proc. Natl. Acad. Sci. USA 2006,
103, 18255–18260. [CrossRef] [PubMed]

123. Ashrafian, H.; McKenna, W.J.; Watkins, H. Disease pathways and novel therapeutic targets in hypertrophic cardiomyopa-thy.
Circ. Res. 2011, 109, 86–96. [CrossRef] [PubMed]

124. Song, L.; Su, M.; Wang, S.; Zou, Y.; Wang, X.; Wang, Y.; Cui, H.; Zhao, P.; Hui, R.; Wang, J. MiR-451 is decreased in hyper-trophic
cardiomyopathy and regulates autophagy by targeting TSC1. J. Cell. Mol. Med. 2014, 18, 2266–2274. [CrossRef] [PubMed]

125. He, M.; Yang, Z.; Abdellatif, M.; Sayed, D. GTPase Activating Protein (Sh3 Domain) Binding Protein 1 Regulates the Pro-cessing
of MicroRNA-1 during Cardiac Hypertrophy. PLoS ONE 2015, 10, e0145112.

126. Xu, X.-D.; Song, X.-W.; Li, Q.; Wang, G.-K.; Jing, Q.; Qin, Y.-W. Attenuation of MicroRNA-22 derepressed PTEN to effectively
protect rat cardiomyocytes from hypertrophy. J. Cell. Physiol. 2011, 227, 1391–1398. [CrossRef]

127. Guan, X.; Wang, L.; Liu, Z.; Guo, X.; Jiang, Y.; Lu, Y.; Peng, Y.; Liu, T.; Yang, B.; Shan, H.; et al. miR-106a pro-motes cardiac
hypertrophy by targeting mitofusin 2. J. Mol. Cell. Cardiol. 2016, 99, 207–217. [CrossRef]

128. Cam, F.S.; Güray, M. Hypertrophic cardiomyopathy: Pathological features and molecular pathogenesis. Anadolu Kardiyol.
Dergisi/The Anatol. J. Cardiol. 2004, 4, 327–330.

129. Li, A.-L.; Lv, J.-B.; Gao, L. MiR-181a mediates Ang II-induced myocardial hypertrophy by mediating autophagy. Eur. Rev. Med.
Pharmacol. Sci. 2017, 21, 5462–5470.

130. McNally, E.M.; Mestroni, L. Dilated Cardiomyopathy: Genetic Determinants and Mechanisms. Circ. Res. 2017, 121, 731–748.
[CrossRef]

131. Elliott, P.; Andersson, B.; Arbustini, E.; Bilinska, Z.; Cecchi, F.; Charron, P.; Dubourg, O.; Kühl, U.; Maisch, B.; McKenna, W.J.; et al.
A Classification of the cardiomyopathies: A position statement from the European Society of Cardiology Working Group on
Myocardial and Pericardial Diseases. Eur. Heart J. 2008, 29, 270–276. [CrossRef] [PubMed]

132. Pinto, Y.M.; Elliott, P.M.; Arbustini, E.; Adler, Y.; Anastasakis, A.; Böhm, M.; Duboc, D.; Gimeno, J.; De Groote, P.; Imazio, M.; et al.
Proposal for a revised definition of dilated cardiomyopathy, hypokinetic non-dilated cardiomyopathy, and its implications for
clinical practice: A position statement of the ESC working group on myocardial and pericardial diseases. Eur. Heart J. 2016, 37,
1850–1858. [CrossRef] [PubMed]

133. Merlo, M.; Cannatà, A.; Gobbo, M.; Stolfo, D.; Elliott, P.M.; Sinagra, G. Evolving concepts in dilated cardiomyopathy.
Eur. J. Hear. Fail. 2017, 20, 228–239. [CrossRef]

134. Porcari, A.; De Angelis, G.; Romani, S.; Paldino, A.; Artico, J.; Cannatà, A.; Gentile, P.; Pinamonti, B.; Merlo, M.; Sinagra, G.
Current diagnostic strategies for dilated cardiomyopathy: A comparison of imaging techniques. Expert Rev. Cardiovasc. Ther.
2018, 17, 53–63. [CrossRef] [PubMed]

135. Patel, A.R.; Kramer, C.M. Role of Cardiac Magnetic Resonance intheDiagnosis and Prognosis ofNonischemicCardiomyopa-thy.
JACC Cardiovasc. Imaging 2017, 10 Pt A, 1180–1193. [CrossRef]

136. Dellefave, L.; McNally, E.M. The genetics of dilated cardiomyopathy. Curr. Opin. Cardiol. 2010, 25, 198–204. [CrossRef]
137. Cho, K.W.; Lee, J.; Kim, A.Y. Genetic Variations Leading to Familial Dilated Cardiomyopathy. Mol. Cells 2016, 39, 722–727.

