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Abstract: Large scale projects such as FANTOM and ENCODE led to a revolution in our comprehen-
sion of the mammalian transcriptomes by revealing that ~53% of the produced RNAs do not encode 
for proteins. These transcripts, defined as noncoding RNAs (ncRNAs), constitute a heterogeneous 
group of molecules which can be categorized in two main classes, namely small and long, according to 
their length. In animals, the first-class includes Piwi-interacting RNAs (piRNAs), small interfering 
RNAs (siRNAs) and microRNAs (miRNAs). Among them, the best-characterized subgroup is repre-
sented by miRNAs, which are known to regulate gene expression largely at the post-transcriptional 
level. In contrast, long noncoding RNAs (lncRNAs) represent a more heterogeneous group of > 200 
nucleotides long transcripts, that act through a variety of mechanisms at both transcriptional and post-
transcriptional level. 

Here, we discuss how miRNAs and lncRNAs are emerging as pivotal regulators of cardiac muscle 
development and how the alteration of ncRNA expression was seen to disturb the physiology of all the 
different cell types forming the cardiac tissue. Particular emphasis is given to those species that are 
expressed and are known to regulate the capacity of cardiac progenitor cells (CPCs), currently used in 
regenerative medicine protocols, to proliferate and differentiate. Understanding how the ncRNA-
mediated circuitries regulate heart homeostasis is one of the research areas expected to have a high 
impact, improving the therapeutic efficacy of stem/progenitor-cells treatments for translation into 
clinical applications. 
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1. INTRODUCTION 

Recent advances in sequencing technologies have led to 
an expanded knowledge of the transcriptional output of 
mammalian genomes and revealed that biological complex-
ity cannot be directly ascribed to the number of protein-
coding genes, rather to increasing content of noncoding 
DNA (ncDNA) [1, 2]. ncDNA can be broadly classified into 
cis-regulatory regions and DNA elements producing non-
protein coding RNAs (ncRNAs). The interest towards 
ncRNAs has increased in recent times, since they have been 
shown to participate in multiple physiological and pathologi-
cal processes. However, the knowledge on the involvement 
of ncRNAs in the development of the cardiac muscle and in 
the differentiation of all the cell types that constitute the 
heart is still limited and requires attention [3]. In fact,  
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besides their physiological role, dysregulation in ncRNA 
expression has been reported to contribute to the initiation, 
progression and severity of several cardiovascular diseases 
(CVDs) including hypertrophy, myocardial infarction (MI) 
and heart failure (HF). Therefore, there is an urgent need to 
disentangle ncRNA-mediated mechanisms of action to gain 
insight into more successful diagnosis and therapeutics of 
such pathologies. 

ncRNAs constitute an abundant class of transcripts that 
can be grouped into different categories based on their func-
tions and sizes. Short RNAs are < 200 nucleotides in length 
and include small interfering RNAs (siRNAs), 
piwi-‐interacting RNAs (piRNAs) and microRNAs (miR-
NAs). miRNAs are highly versatile molecules that regulate 
gene expression at a post-transcriptional level. Their bio-
genesis starts from a longer capped and polyadenylated RNA 
polymerase II transcript (pri-miRNA), which is processed in 
the nucleus by the Drosha/DGCR8 complex and then in the 
cytoplasm by the DICER complex, releasing the mature 21 
nucleotide long miRNA, in its active form [4]. Each miRNA 
can bind many messenger RNAs (mRNAs) at specific sites 
on their 3’-UTR to cause gene silencing through the block of 
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translation and/or mRNA degradation [5]. In humans, miR-
NAs regulate the activity of ∼50% of functional genes and 
play crucial roles in many biological processes, including 
embryogenesis, cell proliferation, apoptosis, differentiation 
as well as neoplastic transformation in all tissues [3, 6, 7]. 
Specifically, in the heart, several miRNAs are expressed and 
regulated cardiomyogenesis, heart development, cardiac ho-
meostasis and regeneration [8]. LncRNAs represent a novel 
class of RNA polymerase II transcripts longer than 200 nu-
cleotides, which exhibit mRNA-like features such as being 
5’-capped, spliced and polyadenylated [9, 10]. LncRNAs are 
thought to possess remarkable regulatory potential, which 
acquires different facets depending on their binding partners 
and their subcellular (nuclear or cytoplasmic) localization 
[11]. In addition to miRNAs and lncRNAs [12], the recently 
recognized circular RNAs (circRNAs) emerge as a new class 
of evolutionarily conserved regulatory molecules [13, 14] 
where alteration is associated with different forms of CVDs 
[15]. Importantly, their exceptional intracellular stability 
combined with the tissue specificity, suggests that circRNAs 
might be used as promising therapeutic targets and biomark-
ers for CVDs [16]. Finally, a multifaceted interplay among 
miRNAs/lncRNAs/circRNAs and mRNAs has also reported 
to influence the initiation and progression of CVDs [17, 18], 
revealing new paradigms to transcriptional and post-
transcriptional regulation of gene expression (Fig. 1). 

Here, we summarize the data reported in the recent litera-
ture on the role of ncRNAs in cardiac cells, and discuss how 
the alteration of their expression was seen to disturb the 
physiology of all the different cell types forming the cardiac 
tissue (i.e. cardiomyocytes, fibroblasts, vascular smooth 
muscle cells and others) leading to aberrant proliferation, 
apoptosis, autophagy and fibrosis. The strong impact of non-
coding RNAs on the cardiovascular system makes them 
good candidates for therapeutic strategies. For this reason, 
we also discuss what has been recently described about 
ncRNA expression and function in cardiac progenitor cells, 
used in regenerative medicine protocols. Regenerative medi-
cine is one of the most promising options for long term 
treatment of CVDs; many cellular sources and strategies 
have been used for such an approach involving the use of 
both differentiated as well as progenitor cells, surgically de-
livered to the damaged heart [19]. The main mechanisms 
whereby cardiac regeneration can be achieved through cell 
therapy are: i) the direct differentiation of either transplanted 
or resident cardioblasts into functional cardiomyocytes or ii) 
the modulation of cardiac environment through the release of 
soluble factors, which can sustain angiogenesis and limit 
cardiac muscle scarring and fibrosis [20]. The cell sources 
which have been tested clinically in CVD cell therapy appli-
cations can be divided into noncardiac stem cells, such as 
mesenchymal stem cells isolated from the bone marrow, and 
cardiac-committed cells, including c-Kit+ cardiac stem cells, 
cardiosphere-derived cells, and cardiovascular progenitor 
cells derived from embryonic stem cells. Ultimately, also 
iPSCs are under investigation in pre-clinical phase [21]. The 
results obtained with the introduction of these strategies 
seemed promising, showing that these treatments can pro-
vide some benefits to the patients, such as improvements in 
heart functionality, limited scar formation after ischemic 
insult and/or some degree of regeneration [22]. However, the 

