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Abstract
Purpose of Review This review aims to summarize and discuss the function and molecular mechanism ofmiRNA and lncRNA in
the heart, focusing on ischemic and non-ischemic cardiomyopathy.
Recent Findings Extensive studies in the past decades have identified numerous protein-coding genes that are highly expressed in
the heart, playing essential roles in the regulation of cardiac gene expression, heart development, and function. Furthermore,
mutations in many of these genes have been identified and are linked to cardiovascular disease. Intriguingly, it is now recognized
that majority of our genome is “non-coding,” which produces a large amount of non-coding RNAs (ncRNAs), including
microRNAs (miRNAs) and long non-coding RNAs (lncRNAs). Emerging evidence has indicated that these classes of non-
coding RNAs participate in most (if not all) aspects of cardiac gene expression, cardiomyocyte proliferation, differentiation, and
cardiac remodeling in response to stress.
Summary Recent findings have demonstrated important functions for non-coding RNA in ischemic and non-ischemic cardio-
myopathy. It is expected that non-coding RNAs will become promising therapeutic targets for cardiovascular diseases.
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Introduction

The myocardium consists of three main components that are
integral to each other: cardiomyocytes, extracellular matrix,
and the vascular microcirculation that supply nutrient and ox-
ygen to the heart. The heart can adapt to a wide array of
extrinsic or genetic factors. Cardiomyopathies are diseases
of the myocardium that manifest structural and functional ab-
normalities that can lead to heart failure (HF). The pathogen-
esis of HF, in general, can be placed into two categories, i.e.,
ischemic cardiomyopathy (ICM) and non-ischemic cardiomy-
opathy (NICM), which was defined based on the presence or
absence of ischemic injury.

ICM is defined as left ventricular (LV) systolic dysfunction
followed by myocardial infarction events or has more than
75% stenosis occur in the left coronary artery [1]. ICM is
one of the most severe consequences of coronary artery dis-
ease (CAD), which cause over seven million deaths globally
each year [2]. The development of CAD is a chronic process,
starting from endothelial dysfunction promoting plaque devel-
opment, which results in narrowing of the coronary artery [3].
A plaque rupture event or the formation of thrombus on the
plaque surface can both lead to myocardial infarction (MI),
which is an acute event that can lead to severe tissue damage
in the heart [4]. The ischemia-induced cardiomyocyte necrosis
can induce a cascade of cellular and intracellular signaling
process to initiate the repair process and compensatory
remodelings, such as ventricular dilation, hypertrophy, and
the formation of scar tissues. The neutrophils recruited into
the infarct zone release and activate serine protease and matrix
metalloproteinases which result in the degradation of the ex-
tracellular matrix surrounding the infarct zone; this leads to an
expansion of the infarct area and thinning of the injured myo-
cardium [5]. To preserve the stroke volume of the heart, the
adaptive remodeling of hypertrophy follows in the non-
infarcted myocardium to compensate for the increased wall
stress due to the loss of contractility in the infarcted area.
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Unfortunately, the adult heart has limited regenerative poten-
tial after injury [6, 7], and the repair processes usually in-
volved the removal of dead cardiomyocyte followed by acti-
vation of cardiac fibroblast into myofibroblast, and deposit
extracellular matrix protein to promote a pro-fibrotic response
[8]. The fibrotic tissue reduces the compliance of the chamber
wall, which further reduces cardiac function and accelerates
the progression of HF [9, 10].

In contrast, NICM refers to the forms of cardiomyopathy inde-
pendent of the ischemic event. NICM is sometimes inherited;
could be secondary to hypertension, valvular disease, or toxins;
and is often associated with mechanical or electrical dysfunction.
The pathology of NICM usually displays as hypertrophic cardio-
myopathy (HCM) with a thickened myocardium, or dilated car-
diomyopathy (DCM) with thinning of ventricular wall, restrictive
cardiomyopathy (RCM) (inwhich the ventricular wall lost diastol-
ic function and becomes rigid), and arrhythmogenic right ventric-
ular dysplasia (ARVD) where the right ventricle myocardium is
replaced by adipose or fibrous tissue,which usually associateswith
arrhythmia [11]. Of these, HCM and DCM are the two most
prevalent NICMs, and this cardiac remodeling induced by patho-
logical stress leads to progressive declines in cardiac output, in-
creased cardiomyocyte apoptosis, and increased fibrosis [12, 13],
which usually results in heart failure.

The investigation of the causes, prevention, and treatment
of ICM and NICM has been an active field of research.
Despite the improvement of the outcome and survival of pa-
tients with cardiomyopathies through strategies such as phar-
macological treatment or mechanical support, such therapies
are unable to prevent further progression of the disease [14].
Therefore, a more thorough understanding of the underlying
mechanism for ICM and NICM is needed.