[CrossRef]
138. Naga Prasad, S.V.; Karnik, S.S. MicroRNAs–regulators of signaling networks in dilated cardiomyopathy. J. Cardiovasc. Transl. Res.

2010, 3, 225–234. [CrossRef]
139. Miyamoto, S.D.; Karimpour-Fard, A.; Peterson, V.; Auerbach, S.R.; Stenmark, K.R.; Stauffer, B.; Sucharov, C.C. Circulating

microRNA as a biomarker for recovery in pediatric dilated cardiomyopathy. J. Heart Lung Transplant. 2015, 34, 724–733. [CrossRef]
140. Tao, L.; Yang, L.; Huang, X.; Hua, F.; Yang, X. Reconstruction and Analysis of the lncRNA-miRNA-mRNA Network Based on

Competitive Endogenous RNA Reveal Functional lncRNAs in Dilated Cardiomyopathy. Front Genet. 2019, 10, 1149. [CrossRef]
141. Chen, J.-F.; Murchison, E.P.; Tang, R.; Callis, T.E.; Tatsuguchi, M.; Deng, Z.; Rojas, M.; Hammond, S.M.; Schneider, M.; Selzman,

C.H.; et al. Targeted deletion of Dicer in the heart leads to dilated cardiomyopathy and heart failure. Proc. Natl. Acad. Sci. USA
2008, 105, 2111–2116. [CrossRef]

142. Peters, S.; Trümmel, M.; Meyners, W. Prevalence of right ventricular dysplasia-cardiomyopathy in a non-referral hospital.
Int. J. Cardiol. 2004, 97, 499–501. [CrossRef]

143. Rampazzo, A.; Nava, A.; Danieli, G.A.; Buja, G.; Daliento, L.; Fasoli, G.; Scognamiglio, R.; Corrado, D.; Thlene, G. The gene
for arrhythmogenic right ventricular cardiomyopathy maps to chromosome 14q23–q24. Hum. Mol. Genet. 1994, 3, 959–962.
[CrossRef] [PubMed]

144. Corrado, D.; Basso, C.; Pavei, A.; Michieli, P.; Schiavon, M.; Thiene, G. Trends in Sudden Cardiovascular Death in Young
Competitive Athletes After Implementation of a Preparticipation Screening Program. JAMA 2006, 296, 1593–1601. [CrossRef]

145. Thiene, G.; Corrado, D.; Basso, C. Arrhythmogenic right ventricular cardiomyopathy/dysplasia. Orphanet J. Rare Dis. 2007, 2, 45.
[CrossRef]

146. Sen-Chowdhry, S.; McKenna, W.J. Reconciling the Protean Manifestations of Arrhythmogenic Cardiomyopathy. Circ. Arrhythmia
Electrophysiol. 2010, 3, 566–570. [CrossRef] [PubMed]

147. Basso, C.; Thiene, G.; Corrado, D.; Angelini, A.; Nava, A.; Valente, M. Arrhythmogenic right ventricular cardiomyopathy.
Dysplasia, dystrophy, or myocarditis? Circulation 1996, 94, 983–991. [CrossRef]