information obtained by later research and early clinical tri-
als are controversial and this raised doubts on the feasibility 
of these therapies [23]. One of the main issues regarding 
regenerative medicine strategies involving stem and progeni-
tor cells is the lack of knowledge on the mechanism by 
which the implanted cells exert their beneficial effects [24]. 
At first, researchers thought that these pools of stem cells 
could differentiate into functional cardiomyocytes, but this 
process is unlikely to happen at an appropriate rate to give 
any clinical benefit, also given the not well defined and pos-
sibly low proliferative and differentiation potential of the 
transplanted cells. At present, the most accepted is the 
paracrine hypothesis, whereby the beneficial effects of the 
injected cells seem to be mainly due to the secretion of dif-
fusible molecules (including ncRNAs) that stimulate tissue 
regeneration [25]. Further understanding of the molecular 
machinery and pathways that govern the life of stem cells is 
essential to improve these therapies. To this purpose, several 
research groups directed their studies on the genetic regula-
tion of stem cells [26], many of them focusing on the activity 
of noncoding RNAs in cardiac progenitor cells [27]. In the 
last years, a growing body of research has also hinted at the 
possibility to achieve cardiac regeneration by miRNA target-
ing. This opportunity has been increased by the recent dis-
covery of lncRNAs and circRNAs, which functional impact 
on cardiac physiology can provide the foundation for new 
therapeutic strategies to repair the injured heart. Therefore, 
the studies on their functions in both cardiac development 
and disease as well as in the CPCs regenerative capacities, 
become crucial for the development of future clinical appli-
cations in CVD treatment [28]. 

2. SMALL NONCODING RNAs 

Transcriptomic, as well as functional analyses, revealed 
that miRNAs have control cardiomyocytes proliferation in 
both embryonic and post-natal development, as well as car-
diac stem cell proliferation and function (Table 1). The role 
of miRNAs in cardiac muscle development and cardiac pro-
genitors fate choices has been initially investigated through 
the generation of knock out mice carrying DICER condi-
tional alleles. Cardiac specific genetic ablation of DICER in 
embryos led to severe cardiac development impairment of 
the ventricular chamber and sept [29]. When deletion was 
induced in animals after birth, it caused a dilated cardiomy-
opathy phenotype with early lethality [30, 31], and a de-
ranged expression of the fetal genes program observed in 
cardiomyocytes [32]. 

3. FUNCTIONAL miRNAs IN DEVELOPMENTAL 
PROLIFERATION CONTROL 

miR-1 is the most expressed miRNA in cardiomyocytes 
(CMs), and during the early stages of heart development, it 
works synergistically with miR-133 to promote mesoderm 
differentiation from embryonic stem cells (ESCs) and to sup-
press ESCs differentiation into endodermal or ectodermal 
(non-muscle) lineages [33]. At a later developmental stage, 
miR-1 and miR-133 display opposite roles. Indeed, while 
miR-1 promotes the differentiation of mesoderm into cardio-
myocytes through the translational inhibition of Hand2 and 
Irx5 transcription factors, miR-133 enhances proliferation by 



The Noncoding Side of Cardiac Differentiation and Regeneration Current Stem Cell Research & Therapy, 2020, Vol. 15, No. 00    3 

Table 1. Functional miRNAs in cardiogenesis, cardiomyocytes proliferation control and CPCs biology. 

miRNA Organism Molecular Activity Cardiac Function Reference (Main Evidences) 

miR-1  Mouse Binds Hand2 and Irx5 tran-
scription factor 

Promotes mesoderm differentiation 
from ESCs and then promotes the 
differentiation of mesoderm into 

CMs 

Liu N, et al. Genes Dev 2008 

miR-133  Mouse Represses SRF and Cyclin 
D2 expression 

Promotes mesoderm differentiation 
from ESCs, promotes CM prolifera-
tion and protects CPCs against apop-

tosis 

Liu N, et al. Genes Dev 2008 

Izarra A, et al., Stem Cell Rep 2014 

miR-17∼92 

- miR-17 

- miR-20 

Cluster Mouse Target Bim, BMP 2/4, Isl1 
and tbx1 

Control the differentiation of SHF 
progenitors into right ventricular 
myocytes, limit CPCs expansion 

potential 

Fuller N, et al. Cells 2014 

Sirish P, et al J Mol Cell Cardiol, 2012 

Hosoda T, et al. Circulation 2011 

Wang J, et al. Dev Cell 2010 

miR-208 

miR-209b 

miR-499 

Family Human 
Mouse 

Strongly regulate myosin 
heavy chain genes: 

Myh6 Myh7, Myh7b 

Regulate muscle growth and enhance 
conversion of fibroblasts into CM-

like-cells 
England J, et al. Mol Life Sci 2010 

miR-15a/b 

miR-16 1/2 

miR-195 

miR-497 

Family Mouse 
Regulate the expression of 
Chek1, Cdk9, CyclinD1, 

Cyclin D2 and others 

Play a central role in CM cell cycle 
progression Porrello ER, et al. Circulation 2011 

miR-590 

miR-199 
Family Mouse  

Rat 

Multiple targets; of note 
YAP pathway components 

TAOK1 and β-TrCP 

Induce cell cycle re-entry of fully 
differentiated CM 

Eulalio A, et al. Nature 2012 

Tao Y, et al. BBRC 2019 

Torrini C, et al. Cell Rep 2019 

miR-302-
367 Cluster Mouse Targets Mst1, Lats2, and 

Mob1b 
Regulates CM proliferation through 

the inhibition of Hippo signaling Tian J, et al. Sci Transl Med 2015 

miR-1825  Rat Targets p16, Rb1 and Meis2 
Induces proliferation of adult CM 
and promotes cardiac regeneration 

post ischemic injury 
Pandey R, et al. Am J Transl Res 2017 

miR-29a  Rat Targets Cyclin D2 Involves in cell cycle control in CM 
aged up to 4 weeks Cao X, et al. FEBS Lett 2013 