The World of Non-coding—MicroRNAs
(miRNAs) and Long Non-coding RNA
(lncRNAs)

The vast majority of the genome is transcribed, but only a small
portion (~ 2%) codes for protein [15], leaving most transcripts
non-coding RNAs (ncRNAs). ncRNA can be categorized as
transfer RNA (tRNA), ribosomal RNA (rRNA), microRNA
(miRNA), small interfering RNA (siRNA), piwi-interacting
RNA (piwiRNA), exosomal RNA (exRNA), small nucleolar
RNA (snoRNA), small nuclear RNA (snRNA), and long non-
coding RNA (lncRNA) [16–20]. The last few decades of studies
have demonstrated that ncRNA can perform a variety of biolog-
ical function, including regulation of gene expression by tran-
scription, RNA processing and translation, and regulation of the
epigenome, to form scaffolds and serve as cellular signaling
component. Here, we will focus our scope on two categories of
ncRNA, i.e., miRNAs and lncRNAs, in the context of heart
development, function, and cardiomyopathy (Fig. 1).

Role of miRNAs in Cardiac Function,
Remodeling, and Disease

MicroRNAs (miRNAs) are a class of highly conserved non-
coding RNAs widely expressed by metazoan eukaryotes [21],
which inhibit gene expression through modulating translation,
mRNA stability, and mRNA sequestration [22–24]. The primary
miRNAs (pri-miRNAs) are initially produced in the nucleus (tran-
scription step). The RNA hairpins of pri-miRNAs will then be
processed by Drosha and Pasha complex, which cleaved into an
imperfect stem–loop-structured miRNA precursors (pre-
miRNAs). Pre-miRNAs will then be exported to the cytoplasm
and further processed by Dicer and its associated double-stranded
RNA-binding proteins TRBP andPACTintomiRNAduplex. The
unwound miRNA duplex became the mature miRNA, loaded
onto argonaute2 (AGO2) proteins and their associated co-factors
to form the RNA-induced silencing complex (RISC). The RISC
assembly carries the single-stranded miRNA to bind complemen-
tarily to the 3′UTR of the transcribed mRNA to facilitate either
mRNA cleavage or translational repression [23, 24].

miRNAs can be classified based on their genomic location
and gene structure into three categories: intronic, intergenic,
and exonic [25]. Over 2000 miRNAs have been found in
human. Majority of the known miRNA exist as a single gene
or as a cluster of genes located in the intergenic region, and
their expression is controlled by their own promoters [26, 27].
Exonic miRNAs are located in regions that overlap with an
exon of a gene [28]. Intronic miRNAs are located within the
intron of a gene, which is usually transcribed with their host
gene or regulated by their own promoter.

The emerging field of miRNA biology has revealed essen-
tial roles for these regulatory ncRNAs in a wide variety of
biological processes, including heart development and cardio-
vascular disease [29–31]. Several landmark studies have
established the crucial role of miRNA in cardiac development
and cardiac function in the adult heart. Dicer is a critical com-
ponent in miRNA biogenesis; cardiac-specific deletion of
Dicer using Nkx2.5-Cre leads to a malformed ventricular
myocardium and cardiac outflow tract, and septal defects
[32]. Deletion of Dicer in the heart in later development with
αMHC-Cre results in severe DCM and HF without septation
defect andmutant mice die within 4 days after birth [33]. Chen
et al. also reported that Dicer expression is decreased in human
end-stage DCM and failing heart and its expression is in-
creased after installation of left ventricular assist device
(LVAD) to improve heart function. To further investigate the
role of miRNA in adult heart, a tamoxifen-inducible αMHC-
MerCreMer was utilized to facilitate cardiac-specific deletion
of Dicer in adult mice [34]. Deletion of Dicer in 3-week old
mice results in premature death within 1 week. Dicer deletion
in 8-week-old mice leads to HCM, fibrosis, and reduced con-
tractility. Overall, these studies demonstrated a critical role of
miRNAs in both normal and pathological cardiac function.
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The Expression and Function of miRNAs
During Heart Development and Cardiac Gene
Expression

The role of individual miRNA in cardiac development has
been actively investigated. For example, two muscle-specific
miRNAs, i.e., miR-1 and miR-133, promote mesoderm differ-
entiation while repressing the endoderm and ectoderm differ-
entiation and are critical for skeletal and cardiac muscle line-
age specification and development [35–38]. miR-1 is a direct
transcriptional target of myogenic transcription factors SRF,
MyoD, and MEF2 while repressing the expression of tran-
scription factors HAND2 and MYOCD; therefore miR-1 acts
as a modulator for cardiac lineage commitment and morpho-
genesis [36, 37]. The expression of miR-133 is also regulated
by SRF and MEF2, and the double deletion of miR-133a and
miR-133b leads to ventricular septal defect with about 50%
penetrance, and the mutant that survived eventually developed
DCM. The loss of both miR-133a and miR-133b results in
ectopic expression of smooth muscle genes as a result of in-
creased SRF expression, thereby forming a negative-feedback
myogenic transcriptional circuit [38]. Loss of both miR-133a
and miR-133b also results in an increased cardiomyocyte pro-
liferation, which can also attribute to the miR-133 inhibition
of SRF and cell cycle genes such as CCND2 [38]. Together,
these studies demonstrated an essential role for the miR-1/133
cluster in myogenic differentiation and cardiac development.