http://doi.org/10.1073/pnas.0608791103
http://www.ncbi.nlm.nih.gov/pubmed/17108080
http://doi.org/10.1161/CIRCRESAHA.111.242974
http://www.ncbi.nlm.nih.gov/pubmed/21700950
http://doi.org/10.1111/jcmm.12380
http://www.ncbi.nlm.nih.gov/pubmed/25209900
http://doi.org/10.1002/jcp.22852
http://doi.org/10.1016/j.yjmcc.2016.08.016
http://doi.org/10.1161/CIRCRESAHA.116.309396
http://doi.org/10.1093/eurheartj/ehm342
http://www.ncbi.nlm.nih.gov/pubmed/17916581
http://doi.org/10.1093/eurheartj/ehv727
http://www.ncbi.nlm.nih.gov/pubmed/26792875
http://doi.org/10.1002/ejhf.1103
http://doi.org/10.1080/14779072.2019.1550719
http://www.ncbi.nlm.nih.gov/pubmed/30457393
http://doi.org/10.1016/j.jcmg.2017.08.005
http://doi.org/10.1097/HCO.0b013e328337ba52
http://doi.org/10.14348/molcells.2016.0061
http://doi.org/10.1007/s12265-010-9177-7
http://doi.org/10.1016/j.healun.2015.01.979
http://doi.org/10.3389/fgene.2019.01149
http://doi.org/10.1073/pnas.0710228105
http://doi.org/10.1016/j.ijcard.2003.10.037
http://doi.org/10.1093/hmg/3.6.959
http://www.ncbi.nlm.nih.gov/pubmed/7951245
http://doi.org/10.1001/jama.296.13.1593
http://doi.org/10.1186/1750-1172-2-45
http://doi.org/10.1161/CIRCEP.110.960237
http://www.ncbi.nlm.nih.gov/pubmed/21156776
http://doi.org/10.1161/01.CIR.94.5.983


Cardiogenetics 2021, 11 252

148. Thiene, G.; Nava, A.; Corrado, D.; Rossi, L.; Pennelli, N. Right ventricular cardiomyopathy and sudden death in young peo-ple.
N. Engl. J. Med. 1988, 318, 129–133. [CrossRef] [PubMed]

149. Saguner, A.M.; Brunckhorst, C.; Duru, F. Arrhythmogenic ventricular cardiomyopathy: A paradigm shift from right to biventricu-
lar disease. World J. Cardiol. 2014, 6. [CrossRef]

150. Hoorntje, E.T.; Te Rijdt, W.P.; James, C.A.; Pilichou, K.; Basso, C.; Judge, D.P.; Bezzina, C.R.; van Tintelen, J.P. Arrhythmo-genic
cardiomyopathy: Pathology, genetics, and concepts in pathogenesis. Cardiovasc. Res. 2017, 113, 1521–1531. [CrossRef]

151. Corrado, D.; Basso, C.; Thiene, G.; McKenna, W.J.; Davies, M.J.; Fontaliran, F.; Nava, A.; Silvestri, F.; Blomstrom-Lundqvist,
C.; Wlodarska, E.K.; et al. Spectrum of clinicopathologic manifestations of arrhythmogenic right ven-tricular cardiomyopa-
thy/dysplasia: A multicenter study. J. Am. Coll Cardiol. 1997, 30, 1512–1520. [CrossRef]

152. Akdis, D.; Saguner, A.M.; Shah, K.; Wei, C.; Medeiros-Domingo, A.; von Eckardstein, A.; Lüscher, T.F.; Brunckhorst, C.; Chen,
H.S.V.; Duru, F. Sex hormones affect outcome in arrhythmogenic right ventricular cardiomyopathy/dysplasia: From a stem cell
derived cardiomyocyte-based model to clinical biomarkers of disease outcome. Eur. Heart J. 2017, 38, 1498–1508. [CrossRef]

153. Te Riele, A.S.J.M.; James, C.A.; Sawant, A.C.; Bhonsale, A.; Groeneweg, J.A.; Mast, T.P.; Murray, B.; Tichnell, C.; Dooijes, D.;
van Tintelen, J.P.; et al. Arrhythmogenic Right Ventricular Dysplasia/Cardiomyopathy in the Pediatric Population: Clinical
Characterization and Comparison with Adult-Onset Disease. JACC Clin. Electrophysiol. 2015, 1, 551–560. [CrossRef]

154. Gutiérrez, S.L.C.; Kamel, I.R.; Zimmerman, S.L. Current Concepts on Diagnosis and Prognosis of Arrhythmogenic Right
Ventricular Cardiomyopathy/Dysplasia. J. Thorac. Imaging 2016, 31, 324–335. [CrossRef]