miR-128  Mouse 

Targets SUZ12, which sup-
press p27 and activates 

Cyclin E and CDK2 expres-
sion 

Impairs cardiac regeneration Huang W, et al. Nat Commun 2018 

miR-34a  Mouse Targets Bcl2, CyclinD1 and 
Sirt1 Impairs cardiac regeneration Yang Y, et al. Circ Res 2015 

miR-31a5p  Rat Targets RhoBTB1 Promotes CM proliferation Xiao J, et al. Exp Mol Med 2017 

miR-499  Human 
Mouse Targets SOX6 and ROD1 Enhances cardiac stem cells differen-

tiation into CM Hosoda T, et al. Circulation 2011 

miR-193a  Mouse 
Mediates c-Kit downregula-
tion with unknown mecha-

nism 

Decreases c-Kit+ progenitors prolif-
eration activity Sun Y, et al. Stem Cell Res Ther 2018 

miR-21 

miR-221 

miR-24 

Cocktail Mouse Multiple targets, including 
Bim in CPCs 

Increase Sca1+ progenitor cells 
survival in cell therapy applications Hu S, et al. Circulation 2011 

miR-210 
Targets multiple genes in-
volved in CM apoptosis 

pathways 

Cardioprotective, angiogenetic and 
anti-apoptotic 

Barile L, et al. Cardiovasc Res 2014 

Wang L, et al. J Cel Mol Med 2019 

miR-146a 

CDCs 

Exosomes 
Mouse 

Targets p38 mediated 
MAPK phosphorilation 

Anti-apoptotic, recapitulates some of 
the beneficial effects provided by 

CDCs in cell therapy 
Ibrahim AG, et al. Stem Cell Rep 2014 
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repressing the SRF (serum response factor) and Cyclin D2 
expression, both required for cell cycle progression [34]. The 
miR-17∼92 cluster controls the differentiation of the second 
heart field (SHF) progenitors into right ventricle myocytes 
and the formation of the cardiac outflow tract [35]. Studies 
on the inactivation of the bone morphogenic protein (BMP) 
signalling, a well-known cardiac development regulator, 
showed that Bmp2 and Bmp4 were responsible for the tran-
scriptional activation through Smad1/5 binding to the con-
served region upstream of miR-17∼92 cluster. In particular, 
two members of the cluster, miR-17 and miR-20a, directly 
repress Isl1 and Tbx1 [36]. These two transcription factors 
are expressed in cardiac progenitor cells and their downregu-
lation limits cardiac progenitor cell's capacity to expand [37]. 
Furthermore, during heart development, contractile protein 
such as Myh6 (alpha-myosin heavy chain), Myh7 (beta-
myosin heavy chain) and Myh7b are strongly regulated by 
the group of myomiRs, which includes miR-208a, miR-209b 
and miR-499, respectively. Deregulated expression of these 
miRNAs leads to an abnormal expression of myosin proteins 
which causes pathological cardiac remodeling [38]. In the 
last phase of heart development, the miR-15 family which 
includes miR-15a/b, miR-16-1/2, miR-195 and miR-497 
plays a pivotal role in cardiomyocytes cell cycle progression 
regulating the expression of many genes such as Chek1, 
Cdk9, Cyclin D1, Cyclin D2 and others [39]. Thus, miRNA 
expression during organogenesis allows a timely control of 
transcriptional programs guiding differentiation by modulat-
ing the expression of key transcription factors (e.g. Hand2, 
Irx5, Smad1/5, Tbx1) and of genes necessary for the muscu-
lar function (e.g. Myosin genes). 

4. FUNCTIONAL miRNAs IN POST-NATAL PROLIF-
ERATION CONTROL 

4.1. Adult Cardiomyocytes 

The heart has been classically described as a post-mitotic 
organ and adult mammalian cardiomyocytes have limited 
regeneration capacity [40]. Probably, there is a strong intrin-
sic mechanism which keeps the heart homeostasis but also 
precludes cardiomyocytes cell cycle re-entry. Nowadays, it is 
clear that chronic, as well as acute cardiac injury, can stimu-
late endogenous repair mechanisms, and cardiomyocyte cell 
cycle re-entry is the main mechanism allowing the produc-
tion of new cardiomyocytes in the adult heart [41]. Some of 
the miRNAs described as regulators of developmental pro-
grams (i.e. miR-1, miR-133, miR-17∼92 cluster and others) 
were shown to be involved also in the activation and control 
of mature cardiomyocyte proliferation [42]. Fate mate map-
ping studies indicated that this mechanism can provide a 
viable pool of cardiomyocytes to the adult cardiac muscle 
after injury [43], but the specific localization of potentially 
cycling cardiomyocytes and their biology is still under inves-
tigation. In many instances, miRNAs implicated in cell cycle 
regulation during development, trigger the proliferative ca-
pacity of adult cardiomyocytes when induced or repressed. 

A comprehensive screening of miRNAs function in neo-
natal cardiomyocytes revealed that miR-590 and miR-199a 
are key proliferation regulators in these cells by inducing cell 
cycle re-entry leading to a substantial increase in cardiomyo-
cytes number. In addition, these same genes promoted also 

adult cardiomyocyte proliferation and regeneration [44]. 
Another example is represented by the miR-302-367 cluster, 
whose expression decreases during postnatal development 
and its re-activation was shown to be sufficient to induce 
cardiomyocyte proliferation. This was also achieved through 
ectopic expression of miR-302-367 mimics in therapeutic 
settings, which provided benefit after cardiac injury through 
targeting Hippo pathway components Lats2, Mst1, and 
Mob1 [45]. 

Also, components of the miR-199 family showed the 
ability to induce cell cycle re-entry of fully differentiated 
cardiomyocytes, upon the overexpression in vitro. Specifi-
cally, overexpression of miR-199 and miR-590, showed an 
increase up to 20% in the number of mature cardiomyocytes 
and demonstrated that these miRNAs can, on their own, in-
duce proliferation of cardiomyocytes postnatally [44]. A 
recent study on the functional effects of pro-proliferative 
miRNA revealed that all of these miRNAs activate nuclear 
localization of the master transcriptional cofactor Yes-
associated protein (YAP) and ultimately induce expression 
of YAP-responsive genes. miR-199a targets the upstream 
YAP inhibitory kinase TAOK1, and the E3 ubiquitin ligase 
β-TrCP, which leads to YAP degradation, therefore, the 
YAP pathway seems to play a central role in cardiac 
regeneration [46]. A recent report showed the effect of 
genetic overexpression of miR-199a in a gene therapy pre-
clinical study in pigs, where the miRNA overexpression 
resulted in increased heart regeneration after MI, giving 
proof of concept evidence of the potential therapeutic use of 
miRNAs in heart failure [47]. The evidence presented and 
other evidence collected so far [48] revealed how the Hippo-
YAP pathway, which has a pivotal role in heart regeneration, 
is regulated through miRNAs action at many levels, making 
miRNAs additional important players in both adult and 
neonatal cardiomyocytes proliferation control through the 
Hippo pathway. 