MiR-138 is expressed in the zebrafish heart and is required
for the establishment of appropriate chamber-specific genes
during development [39]. Morton et al. demonstrated that
when the function of miR-138 is disrupted, it led to the ex-
pansion of atrial-ventricular canal-specific gene expression
into the ventricle, resulting in disruption of ventricular cardio-
myocyte morphology and function. Knockdown of miR-138
by antagomirs showed that miR-138 function is required dur-
ing a specific temporal window of zebrafish development, 24–

34-h post-fertilization. miR-138 functions by targeting multi-
ple players in the retinoic acid signaling cascade, including
Aldh1a2 and Cspg2, to establish appropriate chamber-
specific gene pattern during cardiac morphogenesis [39].

miRNAs Are Important Regulators of Cardiac
Remodeling

miR-195 is upregulated in hypertrophic human hearts, and
overexpression of miR-195 in mouse heart under the control
of α-myosin heavy-chain promoter leads to HCM [40].
Overexpression of miR-195 in the heart increases the size of
the cardiomyocyte, and the ratio of heart weight to body
weight was also dramatically increased in transgenic mice,
indicating that miR-195 expression is sufficient to induce hy-
pertrophic growth of cardiomyocytes. miR-195 transgenic
mice eventually progressed to DCM by 6 weeks of age [40].
This suggests that the expression of miR-195 is sufficient to
induce hypertrophic signaling and led to HF. It would be in-
teresting to test whether the loss of function of miR-195 can
restore cardiac function in DCM or HF models.

In mammalian system, cardiomyocyte contraction function
is regulated by two myosin heavy-chain proteins, i.e.,
Myh6/αMHC and Myh7/βMHC. The fast-twitch Myh6 is
expressed predominantly in the adult mouse heart, and the
slow-twitch Myh7 is expressed predominantly in the embry-
onic mouse heart [41]. In the human heart, Myh7 expression
continues to adulthood, but the level of Myh7 is similarly
induced in hypertrophic human heart compared to hypertro-
phic mouse heart [42].

The miR-208/miR-499 superfamily has been extensively
studied in the heart and found to be positioned in the inter-
phase of regulation of this myosin heavy-chain protein [43,
44]. miR-208a, miR-208b, and miR-499 are respectively
encoded within the introns of Myh6, Myh7, and Myh7b [43,

Fig. 1 Several classes of non-
coding RNAs (miRNA, lncRNA,
and circRNA) have emerged to
play key roles in modulating
many aspects of cellular processes
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44]. The expression pattern of these intronic microRNAs is
closely associated with that of their host genes. miR-208a
overexpression specifically in the heart is sufficient to induce
HCM and arrhythmia in mice, and the targeted deletion of
miR-208a leads to a defective cardiac conduction system
and misexpression of connexin 40 [43]. Genetic deletion of
miR-208a also results in the expression of fast skeletal muscle
genes such as TNNT3 and TNNL2 in the heart [45].
Moreover, deletion of miR-208a abolished the expression of
miR-499 and Myh7b in the postnatal heart and reduced the
expression of miR-208b under propylthiouracil inhibition of
T3 biogenesis. Overexpression of miR-499 in the heart of
miR-208a null mice was sufficient to restore the level of fast
skeletal muscle genes TNNT3 and TNNL2 to wild-type level,
suggesting that miR-208a regulates the expression of Myh7b/
miR-499, and their function in regulating the fast skeletal
muscle gene switch in the heart is redundant. This regulation
is in a spatial-temporal specific manner, as the expression of
miR-499 is undisturbed in the neonatal heart or skeletal mus-
cle of miR-208a null mice [44]. This evidence suggests that
miR-208a functions upstream of miR-208b and miR-499 to
fine-tune the expression of fast and slow muscle gene expres-
sions in the heart. A recent study demonstrated that miR-208a
directly inhibits SOX6, which subsequently inhibits the slow-
twitch muscle gene expression in the heart [46•], providing a
better explanation of the molecular mechanisms of miR-208a
in the heart. Modulation of miR-208a level tightly regulates
this cardiac muscle program by Trbp, an RNA-binding protein
that is required for maintenance of normal cardiac contraction
and function. Cardiac-specific deletion of Trbp abolishes the
expression of miR-208a, and overexpression of miR-208a in
Trbp knockout heart rescued the lethality and defective cardi-
ac function [46•]. This further demonstrates a linear genetic
pathway in modulating this important cardiac muscle program
via the miR-208/miR-499 superfamily.