155. Pilichou, K.; Thiene, G.; Bauce, B.; Rigato, I.; Lazzarini, E.; Migliore, F.; Perazzolo Marra, M.; Rizzo, S.; Zorzi, A.; Daliento, L.; et al.
Arrhythmogenic cardiomyopathy. Orphanet J. Rare Dis. 2016, 11, 33. [CrossRef]

156. McNally, E.; MacLeod, H.; Dellefave-Castillo, L. Arrhythmogenic Right Ventricular Cardiomyopathy. In GeneReviews®; Adam,
M.P., Ardinger, H.H., Pagon, R.A., Wallace, S.E., Bean, L.J.H., Mirzaa, G., Amemiya, A., Eds.; University of Washington: Seattle,
WA, USA, 1993–2021. Available online: https://www.ncbi.nlm.nih.gov/books/NBK1131/ (accessed on 17 October 2021).

157. Protonotarios, N.; Tsatsopoulou, A. Naxos disease and Carvajal syndrome: Cardiocutaneous disorders that highlight the
pathogenesis and broaden the spectrum of arrhythmogenic right ventricular cardiomyopathy. Cardiovasc. Pathol. 2004, 13,
185–194. [CrossRef] [PubMed]

158. Vite, A.; Radice, G.L. N-Cadherin/Catenin Complex as a Master Regulator of Intercalated Disc Function. Cell Commun. Adhes.
2014, 21, 169–179. [CrossRef] [PubMed]

159. Vermij, S.H.; Abriel, H.; Van Veen, T.A.B. Refining the molecular organization of the cardiac intercalated disc. Cardiovasc. Res.
2017, 113, 259–275. [CrossRef]

160. Coonar, A.S.; Protonotarios, N.; Tsatsopoulou, A.; Needham, E.W.; Houlston, R.; Cliff, S.; Otter, M.I.; Murday, V.A.; Mattu, R.K.;
McKenna, W.J. Gene for Arrhythmogenic Right Ventricular Cardiomyopathy with Diffuse Nonepidermolytic Palmoplantar
Keratoderma and Woolly Hair (Naxos Disease) Maps to 17q21. Circulation 1998, 97, 2049–2058. [CrossRef] [PubMed]

161. Carvajal-Huerta, L. Epidermolytic palmoplantar keratoderma with woolly hair and dilated cardiomyopathy. J. Am. Acad. Dermatol.
1998, 39, 418–421. [CrossRef]

162. Norgett, E.E.; Hatsell, S.J.; Carvajal-Huerta, L.; Cabezas, J.C.; Common, J.; Purkis, P.E.; Whittock, N.; Leigh, I.M.; Stevens, H.P.;
Kelsell, D.P. Recessive mutation in desmoplakin disrupts desmoplakin-intermediate filament interactions and causes di-lated
cardiomyopathy, woolly hair and keratoderma. Hum. Mol. Genet. 2000, 9, 2761–2766. [PubMed]

163. Gerull, B.; Heuser, A.; Wichter, T.; Paul, M.; Basson, C.T.; McDermott, D.A.; Lerman, B.B.; Markowitz, S.M.; Ellinor, P.T.; MacRae,
C.A.; et al. Mutations in the desmosomal protein plakophilin-2 are common in ar-rhythmogenic right ventricular cardiomyopathy.
Nat. Genet. 2004, 36, 1162–1164. [CrossRef] [PubMed]

164. Heuser, A.; Plovie, E.R.; Ellinor, P.; Grossmann, K.S.; Shin, J.T.; Wichter, T.; Basson, C.T.; Lerman, B.B.; Sasse-Klaassen, S.;
Thierfelder, L.; et al. Mutant Desmocollin-2 Causes Arrhythmogenic Right Ventricular Cardiomyopathy. Am. J. Hum. Genet. 2006,
79, 1081–1088. [CrossRef] [PubMed]

165. Pilichou, K.; Nava, A.; Basso, C.; Beffagna, G.; Bauce, B.; Lorenzon, A.; Frigo, G.; Vettori, A.; Valente, M.; Towbin, J.; et al.
Mutations in desmoglein-2 gene are associated with arrhythmogenic right ventricular cardiomyopathy. Circulation 2006, 113,
1171–1179. [CrossRef] [PubMed]