A recent paper strengthened the notion that miR-199a is a 
powerful activator of proliferation in rodent cardiomyocytes, 
by affecting multiple genes acting on proliferation control. In 
detail, miR-199a targets negatively CD151, which induces 
p38 expression, a known negative regulator of cardiomyo-
cyte proliferation [49]. In addition, recent evidences show an 
interesting regulatory loop where miR-199a is under control 
of miR-1825. Upon miR-1825 overexpression, the direct 
targets of miR-199a, namely p16, Rb1, and Meis2 are down-
regulated, making miR-1825 a master regulator of cardio-
myocytes proliferation [50].  

Many miR and miR-families act instead as negative regu-
lators of cardiomyocytes proliferation, and this makes them 
good candidates for pharmacological intervention using an-
tisense molecules. For instance, the miR-15 family has been 
implicated in postnatal cardiomyocyte proliferation block. 
One of its members, miR-195, is physiologically upregulated 
after birth and was shown to block cardiomyocyte prolifera-
tion; conversely, its overexpression during murine heart de-
velopment, leads to congenital heart abnormalities [51]. The 
inhibition of miR-15 family members (including miR-195) 
after MI in neonatal mouse heart can increase the organ re-
generative capacity through the proliferation of preexisting 
cardiomyocytes [39, 51]. The effects of its depletion in neo-
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natal mice are associated with depression of Chek1 and an 
increased number of mitotic cardiomyocytes [39]. The evi-
dences collected so far indicate that the miR-15 family con-
tributes to the postnatal loss of regenerative capacity of the 
heart, and specific inhibitors can indeed provide therapeutic 
benefit against cardiac ischemic injury [52]. A recent study 
investigated the function of p53 and Mdm2, classically in-
volved in cancer cell cycle derangement, in the maintenance 
of cardiac function and cell cycle arrest. Genetic ablation of 
both p53 and Mdm2 in a single mouse model showed that a 
set of miRNAs (miR-30 a, miR-30b, miR-30c, miR-30e, let-
7a, let-7f, miR-181, miR-26b, miR-204, miR-149, miR-194) 
acts on cell cycle activation and is indeed responsible for 
cardiomyocyte cell cycle arrest. Specific inhibition of these 
miRNAs besides inducing cardiomyocyte cell cycle re-entry, 
can support the completion of this pathway, providing a way 
of generating new cardiomyocytes [53]. Similarly, miR-29a, 
highly expressed in cardiomyocytes aged up to 4 weeks, is 
involved in these cells’ cycle control. Specific miR-29a inhi-
bition induced proliferation through accelerated G1/S and 
G2/M transition, and up-regulated the cell cycle gene expres-
sion such as Cyclin D2 (CCND2) which is a direct target of 
miR-29a [54]. As already mentioned, members of the miR-1 
and miR-133 family are expressed during cardiogenesis and 
act as crucial regulators of proliferation and differentiation in 
cardiac muscle [42]. Genetic ablation studies revealed how 
miR-133 also acts as a brake for the cardiomyocyte cell cy-
cle and blocks their growth and proliferation. This is due to 
the inhibition of specific target genes such as SRF2 and Cy-
clin D2 [55]. Cardiomyocytes from miR-133a-1/miR-133a-2 
double knockout mice show proliferation increase and the 
opposite results were obtained with transgenic overexpres-
sion of both genes, indicating that these miRNAs function as 
inhibitors of these cells proliferation in vivo [34]. Recent stud-
ies found that miR-128 is responsible for the proliferation 
block in cardiomyocytes. miR-128 is overexpressed in car-
diomyocytes after terminal differentiation and blocks expres-
sion of SUZ12, a chromatin modifier which suppresses p27 
(cyclin-dependent kinase inhibitor) and activates Cyclin E and 
CDK2 expression, both positive cell cycle regulators. In mice, 
deletion of miR-128 promotes cell cycle re-entry of adult car-
diomyocytes and attenuates cardiac dysfunction in response to 
MI [56]. Another miRNA that impairs cardiac regeneration is 
miR-34a;, in the heart of neonatal mice, a miR-34a overex-
pression inhibits cardiac regeneration after MI, through target-
ing of Bcl2, Cyclin D1 and Sirt1, three main pro-survival and 
pro-regeneration genes in cardiomyocytes. This suggests that 
suppression of miR-34a in adult heart could increase post-MI 
cardiac regeneration and function. The evidence discussed 
above shows that miRNA can inhibit cardiomyocyte prolifera-
tion of post-natal cardiomyocytes through targeting cell cycle 
regulators (e.g. Cyclin genes, CDK, p27) as well as chromatin 
modifiers (e.g. SUZ12, Sirt1), making miRNAs a linking hub 
among these different mediators of cardiac cells proliferative 
capacity [57].  

Besides canonical cell cycle regulation, other pathways 
affected by miRNA expression levels can induce CMs 
growth. For example, a recent study reported that miR-31a, 
normally lost during the early postnatal period, when re-
expressed, can promote CMs proliferation acting through 
downregulation of RhoBTB1, a tumor-suppressor gene 

whose function is still unknown in the cardiac system. The 
same phenotype could also be induced by specific knock-
down of RhoBTB1 gene which was shown to be the main 
mediator of the pro-proliferative effect of miR-31a on CMs 
[58]. 

4.2. Adult Cardiac Progenitor Cells (CPCs) 

In addition to the mature cardiomyocytes cell cycle re-
entry, the heart can achieve regeneration through specific 
proliferation and differentiation of resident progenitor cells, 
which are a very small and diffuse population responsible for 
some regenerative capacity of the heart. Resident progenitors 
can be activated by cardiac injury and mediate cardiac repair 
also through miRNAs [59]. Data on human cardiac-derived 
cardiomyocytes’ progenitor cells (CMPCs) showed that 
miRNAs regulate the proliferation of these cells and their 
differentiation into cardiomyocytes. In particular cardiac 
derived cardiomyocytes express miR-1 and miR-499 at a 
high level, and their overexpression reduced proliferation 
and induced differentiation of CMPCs and embryonic stem 
cells [60]. miR-499 was shown to enhance cardiac stem cell 
differentiation into cardiomyocytes by targeting SOX6 and 
ROD1 [61]. In addition the expression level of miR-17∼92 
cluster is higher in neonatal CPCs as compared to the adult 
counterpart, and the cluster re-expression in adult cells might 
increase their proliferative potential [62]. Modulating pro-
genitor cells expansion capacity is one of the main goals of 
regenerative medicine, and miR-17 and miR-20a inhibition 
might be a useful tool in this sense. 