miRNAs Play a Key Role in Cardiomyocyte
Proliferation and Cardiac Regeneration

miRNAs are important in regulating cardiomyocyte prolifer-
ation. In zebrafish, cardiac regeneration was found to be
dependent on the reduced level of miR-99/100 and Let-7a/
Let-7c [47]. Aguirre et al. identified Smarca5 and Fntb as
the downstream protein-coding targets of these microRNAs
in regulating the dedifferentiation and proliferation of
cardiomyocytes. When reducing miR-99/10 and Let7a/
Let7c following myocardial infarction (MI) injury, cardio-
myocyte proliferation was induced, and the scar size at
3 months post-surgery was reduced. As a result, cardiac
function was partially rescued. This suggests the
microRNA program of miR-99/100 and Let7a/Let7c in reg-
ulating proliferation and regeneration is conserved [47, 48].

The miR-17-92 cluster has also been implicated in regulat-
ing cardiomyocyte proliferation. Cardiac-specific overexpres-
sion of miR-17-92 cluster in a transgenic mouse model in-
duced cardiomyocyte proliferation in both neonatal and adult
hearts, and the overexpression of this miRNA cluster has a
protective effect in MI model [49]. Mechanistically, the miR-
19-92 cluster is found to reduce the expression of PTEN,
which is a repressor for proliferation [49].

miR-195 was identified to be upregulated in mouse heart
on postnatal day 10 (P10) compared to P1, when
cardiomyocytes exit cell cycle. Overexpression of miR-195
in the embryonic heart under βMHC promoter leads to ven-
tricular hyperplasia and ventricular septal defect, indicating
premature cell cycle exit [50]. Gene profiling reveals miR-
195 regulates a large number of the cell cycle genes, including
Chek1, a conserved direct target of miR-195 [50]. miR-195
belongs to the miR-15 family, and the knockdown of the miR-
15 family of microRNAs induced cardiomyocyte proliferation
in neonatal and early postnatal age [51]. Porrello et al. further
demonstrated that inhibition of the miR-15 family of miRNAs
in early postnatal age can improve LV systolic function fol-
lowing MI, and that the miR-15 family is responsible for the
loss of postnatal regenerative capacity in the heart [51]. Using
high-throughput screening method to identify human
miRNAs that can promote neonatal cardiomyocyte prolifera-
tion, Enlaliao et al. identified some candidates including hsa-
miR-590 and hsa-miR-199a [52]. Expression of these two
miRNAs in ex vivo culture of adult cardiomyocytes can in-
duce cell cycle re-entry. Moreover, administration of these two
miRNAs after MI injury in mice stimulated cardiac regenera-
tion, and the cardiac function was recovered. Taken together,
these studies demonstrated the critical role for miRNAs in
regulating cardiomyocyte proliferation and regeneration and
showcase the potential to manipulate the activity of specific
miRNAs to induce cardiomyocyte proliferation for regenera-
tive therapy.

Long Non-coding RNA Expression in Normal
and Diseased Hearts

lncRNAs are defined as RNA genes larger than 200 bp that do
not have coding potential. This size cutoff distinguished
lncRNA from small non-coding RNAs. Over the last decade,
it has been increasingly recognized that the vast majority of
the genome is pervasively transcribed; many of these result in
the production of lncRNAs. As the importance of ncRNAs is
gaining recognition in the cardiac development and pathology,
many groups had screened for lncRNAs that have implica-
tions in ICM or NICM. Huang et al. utilized an RNA-seq
approach to identify differentially expressed lncRNA between
human hearts with ICM and healthy individuals [53]. They
found that the expression of lncRNAs is highly correlated to
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their neighboring coding genes, suggesting a cis-regulatory
circuit of lncRNAs. A similar observation was reported in
cardiac development comparing the human fetal heart and
adult heart [54]. Using an unsupervised clustering approach,
Huang et al. found that the differentially expressed lncRNAs
in ICM samples correlate with extracellular matrix coding
genes. This was validated using loss and gain of function on
a subset of lncRNAs identified and revealed a potential role
for these lncRNAs in participating the TGF-β pathway [53].
Greco et al. have also performed similar lncRNA screening in
heart tissue from ICM patients [55]. They performed RNA-
seq on heart samples from non-end-stage dilated ICM and
validated their result in an independent cohort of end-stage
HF patient’s heart samples. Fourteen lncRNAs were identified
in non-end-stage HF patient, nine of these were validated in
end-stage HF patients, and three of these (H19, RMRP, and
HOTAIR) were also induced in a mouse transverse-aortic con-
striction (TAC) model. Similar modulation of a subset of
lncRNAs (ANRIL, HOTAIR, and TUSC7) has also been ob-
served in peripheral blood mononuclear cell and heart tissue
[55, 56]. These studies provide convincing evidence that
lncRNAs are expressed in normal and diseased hearts.
Interestingly, an increase of lncRNA H19 in the plasma has
been found to associate with CAD in a Chinese population
[57], suggesting that circulating lncRNA can be a potential
biomarker for ICM (Fig. 1; Table 1).