166. Haan, A.D.D.; Tan, B.Y.; Zikusoka, M.N.; Lladó, L.I.; Jain, R.; Daly, A.; Tichnell, C.; James, C.; Amat-Alarcon, N.; Abraham,
T.; et al. Comprehensive Desmosome Mutation Analysis in North Americans with Arrhythmogenic Right Ventricular Dyspla-
sia/Cardiomyopathy. Circ. Cardiovasc. Genet. 2009, 2, 428–435. [CrossRef]

167. Fressart, V.; Duthoit, G.; Donal, E.; Probst, V.; Deharo, J.-C.; Chevalier, P.; Klug, D.; Dubourg, O.; Delacretaz, E.; Cosnay, P.; et al.
Desmosomal gene analysis in arrhythmogenic right ventricular dysplasia/cardiomyopathy: Spectrum of mutations and clinical
impact in practice. Europace 2010, 12, 861–868. [CrossRef]

168. Marcus, F.I.; McKenna, W.J.; Sherrill, D.; Basso, C.; Bauce, B.; Bluemke, D.A.; Calkins, H.; Corrado, D.; Cox, M.G.; Daubert, J.P.;
et al. Diagnosis of arrhythmogenic right ventricular cardiomyopathy/dysplasia: Proposed Modification of the Task Force Criteria.
Circulation 2010, 121, 1533–1541. [CrossRef] [PubMed]

169. Mayosi, B.M.; Fish, M.; Shaboodien, G.; Mastantuono, E.; Kraus, S.; Wieland, T.; Kotta, M.-C.; Chin, A.; Laing, N.; Ntusi, N.B.; et al.
Identification of Cadherin 2 (CDH2) Mutations in Arrhythmogenic Right Ventricular Cardiomyopathy. Circ. Cardiovasc. Genet.
2017, 10. [CrossRef]

http://doi.org/10.1056/NEJM198801213180301
http://www.ncbi.nlm.nih.gov/pubmed/3336399
http://doi.org/10.4330/wjc.v6.i4.154
http://doi.org/10.1093/cvr/cvx150
http://doi.org/10.1016/S0735-1097(97)00332-X
http://doi.org/10.1093/eurheartj/ehx011
http://doi.org/10.1016/j.jacep.2015.08.004
http://doi.org/10.1097/RTI.0000000000000171
http://doi.org/10.1186/s13023-016-0407-1
https://www.ncbi.nlm.nih.gov/books/NBK1131/
http://doi.org/10.1016/j.carpath.2004.03.609
http://www.ncbi.nlm.nih.gov/pubmed/15210133
http://doi.org/10.3109/15419061.2014.908853
http://www.ncbi.nlm.nih.gov/pubmed/24766605
http://doi.org/10.1093/cvr/cvw259
http://doi.org/10.1161/01.CIR.97.20.2049
http://www.ncbi.nlm.nih.gov/pubmed/9610536
http://doi.org/10.1016/S0190-9622(98)70317-2
http://www.ncbi.nlm.nih.gov/pubmed/11063735
http://doi.org/10.1038/ng1461
http://www.ncbi.nlm.nih.gov/pubmed/15489853
http://doi.org/10.1086/509044
http://www.ncbi.nlm.nih.gov/pubmed/17186466
http://doi.org/10.1161/CIRCULATIONAHA.105.583674
http://www.ncbi.nlm.nih.gov/pubmed/16505173
http://doi.org/10.1161/CIRCGENETICS.109.858217
http://doi.org/10.1093/europace/euq104
http://doi.org/10.1161/CIRCULATIONAHA.108.840827
http://www.ncbi.nlm.nih.gov/pubmed/20172911
http://doi.org/10.1161/CIRCGENETICS.116.001605


Cardiogenetics 2021, 11 253

170. Bs, K.L.T.; Bs, D.J.T.; Bos, J.M.; Haugaa, K.H.; Ackerman, M.J. Whole exome sequencing with genomic triangulation
implicatesCDH2-encoded N-cadherin as a novel pathogenic substrate for arrhythmogenic cardiomyopathy. Congenit. Heart Dis.
2017, 12, 226–235. [CrossRef]