Molecular profiling of miRNAs expressed in resident 
CPCs responsible for keeping heart homeostasis [63], 
showed that they express many of the miRNAs acting on 
heart development. However, these cells don’t go down the 
differentiation path, but stay in a paused state until triggered 
by specific stimuli. The pathways responsible for keeping 
them in this intermediate state are not fully known, but some 
studies revealed that manipulation of miRNAs involved in 
early development (miR-1, miR-17∼92 cluster, miR-499) 
can modulate their fate choice [60-62]. Both miR-1 and miR-
133 act on adult progenitor cells proliferative potential, are 
progressively upregulated during in vitro differentiation of 
adult cardiac progenitor cells (CPCs) and miR-1 family 
overexpression enhanced the cardiac differentiation of CPCs, 
whereas overexpression of the miR-133 family protected 
CPCs against apoptosis [64]. A recent paper described a loop 
mechanism providing proliferation potential to c-Kit+ CPCs, 
involving miR-193a. In particular c-Kit+ progenitor cells iso-
lated from adult mouse heart showed an increased prolifera-
tion ability when treated with Insulin-like growth factor-1 
(IGF-1), which resulted in increased c-Kit expression de-
creased miR-193a expression. The loop mechanism induced 
by IGF-1 stimulus drives an increased proliferation and migra-
tion of c-Kit+ CPCs by epigenetic silencing the expression of 
miR-193a, which was shown to negatively modify the c-Kit 
expression level [65]. A set of miRNAs has been included in 
CPCs survival and apoptosis control. For example, a func-
tional screening revealed that adult Sca+ CPCs have an in-
creased survival to stress after overexpression of miR-21, 
miR-221 and miR-24, achieved through targeting Bim protein. 
An increased Sca+ CPCs survival was also reported after in 
vivo transplantation of cells overexpressing the three miRNAs 
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in ischemic heart, revealing a potential role for these miRNAs 
in ameliorating cell therapy approaches [66]. 

One of the cellular populations used in current clinical 
protocols for heart regenerative medicine approaches are 
Cardiosphere Derived Cells (CDCs). These are generated 
using a specific culture method allowing 3D culture of sphe-
roids from stromal cardiac cells, which provides a niche-like 
structure that allows the expansion of cells with regenerative 
potential currently used in clinical trials (recently reviewed 
in [19]) for cardiac regenerative therapy of heart failure. It 
has been shown how the paracrine action of CDCs is crucial 
for their biological activity, and also that their phenotype, as 
well as expression of some miRNAs, is influenced, for ex-
ample, by the pharmacological intervention on patients that 
undergo surgery [67]. In addition it has been shown that spe-
cific miRNAs are found in extracellular vesicles and 
exosomes secreted by CDCs [68, 69], among which are miR-
210, and miR-146a. A cardioprotective role has been de-
scribed for miR-210, which acts by improving angiogenesis 
and inhibiting cardiomyocytes apoptosis through targeting 
apoptosis pathway genes, cell cycle regulators as well as 

chromatin modifiers [70]. An anti-apoptotic role in cardiac 
cells after an injury has been also attributed to miR-146a [71, 
72] which blocks, in combination with miR-21, p38-MAPK 
activity by inhibiting its phosphorylation. Importantly it has 
been shown that the administration of the sole miR-146a to 
the damaged heart of mice after MI can recapitulate, at least 
in part, the beneficial action provided using CDCs [69], 
which makes miR-146a one of the miRNAs to be studied in 
more detail as a possible surrogate for therapeutic cells usage 
in regenerative medicine protocols.  

4.3. Functional Long Noncoding RNAs in Cardiomyo-
genesis 

Differently from mRNAs, which mainly localize to cyto-
plasm, lncRNAs can have a mixed distribution within the 
cell or can preferentially occupy either the nuclear (chroma-
tin, nucleoplasm, subnuclear foci) or the cytoplasmic com-
partment (Table 2). Despite the differences in localization 
and mechanism of action, both nuclear and cytoplasmic 
lncRNAs are involved in all cellular processes that concur to 
the correct exertion of cardiovascular functions. 

 
Table 2. Functional lncRNAs and circRNAs in cardiomyogenesis. 

ncRNA Organism Subcellular 
Compartment Molecular Activity Loss of Function Phenotype References 

bvht Mouse Nuclear 
Binds SUZ12 subunit of PRC2 complex 

preventing its repressive activity on 
MesP1 promoter 

Decrease in beating cardiomyocytes 
in ESC derived cultures 

Klattenhoff CA, et al Cell 
2013 

Fendrr Mouse, Human Nuclear 
Binds PRC2 and TrxG/MLL to influence 

histone marks on lateral mesoderm 
specific gene promoters 

Embryonic lethality Grote P, et al Dev Cell 
2013 

carmen Mouse, Human Nuclear 
Interacts with SUZ12 an EZH2 subunits 

of PRC2 and influences the expression of 
cardiomyogenic genes 

Impairment of cardiac differentiation 
in ESCs 

Ounzain S, et al J Mol 
Cell Cardiol 2015 

Charme Mouse, Human Nuclear Acts as a chromatin architect to promote 
cell differentiation Cardiac hyperplasia Ballarino M, et al EMBO 

J. 2018 

cpr Mouse, Human Nuclear Recruits DNMT3A and promotes CpG 
methylation of MCM3 promoter Increased proliferation in adult heart Ponnusamy, M et al 

Circulation. 2019 

uph Mouse Nuclear 
Its transcription maintains a permissive 

chromatin environment for the expression 
of nearby Hand2 gene 

Embryonic lethality 

Anderson KM, et al 
Nature 2016 

Han X, et al Develop-
ment 2019 

Tbx5ua Mouse, Chicken, 
Human 

Not clearly 
localized Upstream and divergent to Tbx5 gene Embryonic lethality, hypoplastic left 

ventricle 
Hori Y, et al BMC ge-

nomics 2018 

YylncT Mouse, Human Nuclear Binds and prevents DNMT3B activity on 
BRACHYURY (T) locus 

hESC inability to differentiate into 
mesoderm cells 

Frank S, et al Cell Stem 
Cell 2019 

HBL1 Human Cytoplasmic Binds miR-1 to repress its functions in 
cell differentiation 