Yang et al. performed a systematic screening of mRNA,
miRNA, and lncRNA in the heart samples of NICM patients
by RNA-seq, before and after mechanical circulatory support
by left ventricular assist device (LVAD) [92]. Interestingly,
using unsupervised hierarchical clustering of expression pro-
files, the authors found that the expression signature of
lncRNAs, but not mRNA or miRNAs, distinguishes ICM
and NICM in human failing hearts. Moreover, the expression
signature of lncRNAs also differentiates failing hearts before
and after mechanical circulatory support by LVAD [92], sug-
gesting that lncRNA expression level in the heart is regulated
by the pathological state of HF. Li et al. performed similar
screening and validation in the heart samples of DCM-
induced congestive HF patients; they identified TAF10 as a
potential regulator for a subset of differentially expressed
lncRNA in DCM [93]. Taken together, this large-scale screen-
ing identified lncRNAs as potential players in the pathogene-
sis of ICM and NICM (Table 1).

The Molecular Mechanisms of lncRNA Function
in the Heart

lncRNAs play critical regulatory roles in diverse cellular pro-
cesses, including chromatin remodeling, transcription, post-
translational regulation, and intracellular processes [94, 95].
Increasing evidence has also implicated that lncRNAs are

involved in cardiac development, contractile function, and
cardiomyopathies.

The polycomb repressive complex (PRC1/PRC2) and the
trithorax/MLL (TrxG/MLL) complex are critical regulators
for the chromatin structures to repress or activate gene expres-
sion [96]. In particular, the PRC2 promotes the H3K27me3 to
repress gene expression [97], while TrxG/MLL promotes the
H3K4me3 which is an activating mark for gene expression
[98]. Interestingly, several lncRNAs are involved in epigenetic
regulation of cardiac gene expression by interacting with these
epigenetic modifiers [62, 67•, 74, 75, 99]. The lncRNA
Braveheart (Bvht) was identified to interact with PRC2 com-
plex during cardiac lineage commitment [62, 63]. Klattenhoff
et al. performed RNA-seq in Bvht-depleted embryonic stem
cells (ESC) and found that the expression of more than 548
genes was changed significantly when comparing to the con-
trol ESC. Among many dysregulated genes, the authors iden-
tified Mesp1, a potent regulator for cardiovascular commit-
ment, is regulated by Bvht, to drive cardiac differentiation
[62]. Using an in vitro cardiomyocyte differentiation model,
the authors found that Bvht directly interacts with SUZ12, a
core component of the PRC2 complex, suggesting the Bvht
might modulate the epigenetic state of the chromatin to regu-
late the gene expression program during cardiac differentia-
tion. Through amore thorough analysis of the secondary RNA
structure, Xue et al. identified a 5′ asymmetric G-rich internal
loop (AGIL) of Bvht to be necessary for mesoderm to cardio-
myocyte progenitor differentiation [63]. This AGIL region
interacts with and functionally antagonizes a zinc-finger tran-
scription factor CNBP, to promote the cardiac commitment
[63]. Together, this evidence suggests that Bvht can regulate
both the epigenetic state and transcription of gene expression
during cardiac differentiation. While these reports clearly
pointed the function of Bvht to the regulation of cardiac gene
expression, questions remain how the specificity of such reg-
ulation is generated. The initial screen identified Bvht is a
heart-enriched lncRNA, but it is also expresses in several oth-
er mouse tissues, questioning whether it plays a role in cells/
tissues outside the heart. Given the established role of Bvht in
cardiac commitment in vitro, it would be particularly impor-
tant to further investigate its in vivo function in cardiovascular
development and disease. Finally, it remains mysterious
whether the human homolog of mouse Bvht can be identified.

Chaer is another example of lncRNA that interacts with
epigenetic modifiers. Chaer was identified as a cardiac-
enriched lncRNA, that its expression increased in hypertro-
phic heart [67•]. Chaer negatively regulates H3K27 methyla-
tion state via its interaction with the catalytic core of PRC2
complex (SUZ12 and EZH2), but not TrxG/MLL complex.
Interestingly, overexpression of Chaer in mouse embryonic
fibroblasts reduced the interaction of PRC2 with other
lncRNAs (Hotair or Fendrr), suggesting that Chaer binding
to PRC2 reduces the PRC2 binding to other lncRNAs. This
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observation indicates that Chaer may modulate PRC2 func-
tion or targeting location [67•]. Conversely, Chaer deletion
increases H3K27me2 and H3K27me3 in the heart.
H3K27me3 repressive mark on a subset of hypertrophic genes
(Anf, Myh7, and Acta1) is significantly reduced after TAC
operation. However, Chaer deletion restores the level of
H3K27me3 upon TAC operation. To investigate the timing
significance of the Chaer-PRC2 interaction in the contact of
cardiac hypertrophy, the authors utilized siRNAs to knock-
down Chaer before TAC operation or 1 day after TAC opera-
tion. Interestingly, only knocking down Chaer before TAC
operation could the cardiac function be preserved and fibrotic
remodeling be decreased, associating with the attenuation of
the H3K27me3 level, while silencing Chaer 1 day after TAC
operation was unable to affect the progression of hypertrophy.
Taken together, these data suggest that Chaer functions at a

crucial time window immediately following hypertrophic
stress to repress the PRC2-mediated chromatin repression on
a subset of hypertrophic genes [67•] (Fig. 2). It will be impor-
tant to determine whether Chaer is involved in human
cardiomyopathy.