171. Van Hengel, J.; Calore, M.; Bauce, B.; Dazzo, E.; Mazzotti, E.; De Bortoli, M.; Lorenzon, A.; Li Mura, I.E.; Beffagna, G.; Rigato, I.;
et al. Mutations in the area composita protein αT-catenin are associated with ar-rhythmogenic right ventricular cardiomyopathy.
Eur. Heart J. 2013, 34, 201–210. [CrossRef] [PubMed]

172. Xiong, Q.; Cao, Q.; Zhou, Q.; Xie, J.; Shen, Y.; Wan, R.; Yu, J.; Yan, S.; Marian, A.J.; Hong, K. Arrhythmogenic cardiomyopa-thy in
a patient with a rare loss-of-function KCNQ1 mutation. J. Am. Heart Assoc. 2015, 4, e001526. [CrossRef]

173. Forleo, C.; Carmosino, M.; Resta, N.; Rampazzo, A.; Valecce, R.; Sorrentino, S.; Iacoviello, M.; Pisani, F.; Procino, G.; Gerbino,
A.; et al. Clinical and Functional Characterization of a Novel Mutation in Lamin A/C Gene in a Multigenerational Family with
Arrhythmogenic Cardiac Laminopathy. PLoS ONE 2015, 10, e0121723. [CrossRef]

174. Pilichou, K.; Remme, C.A.; Basso, C.; Campian, M.E.; Rizzo, S.; Barnett, P.; Scicluna, B.P.; Bauce, B.; van den Hoff, M.J.; de
Bakker, J.M.; et al. Myocyte necrosis un-derlies progressive myocardial dystrophy in mouse dsg2-related arrhythmogenic right
ventricular cardiomyopathy. J. Exp. Med. 2009, 206, 1787–1802. [CrossRef] [PubMed]

175. Li, D.; Liu, Y.; Maruyama, M.; Zhu, W.; Chen, H.; Zhang, W.; Reuter, S.; Lin, S.-F.; Haneline, L.S.; Field, L.J.; et al. Restrictive loss
of plakoglobin in cardiomyocytes leads to arrhythmogenic cardiomyopathy. Hum. Mol. Genet. 2011, 20, 4582–4596. [CrossRef]

176. Groeneweg, J.A.; Bhonsale, A.; James, C.A.; Te Riele, A.S.; Dooijes, D.; Tichnell, C.; Murray, B.; Wiesfeld, A.C.; Sawant, A.C.;
Kassamali, B.; et al. Clinical Presentation, Long-Term Follow-Up, and Outcomes of 1001 Arrhythmogenic Right Ventricular
Dysplasia/Cardiomyopathy Patients and Family Members. Circ. Cardiovasc. Genet. 2015, 8, 437–446. [CrossRef]

177. Xu, T.; Yang, Z.; Vatta, M.; Rampazzo, A.; Beffagna, G.; Pilichou, K.; Scherer, S.E.; Saffitz, J.; Kravitz, J.; Zareba, W.; et al.
Multidiscipli-nary Study of Right Ventricular Dysplasia Investigators. Compound and digenic heterozygosity contributes to
arrhythmo-genic right ventricular cardiomyopathy. J. Am. Coll. Cardiol. 2010, 55, 587–597. [CrossRef]

178. König, E.; Volpato, C.B.; Motta, B.M.; Blankenburg, H.; Picard, A.; Pramstaller, P.; Casella, M.; Rauhe, W.; Pompilio, G.; Meraviglia,
V.; et al. Exploring digenic inheritance in arrhythmogenic cardiomyopa-thy. BMC Med. Genet. 2017, 18, 145. [CrossRef]

179. Basso, C.; Bauce, B.; Corrado, D.; Thiene, G. Pathophysiology of arrhythmogenic cardiomyopathy. Nat. Rev. Cardiol. 2012, 9,
223–233. [CrossRef] [PubMed]

180. Reid, G.; Kirschner, M.B.; van Zandwijk, N. Circulating microRNAs: Association with disease and potential use as bi-omarkers.
Crit. Rev. Oncol. Hematol. 2011, 80, 193–208. [CrossRef] [PubMed]