Increase in differentiation of PSC in 
cardiomyocytes 

Juli L, et al Dev 
Cell 2017 

CAREL Mouse, Human Cytoplasmic Competes for the binding with Trp53inp1 
and Itm2a mRNAs 

Promotes cardiac regeneration in the 
neonatal heart after injury, induces 

cardiomyocytes proliferation 
Cai B, JACC, 2018 

Crrl Rat, Human Cytoplasmic 
Binds miR-199a-3p, increasing the 

activity of the HopX in mediating the 
deacetylation of Gata4 

Alleviation of remodeling after 
myocardial infarction and increased 

cardiomyocytes proliferation 

Chen G, et al J Mol Cell 
Cardiol. 2018 

NR_045363 Mouse, Human Cytoplasmic 
Binds miR-216a and activates the miR-
216a/JAK2-STAT3 pathway and cell 

proliferation 

Decrease in primary fetal cardiomyo-
cytes proliferation 

Wang J, et al J Mol Cell 
Cardiol. 2019 

Table (2) contd…. 
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ncRNA Organism Subcellular 
Compartment Molecular Activity Loss of Function Phenotype References 

ECRAR Rat, Human Cytoplasmic 
Binds ERK1/2 inducing its phosphoryla-
tion, activation and translocation in the 

nucleus. 
Decreased proliferation Chen Y, et al Mol Ther-

apy 2019 

Galont Mouse Cytoplasmic Competes for the binding of miR-338 
with ATG5 

Decrease of autophagic vesicles and 
cell death after anoxia/reoxygenation 

treatment 

Yin G, et al. J of Cell 
Biochem. 2018 

SNHG1 Human Cytoplasmic Binds miR-195, regulating BCL2L2 
translation and enhancing cell viability 

Reduced viability in apoptotic car-
diomyocytes 

Zhang N, et al Cell 
Physiol Biochem 2018 

CTBP1-AS2 Rat, Mouse Cytoplasmic 
Binds FUS in the cytoplasm to stabilize 
TLR4 mRNA and induce cardiomyocyte 

hypertrophy 

Attenuation of AngII-induced hyper-
trophy 

Luo X, et al Cardiov 
Path. 2019 

Linc1405/M
eteor Mouse Nuclear 

Interacts with Eomes, WDR5, and GCN5 
to regulate histone modification of 

MESP1 enhancer region 

Impairs cardiac differentiation in 
ESC 

Guo X, et al.Cell Stem 
Cell 2018 

Engreitz JM et al, Nature 
2016 

Alexanian M, et al Nat 
Commun 2017 

chfr Mouse, Human Cytoplasmic Sponges miR-489 regulating Myd88 
translation 

Reduction of cardiomyocyte hyper-
trophy 

Wang K, et al Circ Res. 
2014 

alien 
Zebrafish, 

Mouse,  
Human 

Not clearly 
localized 

Specifically expressed in vascular pro-
genitors, long interspersed noncoding 

RNA located next to FOXA2 

Impairment in mesodermal specifica-
tion, in particular, defective vascular 
patterning and heart chamber forma-

tion (Zebrafish), 

Kurian L, et al Circula-
tion 2015 

punisher Zebrafish, 
Mouse, Human 

Not clearly 
localized 

Specifically expressed in mature endothe-
lial cells, antisense lncRNA of the 

AGAP2 gene 

Severe defects in vasculature and 
heart development (Zebrafish), 

impaired human vessel maturation 
(Human) 

Kurian L, et al Circula-
tion 2015 

terminator Zebrafish, 
Mouse, Human Nuclear 

Specifically expressed in pluripotent stem 
cells, intergenic lncRNA located next to 

ZNF281 

Embryonic lethality, severe cardio-
vascular defects (zebrafish), high cell 

mortality (hES) 

Kurian L, et al Circula-
tion 2015 

SENCR Human Cytoplasmic  Attenuation of the SMC contractile 
phenotype and enhanced cell motility 

Bell RD et al Arter 
Thromb Vasc Biol. 2014 

circ-Slc8a1, 

circ-NCX1 
Mouse, Rat, 

Human 
Cytoplasmic 

Sponges miR-133a and miR-133a-3p, 
inhibiting the regulation of the latter on 

CDIP1 

Reduction of cardiac hypertrophy, 
reduction of apoptosis in oxidative-

stress induced cardiomyocytes and in 
vivo amelioration of myocardial 
ischemia-reperfusion damage 

Lim TB, et al Cardiov 
Res. 2019 

Li M, et al Theranostics 
2019 

circ-Nfix Mouse, Rat, 
Human Cytoplasmic 

Interacts with Ybx1 causing its cytoplas-
mic retention, ubiquitination by Nedd4l 

and degradation. 

Sponges miR-214 regulating Gsk3β 
expression 

Increased cardiomyocytes prolifera-
tion, reduction of apoptosis in oxida-
tive-stress induced cardiomyocytes, 

in vivo cardiomyocytes de-
differentiation and proliferation 
followed by redifferentiation, in-

creased regeneration and surviving 
after cardiac injury 

Huang S, et al Circulation 
2019 

circ-Ttc3 Mouse, Rat Cytoplasmic circ-Ttc3 sponges miR-15b upregulating 
Arl2 

Promotes cardiomyocyte apoptosis 
under cardiac ischemia and therefore 
cardiac dysfunction and remodeling 

after myocardial infarction 

Cai L, et al J of Mol and 
Cell Cardiol 2019 

circ-Amotl1 Human 
Cytoplasmic, 

Nuclear translo-
cation 

Binds AKT and PDK, induces AKT 
phosphorylation and pAKT nuclear 

translocation 

Decreased proliferation and survival 
and increased apoptosis 

Zeng Y, et al Theranos-
tics 2017 

circ-HIPK3 Mouse, Rat, 
Human Cytoplasmic Sponges miR-29b-3p upregulating α-

SMA, COL1A1 and COL3A1 expression 

Inhibition of cardiac fibroblasts 
proliferation and migration. Reduc-
tion of cardiac fibrosis and improve-
ment in diastolic function, together 
with a decrease in cardiomyocyte 

size 

Ni H, et al Int J of Cardi-
ology 2019 
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4.4. Nuclear-Enriched lncRNAs 