One of the well-characterized examples for divergently
transcribed lncRNA that regulates its neighboring protein-
coding gene is the Hand2-Upperhand (Uph) locus. The
bHLH transcription factor Hand2 gene is a critical regulator
of heart development [100–102], and its expression is tightly
regulated by upstream enhancers [103, 104]. A conserved
lncRNA, Uph, was identified to transcribed in the opposite
direction upstream of the Hand2 locus, and the Uph expres-
sion has a similar pattern as Hand2 in mouse embryos [82••].
In order to define the in vivo function of Uph, the investigators
generated mutant mice lacking functional Uph. Since Uph

Table 1 Long non-coding RNAs
and circular RNAs related to
NICM and ICM

ncRNA ncRNA
type

Potential function Reference

ANRIL Antisense
lncRNA

Scaffold for polycomb repressive complexes, regulates
CDKN2A/B, potential genetic locus for susceptibility of
coronary atherosclerosis.

[58–61]

Braveheart LincRNA Acts upstream of MesP1 for cardiac lineage specification. [62, 63]

CAIF Intronic
lncRNA

Attenuates myocardial infaction and cardiac autophagy by
inhibiting p53-mediated myocardin transcription.

[64]

Cdr1as circRNA Highly expressed in mice with increase infarct size, acts as sponge
to miR-7a.

[65, 66]

Chaer LincRNA Interacts with PRC2 complex to inhibit its function. Chaer-PRC2
complex is necessary for the de-repression of hypertrophic gene
expression in the heart under pathological stimuli.

[67•]

CHRF Intronic
lncRNA

Can sponge microRNA-489 and induces cardiac hypertrophy. [68]

cirANRIL circRNA Modulates ribosomal RNA maturation and associated with
atherosclerosis risk.

[61, 69]

circFoxo3 circRNA Can promote cardiac senescence in the heart (human and mice). [70]

circTitin circRNA Differentially expressed in HCM and DCM heart. RBM20
regulates biogenesis of circTitin isoform.

[71–73]

Fendrr Antisense
lncRNA

Essential regulator for heart and body wall development. [74, 75]

H19 LincRNA Recruits repressive histone marks, host miR-675 inhibit cell
proliferation, sponges for miR-let-7, block DNA methylation.
Negative regulator of cardiomyocyte hypertrophy.

[76–80]

HRCR circRNA Sponges miR-223 and blocks isoproterenol-induced CH. [81]

Uph Antisense
lncRNA

The transcription of Uph regulates the chromatin state at the
promoter of Hand2 and regulates its expression in the heart.

[82••]

lincRNA-p21 LincRNA Cis- and trans-regulation of Cdkn1a via direct binding to MDM2
in regulating p53 activity. Represses cell proliferation and
induces apoptosis in vSMC, regulates neointima formation, and
its expression level negatively correlated with disease human
coronary artery sample.

[83–85]

MFACR circRNA Sponges miR-652-3p, upregulates MTP18, regulates
mitochondrial fission and cardiomyocyte apoptosis in mice.

[86]

MIAT LincRNA RNA splicing, pro-fibrotic, and it is a susceptibility locus forMI in
human. Functions as a competing endogenous RNA.

[87–89]

KCNQ1OT1 Antisense
lncRNA

Paternally imprinted lncRNA, silences KCNQ1 locus by
regulating histone methylation. Lower level of KCNQ1OT1
associates with MI and ventricular dysfunction.

[59, 60,
90, 91]
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encompasses two of the upstream enhancers for Hand2, to
avoid potential effect of disturbing the upstream regulatory
element, an exon 2 insertion of polyadenylation sequence
was introduced to terminate the transcription of Uph (Uph
KO) without affecting the upstream enhancers of Hand2 gene.
The Uph KOmouse is embryonically lethal and displays peri-
cardial effusion by E10.5. The Uph KO embryos failed to
develop a right ventricular chamber, resembling the pheno-
type of Hand2 KO embryos. Hand2 expression is absent in
the UphKO heart, but remains undisturbed in branchial arches
and limb buds, suggesting the specificity for the regulation of
Hand2 expression in the developing heart by the transcription
of Uph [82••]. The authors also demonstrated that knockdown
of mature transcript of Uph does not affect Hand2 expression,
and the transcription of Uph is required for maintaining the
active enhancer marks H3K4me1 and H3K27ac, and recruit-
ment of GATA4 to the regulatory region [82••]. Moreover,
double heterozygous of Uph and Hand2 (Uph+/−; Hand2+/−)
is embryonically lethal and phenocopy the heart phenotype of
Hand2 KO, suggesting that Uph transcription regulates the
expression of Hand2 in-cis [82••] (Fig. 3). Given that there
are many genetic loci of lncRNAs and protein-coding genes
share similar bidirectional promoter structure [105], the Uph-
Hand2 regulation circuit provides an interesting and important
example for the divergent transcription of lncRNA regulates
the expression of neighboring protein-coding genes in vivo. It
is predictable that additional neighboring lncRNA/mRNA