181. Chen, S.N.; Gurha, P.; Lombardi, R.; Ruggiero, A.; Willerson, J.T.; Marian, A. The Hippo Pathway Is Activated and Is a Causal
Mechanism for Adipogenesis in Arrhythmogenic Cardiomyopathy. Circ. Res. 2014, 114, 454–468. [CrossRef]

182. Rupaimoole, R.; Slack, F.J. MicroRNA therapeutics: Towards a new era for the management of cancer and other diseases.
Nat. Rev. Drug Discov. 2017, 16, 203–222. [CrossRef] [PubMed]

183. Matsui, M.; Corey, D.R. Non-coding RNAs as drug targets. Nat. Rev. Drug Discov. 2016, 16, 167–179. [CrossRef]
184. Adams, B.D.; Parsons, C.; Walker, L.; Zhang, W.C.; Slack, F.J. Targeting noncoding RNAs in disease. J. Clin. Investig. 2017, 127,

761–771. [CrossRef]
185. Dangwal, S.; Thum, T. microRNA Therapeutics in Cardiovascular Disease Models. Annu. Rev. Pharmacol. Toxicol. 2014, 54,

185–203. [CrossRef]
186. Van Rooij, E.; Olson, E.N. MicroRNA therapeutics for cardiovascular disease: Opportunities and obstacles. Nat. Rev. Drug Discov.

2012, 11, 860–872. [CrossRef]
187. Dowdy, S.F. Overcoming cellular barriers for RNA therapeutics. Nat. Biotechnol. 2017, 35, 222–229. [CrossRef] [PubMed]
188. Kauffman, K.J.; Webber, M.; Anderson, D.G. Materials for non-viral intracellular delivery of messenger RNA therapeutics.

J. Control. Release 2016, 240, 227–234. [CrossRef] [PubMed]
189. Gurda, B.L.; Lataillade, A.D.G.D.; Bell, P.; Zhu, Y.; Yu, H.; Wang, P.; Bagel, J.; Vite, C.H.; Sikora, T.; Hinderer, C.; et al. Evaluation

of AAV-mediated Gene Therapy for Central Nervous System Disease in Canine Mucopolysaccharidosis VII. Mol. Ther. 2016, 24,
206–216. [CrossRef] [PubMed]

190. Ganesan, J.; Ramanujam, D.P.; Sassi, Y.; Ahles, A.; Jentzsch, C.; Werfel, S.; Leierseder, S.; Loyer, X.; Giacca, M.; Zentilin, L.;
et al. MiR-378 Controls Cardiac Hypertrophy by Combined Repression of Mitogen-Activated Protein Kinase Pathway Factors.
Circulation 2013, 127, 2097–2106. [CrossRef]

191. Quattrocelli, M.; Crippa, S.; Montecchiani, C.; Camps, J.; Cornaglia, A.I.; Boldrin, L.; Morgan, J.; Calligaro, A.; Casasco, A.; Orlac-
chio, A.; et al. Long-Term miR-669a Therapy Alleviates Chronic Dilated Cardiomyopathy in Dystrophic Mice. J. Am. Heart Assoc.
2013, 2, e000284. [CrossRef]

192. Kwekkeboom, R.F.; Sluijter, J.P.; van Middelaar, B.J.; Metz, C.H.; Brans, M.A.; Kamp, O.; Paulus, W.J.; Musters, R.J. In-creased
local delivery of antagomir therapeutics to the rodent myocardium using ultrasound and microbubbles. J. Control Release 2016,
222, 18–31. [CrossRef] [PubMed]

193. De Cock, I.; Zagato, E.; Braeckmans, K.; Luan, Y.; de Jong, N.; De Smedt, S.; Lentacker, I. Ultrasound and microbubble mediated
drug delivery: Acoustic pressure as determinant for uptake via membrane pores or endocytosis. J. Control. Release 2015, 197,
20–28. [CrossRef] [PubMed]