Nuclear lncRNAs (Fig. 1A) have demonstrated to exert 
significant biological functions during cardiovascular devel-
opment. Even though only a few transcripts have been 
mechanistically characterized, many of them were shown to 
regulate cardiac-specific gene expression programs by influ-
encing epigenetic marks, active or repressive transcription 
factor activities or the tri-dimensional architecture of specific 
chromatin domains [73]. These activities are temporally and 
spatially regulated by the formation of secondary and tertiary 
folds also assisted by the dynamic interaction with several 
partners. In this regard, biochemical high-throughput ap-
proaches revealed that lncRNAs may serve as structural scaf-
folds, to bring proteins and nucleic acids in proximity by the 
formation of ribonucleoprotein aggregates [74]. This versa-
tility is exceptional and further increased by splicing regula-
tion, which expands the variety of RNA structures by joining 
alternative combinations of exonic and intronic sequences. In 
the nucleus, some lncRNAs act in cis, thus influencing the 
expression of neighboring genes; other species diffuse from 
their transcription site to act in trans on chromatin loci which 
are located on different chromosomes. 

Several lncRNAs influence pluripotency and cardiac 
lineage specification by regulating the expression of impor-
tant master regulators. Earlier examples include Braveheart 
[75] and Fendrr [76], two trans-acting lncRNAs which activ-
ity in mouse is required for the commitment to the cardiac 
lineage and, ultimately, to heart development. Mechanisti-
cally, Braveheart regulates the progression of nascent meso-
derm towards a cardiac fate by displacing the repressive 
Polycomb Repressive Complex 2 (PRC2) from the promoter 
of the master transcription factor (TF) mesoderm posterior 1 
(MESP1). Concomitantly, Fendrr binds PRC2 as well as the 
activating Trithorax group (TrxG/MLL) complex, to turn on 
the expression of lateral plate mesoderm specific genes. 
MESP1 expression is further regulated by Linc1405, a 
lncRNA which transcription site is located nearby EOMES 
(Eomesodermin), a gene required for early embryonic meso-
derm differentiation [77]. Mechanistically, the exon 2 of 
Linc1405 binds EOMES and promotes the assembly of the 
activating EOMES/WDR5/GCN5 complex at the MESP1 
enhancer. Thus, as shown for Braveheart, Linc1405 also has 
a permissive function in cardiogenesis and knockdown re-
sults in decreased MESP1 expression [78]. For complete 
information, similar results were described shortly before by 
the Pedrazzini’s lab, which reported in ESCs the modulation 
of EOMES-dependent mesendodermal specification and 
cardiac differentiation by the enhancer-associated lncRNA 
Meteor (MesEndoderm Transcriptional Enhancer Organizing 
Region) [79]. 

As Meteor, a number of cardiac lineage-determining 
lncRNAs is produced by cardiac-specific enhancer and su-
per-enhancers (SE) [80]. An example is CARMEN (CAR-
diac Mesoderm Enhancer-associated Noncoding RNA), an 
evolutionary conserved SE-associated lncRNA whose ex-
pression is significantly induced during fetal CPCs differen-
tiation. The enhancing activity of CARMEN, which is up-
stream of both Braveheart (in mouse) and EOMES/MESP1 
regulatory pathway, places CARMEN at the top of a molecu-
lar hierarchy which controls the ability of precursor cells to 

differentiate into cardiomyocytes[81]. In addition to the 
above studies, other examples that support the important role 
of lncRNAs in cell specification from ESCs to CPCs and 
differentiation of cardiac cell subtypes (i.e. endothelial [82], 
cardiomyocytes [83] and smooth muscle cells [84]) were 
also identified. The balance between cardiac cell prolifera-
tion and differentiation, when dysregulated, may cause 
pathological remodeling, in which morphological and func-
tional alterations of the cardiac muscle lead to chronic heart 
failure. In literature, several lncRNAs were described to be 
implicated in this process when deregulated [83, 85-87]. A 
recent example is represented by Charme (Chromatin archi-
tect of muscle expression), a muscle-restricted and chroma-
tin-associated lncRNA which ablation in mouse causes a 
pronounced phenotype of cardiac remodeling [88]. It re-
mains to be addressed whether the cardiac hyperplasia seen 
in Charme knockout mice simply arises from developmental 
dysfunctions or rather additional changes in the cardiac cell 
subtypes contribute post-natally to the observed phenotype. 
However, since Charme was shown to influence the three-
dimensional organization of sub-nuclear domains by acting 
as an architect RNA, overall, these studies contributed to 
interpret the pathogenesis of cardiac remodeling from an 
epigenetic perspective. 

LncRNAs which regulate cardiomyocyte proliferation 
may represent promising targets for effective cardiac repair 
and regeneration. In this direction, Wang’s lab recently iden-
tified and functionally characterized the cardiomyocyte pro-
liferation suppressor (CPR) lncRNA, which silencing re-
stores heart performances upon myocardial injury by in-
creased cardiomyocyte proliferation [89]. Although these 
results demonstrate that lncRNAs take part in cardiac repair, 
the incorporation into clinical trials still remains a challenge 
as a deeper understanding of their mechanism of actions is 
yet needed. 