regulatory circuits will be identified and it will be extremely
interesting to learn how they participate in the regulation of
divergent biological function and disease status.

H19 is one of the cardiomyopathy-associated lncRNAs iden-
tified to be upregulated in the left ventricle biopsies of post-
ischemic dilated cardiomyopathy from a cohort of 13 heart fail-
ure patients [55]. The increased plasma level of H19 had also
been associatedwith increased risk of coronary artery disease in a
cohort of 480 in a Chinese population [57]. The H19 gene en-
codes a 2.3-kb lncRNA and also contains a miRNAmiR-675 in
the first exon [106]. H19 is located in a conserved imprinted
cluster on chromosome 7 in mouse and 11 in human. H19 is
expressed from the maternal allele, while its neighbor gene Igf2,
which is 90 kb away, is paternally express. Their expression is
controlled by an intergenic differentially methylated region,
where it is highly methylated in the paternal allele, which allows
the downstream enhancer to promoter Igf2 expression. In the
maternal allele, this intergenic region is unmethylated, which
recruits insulator CTCF [107, 108], and allows the downstream
enhancer to promote expression of H19 lncRNA. The expressed
H19 lncRNA can act in-cis to recruit Mbd1 and Setdb1 to the
promoter region of Igf2 and several other genes to promote
H3K9me2 [109], which in turn silence their maternal allelic ex-
pression. Targeted deletion of H19 has led to an overgrowth
phenotype, and Igf2 becomes biallelically expressed, which can
be explained by the cis-effect of H19 [76, 110]. To test whether
H19 can act in-trans, Gabory et al. utilized a transgenic allele
which expresses H19 in the Ndn locus which was not imprinted.
The expression of this transgene is sufficient to rescue the over-
growth phenotype displayed in the H19 knockout [77].
Moreover, the expression of the H19 transgene can rescue the
biallelic expression of the Igf2 caused by H19-targeted deletion.
Interestingly, the authors observed that many imprinted genes
outside of this locus which were mis-expressed in the H19
knockout are rescued to normal level in the presence of this
H19 transgene, suggesting that H19 can also act in-trans [77].
H19 lncRNAhas also been shown capable of changing theDNA
methylation genome-wide [111, 112]. Zhou et al. showed that
H19 can bind and inhibit S-adenosylhomocysteine hydrolase and
subsequently influences Dnmt3b-dependent DNA methylation.
It was further demonstrated that H19 suppresses methylation on
DNA methylation regions of many gene targets outside of the
H19 locus in a myotube [111]. Taken together, this suggests that
H19 can act in-cis or in-trans to modify the epigenetic marks in
the targeted locus (Fig. 4). Although H19 is associated with HF
and CAD, mechanistic studies in vivo are needed to elucidate its
function in the context of cardiomyopathy further.

CAIF is a lncRNA that directly interacts with p53 pro-
tein and interferes with its binding to the myocardin
(Myocd) promoter, thus blocking the p53-mediated tran-
scription of Myocd, which subsequently attenuates cardiac
autophagy [64]. Knockdown of p53 or overexpression of
CAIF in the heart can reduce cardiac injury upon ischemia

Fig. 2 lncRNA Chaer interacts with PRC2 complex to negatively
regulate H3K27 methylation state, and de-repress hypertrophic gene
expressions

Fig. 3 The transcription of lncRNA Uph regulates the expression of
neighboring protein-coding gene Hand2 in-cis
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and reperfusion. Although it is shown that CAIF can bind
p53 and functions as a transcriptional repressor for Myocd
transcription, it will be interesting to determine whether
such CAIF/p53 binding can influence transcription of other
p53-dependent genes as well. This study suggests that
lncRNA CAIF participates in the regulation of the p53-
Myocd axis and is important in modulating the pathological
progression of ICM [64].