http://doi.org/10.1111/chd.12462
http://doi.org/10.1093/eurheartj/ehs373
http://www.ncbi.nlm.nih.gov/pubmed/23136403
http://doi.org/10.1161/JAHA.114.001526
http://doi.org/10.1371/journal.pone.0121723
http://doi.org/10.1084/jem.20090641
http://www.ncbi.nlm.nih.gov/pubmed/19635863
http://doi.org/10.1093/hmg/ddr392
http://doi.org/10.1161/CIRCGENETICS.114.001003
http://doi.org/10.1016/j.jacc.2009.11.020
http://doi.org/10.1186/s12881-017-0503-7
http://doi.org/10.1038/nrcardio.2011.173
http://www.ncbi.nlm.nih.gov/pubmed/22124316
http://doi.org/10.1016/j.critrevonc.2010.11.004
http://www.ncbi.nlm.nih.gov/pubmed/21145252
http://doi.org/10.1161/CIRCRESAHA.114.302810
http://doi.org/10.1038/nrd.2016.246
http://www.ncbi.nlm.nih.gov/pubmed/28209991
http://doi.org/10.1038/nrd.2016.117
http://doi.org/10.1172/JCI84424
http://doi.org/10.1146/annurev-pharmtox-011613-135957
http://doi.org/10.1038/nrd3864
http://doi.org/10.1038/nbt.3802
http://www.ncbi.nlm.nih.gov/pubmed/28244992
http://doi.org/10.1016/j.jconrel.2015.12.032
http://www.ncbi.nlm.nih.gov/pubmed/26718856
http://doi.org/10.1038/mt.2015.189
http://www.ncbi.nlm.nih.gov/pubmed/26447927
http://doi.org/10.1161/CIRCULATIONAHA.112.000882
http://doi.org/10.1161/JAHA.113.000284
http://doi.org/10.1016/j.jconrel.2015.11.020
http://www.ncbi.nlm.nih.gov/pubmed/26616760
http://doi.org/10.1016/j.jconrel.2014.10.031
http://www.ncbi.nlm.nih.gov/pubmed/25449801


Cardiogenetics 2021, 11 254

194. Kajander, S.; Joutsiniemi, E.; Saraste, M.; Pietilä, M.; Ukkonen, H.; Saraste, A.; Sipilä, H.T.; Teräs, M.; Mäki, M.; Airaksinen, J.;
et al. Cardiac positron emission tomography/computed tomography imaging accurately detects anatomi-cally and functionally
significant coronary artery disease. Circulation 2010, 122, 603–613. [CrossRef] [PubMed]

195. Hassinen, I.; Kivelä, A.; Hedman, A.; Saraste, A.; Knuuti, J.; Hartikainen, J.; Ylä-Herttuala, S. Intramyocardial Gene Therapy
Directed to Hibernating Heart Muscle Using a Combination of Electromechanical Mapping and Positron Emission Tomogra-phy.
Hum. Gene Ther. 2016, 27, 830–834. [CrossRef] [PubMed]

196. Philippen, L.E.; Dirkx, E.; Wit, J.B.; Burggraaf, K.; de Windt, L.J.; da Costa Martins, P.A. Antisense MicroRNA Therapeutics in
Cardiovascular Disease: Quo Vadis? Mol. Ther. 2015, 23, 1810–1818. [CrossRef]

197. Anand, S.; Majeti, B.K.; Acevedo, L.M.; Murphy, E.A.; Mukthavaram, R.; Scheppke, L.; Huang, M.; Shields, D.J.; Lindquist,
J.N.; Lapinski, P.E.; et al. MicroRNA-132-mediated loss of p120RasGAP activates the endo-thelium to facilitate pathological
angiogenesis. Nat. Med. 2010, 16, 909–914. [CrossRef]

http://doi.org/10.1161/CIRCULATIONAHA.109.915009
http://www.ncbi.nlm.nih.gov/pubmed/20660808
http://doi.org/10.1089/hum.2016.131
http://www.ncbi.nlm.nih.gov/pubmed/27553362
http://doi.org/10.1038/mt.2015.133
http://doi.org/10.1038/nm.2186

	Introduction 
	MiRNAs: What Are They? 
	The miRNA Factory: How They Work 
	MiRNA as Biomarkers 

	MicroRNA and Cardiomyopathies 
	Hypertrophic Cardiomyopathy 
	Dilated Cardiomyopathy 
	Arrhythmogenic Cardiomyopathy 

	How to Train a miRNA: A Possible Therapy 
	Conclusions 
	References