LncRNA MIAT can function as a competing endogenous
RNA (ceRNA). MIAT is short for myocardial infarction-
associated transcript and was identified as a risk allele for MI in
a large-scale study in the Japanese population [113]. Several
MIAT variants were identified to have higher susceptibility to
MI. MIAT was found to be upregulated in the myocardium of
diabetic rats, and the knockdown ofMIATcould improve the LV
dysfunction induced by hyperglycemia [87]. Mechanistically, it
was shown that MIAT interacts with miR-22-3p and Ago2 and
effectively sponges the miR-22-3p, preventing it from the inhi-
bition of its target Dapk2. This demonstrated a role for lncRNA
to function as a ceRNA or miRNA sponge to regulate pathways
involved in the pathogenesis of diabetic cardiomyopathy.

Emerging Role of Circular RNA
in Cardiomyopathy

Circular RNA (circRNA) is a newly identified class of non-
coding RNA that is formed during 5′ to 3′ back-splicing event.
Many circRNAs are highly conserved and widely expressed
[114], possessing many recently discovered functions, including
as transcription regulators [115] or as miRNA sponges [116]
(Table 1, Fig. 1). A recent study by Tan et al. had surveyed and

validated circRNA expression in the heart, and also during car-
diomyocyte differentiation [73]. They found that the cardiac-
expressed circRNAs are derived from highly express cardiac
genes [73]. For example, one circRNA abundantly expressed
with a large number of isoforms is derived from the Titin gene
[71, 73]. Intriguingly, some circTitin isoforms are differentially
expressed in HCM and DCM hearts, suggesting they might be
involved in the regulation of cardiomyopathy. RBM20 is an
RNA-binding protein that is previously linked to human DCM
and can regulate splicing [117–119]. Kahn et al. demonstrated
that RBM20 could also regulate the biogenesis of a subset of
circTitin isoforms [71], which provides an important insight of
regulation for generating circRNA isoforms. However, the func-
tion of the diverse circTitin isoforms is largely unknown and
future investigation is warranted. Most importantly, it is essential
to determine whether genetic mutations of the Titin gene that
have been linked to cardiomyopathy and heart failure are caused
by altered expression and function of circTitin isoforms.

Two other cardiomyopathy-related circRNAs, i.e., circFoxo3
[70] and HRCR [81], were reported recently. circFoxo3 is highly
expressed in the heart of agedmice and human and its expression
is closely correlated with cellular senescence [70]. Ectopic ex-
pression of circFoxo3 promotes cellular senescence and aggra-
vates doxorubicin-induced cardiomyopathy. Inversely, silencing
of circFoxo3 can partially rescue the pathology of doxorubicin-
induced cardiomyopathy. circFoxo3 is predominantly localized
in the cytoplasm, and it interacts with ID1, E2F1, HIF1α, and
FAK to prevent their nuclear (ID1, E2F1, and HIF1α) or mito-
chondria (FAK) localization under stress conditions. This pre-
sented a role for circRNA to interact with cellular proteins to
modulate their function to induce senescence. The expression
of HRCR decreases in failing mouse heart; Wang et al.

Fig. 4 A methylation-sensitive enhancer region (imprinting control
region, ICR) between lncRNA H19 and protein-coding gene Igf2
controls the allele-specific expression of these two genes. In maternal
allele, ICR is hypomethylated and allows CTCF interaction; this direct
the distal enhancers to drive H19 expression from the maternal allele, and

the lncRNA H19 product recruits transcriptional repressors (such as
MBD1) to repress Igf2 in-cis. On the other hand, the ICR in the
paternal allele is methylated, and the expression of H19 is silenced; this
leads to Igf2 expression from this locus of in an allelic specific manner
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demonstrated that HRCR interacts with miR-233, acting as a
ceRNA or miRNA sponge. They found that the miR-233 trans-
genic mice developed HCM and HF, while the miR-233 defi-
cient mice were protected from isoproterenol-induced hypertro-
phy [81]. Ectopic expression of HRCR in the heart can inhibit
cardiac hypertrophy upon isoproterenol treatment. Taken togeth-
er, these studies suggest an novel role for circRNAs in modulat-
ing the regulatory pathways leading to cardiac hypertrophy and
HF.

Conclusions and Future Directions

Since the realization that the vast majority of the human genome
is transcribed but does not code for protein, the role of ncRNAs
has been actively investigated in many biological systems and a
variety of biological functions has been discovered for these
RNA species. miRNAs have clearly been established as critical
modulators for cardiovascular development and pathogenesis.
Numerous current efforts are focused on building miRNAs as
useful diagnostic biomarkers and powerful therapeutic targets for
human diseases. Although lncRNA research is still at its infancy,
emerging evidence has already pointed to their important roles
for a variety of processes. While many putative ncRNAs have
been identified to associate with cardiomyopathy, only relatively
few have been studied in detail. We anticipate that there will be
many more mechanistic studies and discoveries of novel func-
tions of miRNAs and lncRNAs in regulating the pathways in-
volved in cardiomyopathy in the coming years. Given the versa-
tility for the modes of regulation by lncRNAs, further mechanis-
tic studies will provide a better understanding of the biological
machinery and provide an attractive area for pharmacological
targeting for cardiomyopathy and regenerative therapy.
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