In humans, genomic loci encoding for developmental cell 
fate regulators are often hosting sites for divergently tran-
scribed noncoding RNAs [90, 91]. Although the function of 
these transcripts is poorly known, their non-random distribu-
tion across the genome as well as the correlation of their 
expression with the accompanying genes, imply cis-acting 
strategies underlying their regulation [92]. Accumulating 
evidence from independent studies indicate that divergent 
lncRNA-mediated transcription regulation of neighboring 
genes represents a general phenomenon during cardiac 
commitment. A typical example is Upperhand (Uph), a long 
noncoding RNA co-expressed and associated with HAND2, 
a transcription factor that controls the reprogramming of 
fibroblasts into cardiomyocytes. In 2016, Anderson and col-
leagues found that Upperhand transcription, but not the ma-
ture transcript, governs the expression of HAND2 by main-
taining a permissive epigenetic signature on HAND2 up-
stream enhancers [93]. In line with the importance of this 
regulation in the coordination of heart development, Uph 
knockout leads to ventricular hypoplasia by E10.5 and em-
bryonic lethality. Of note, the ablation of Uph expression by 
the use of different knockout mouse models was recently 
found to produce distinct phenotypes [94]. These findings 
emphasize the complexity of Uph/HAND2 regulation and 
point out the need for complementary genetic approaches to 
understand the physiological relevance of lncRNA in vivo. In 
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analogy to HAND2, Takeuchi’s lab found many divergent 
lncRNAs associated with genes with crucial functions for 
heart development (i.e. NKX-2.5, GATA6 and TBX5). 
Among them, the Tbx5 upstream anti-sense product 
(Tbx5ua) is a divergent lncRNA transcribed from one of the 
promoters of Tbx5, which genomic position is conserved in 
human. Although they are close, Tbx5ua and Tbx5 exhibit a 
different expression pattern being Tbx5ua, unlike Tbx5, 
equally expressed in both ventricles. Nevertheless, Tbx5ua 
knockdown by premature transcription leads to embryonic 
lethality probably caused by severe ventricular hypoplasia 
[95]. Differently to Tbx5ua, yin-yang lncRNAs 
(yylncRNAs) represent a subclass of divergent lncRNAs 
having an almost identical pattern of expression of their 
neighboring genes [96]. The fact that yylncRNAs are prefer-
entially produced from the genomic loci of key developmen-
tal cell fate regulators, implies the potential significance of 
these transcripts in embryonic lineage decisions. A good 
example is represented by yylncT, a yylncRNA which was 
found to control mesoderm differentiation of ESCs by con-
trolling the activation DNMT3B-dependent of the adjacent 
BRACHYURY (T) locus. 

4.5. Cytoplasmic Enriched lncRNAs 

Recent studies characterizing cytoplasmic lncRNAs in-
volved in cardiomyocyte proliferation are various (Fig. 1B). 
Heart Brake LncRNA 1 (HBL1) is a cytoplasmic lncRNA 
which expression in human is controlled by the transcription 
factor Sox2. In human pluripotent stem cells, HBL1 acts as a 
competing endogenous RNA (ceRNA) by physically inter-
acting with miR-1, a key activator of human-induced pluri-
potent stem cells (hiPSCs) differentiation in cardiomyocytes. 
Mechanistically, HBL1 repress cardiomyocyte differentia-
tion by counteracting miR-1 [97]. The cardiac regeneration-
related lncRNA CAREL is upregulated in murine cardio-
myocytes after a few days post-birth and this increase in ex-
pression is concomitant with a decrease in cardiomyocyte 
proliferation and heart regeneration ability. CAREL mediates 
these processes competing for the binding of miR-296 with 
Trp53inp1 and Itm2a mRNAs, whose proteins have been 
shown to regulate cell proliferation, differentiation and apop-
tosis in different cell types. These data suggest CAREL as a 
suitable therapeutic target to enhance cardiac regeneration 
after injury [98]. Similar function and activity are possessed 
by the Cardiomyocyte Regeneration-Related lncRNA 
(CRRL). CRRL is upregulated during adult life in cardio-
myocytes and its silencing causes the overexpression of 
many cell cycle-related genes and the attenuation in vivo of 
cardiac remodeling after MI. CRRL functions as a sponge 
for miR-199a, preventing its activity on HopX mRNA. 
HopX acts together with the chromatin modifying enzyme 
histone deacetylase 2 (HDAC2) mediating the deacetylation 
of GATA4 in order to regulate the proliferation of cardio-
myocytes. Like CAREL, CRRL may be a suitable target to 
activate adult cardiomyocyte proliferation in adult injured 
hearts [99]. An opposite effect on cardiomyocyte prolifera-
tion is exerted by lncRNA NR_045363. This transcript is 
abundant in developing cardiomyocytes and it is upregulated 
after cardiac injury in neonatal hearts. In addition, 
NR_045363 overexpression is able to ameliorate heart func-
tionality after MI enhancing cardiomyocyte proliferation, 

whereas its silencing reduces DNA synthesis, mitotic activity 
and cytokinesis in cardiomyocytes. The molecular mecha-
nism of NR_045363 consists of competing for the binding of 
miR-216a with JAK2, a kinase that phosphorylates STAT3, 
which is a transcription activator involved in cell prolifera-
tion [100]. Another lncRNA that positively influences car-
diomyocyte proliferation is ECRAR. This transcript is tran-
scriptionally activated by E2F1 and binds ERK1/2, which 
performs an essential role in cell proliferation and G1/S tran-
sition, inducing its phosphorylation, activation and transloca-
tion in the nucleus. ERK1/2 induces the expression of differ-
ent cell cycle-related genes such as cyclins and E2F1 itself 
generating a feedback loop together with ECRAR [101]. 
Cytoplasmic lncRNAs have also been discovered to be in-
volved in pathological conditions. For instance, lncRNA 
Galont is induced upon anoxia/reoxygenation (A/R) stimu-
lus. This transcript enhances autophagy and cell death in 
cardiomyocytes by sponging miR-338, that has an opposite 
effect on these processes, thus preventing its activity on 
ATG5. This protein is an E3 ubiquitin ligase fundamental in 
autophagy and is the downstream effector of Galont [102]. 
lncRNA SHNG1 has an opposite effect on cell viability. This 
transcript is downregulated by H2O2 treatment in cardiomyo-
cytes and its overexpression ameliorated the outcomes of the 
treatment on cell functionality. Mechanistically, SHNG1 acts 
as a ceRNA binding miR-195, which in turn negatively regu-
lates the translation of BCL2L2, a mediator of apoptotic cell 
death. The alleviation of the miRNA effects by SHNG1 in-
creases cell viability and reduces apoptosis [103]. Another 
example of lncRNA acting in pathological conditions is 
CTBP1-AS2 that has been found to be upregulated in hyper-
trophic cardiomyocytes. Loss-of-function studies demon-
strated that this lncRNA is able to promote cardiomyocyte 
hypertrophy induced by Angiotensin II (AngII) treatment. 
Additionally, researchers discovered that Sp1, a transcription 
factor involved in a plethora of human diseases including 
cardiac hypertrophy whose expression is induced by AngII 
treatment, is able to enhance the expression of CTBP1-AS2. 
In turn, the transcript activity lies in its ability to bind FUS to 
stabilize the toll-like receptor 4 (TLR4) mRNA, that is criti-
cal in sterile inflammation, which is a common process dur-
ing cardiac hypertrophy and contributes to the progression of 
the disease, and to hypertrophy itself [104]. 

4.6. Functional Circular RNAs in Cardiomyogenesis 

Although there is not a general consensus on their func-
tion, many cardiac-specific circRNAs have been character-
ized in the latest years. Two different research groups 
worked on the characterization of a circRNA that arises from 
the second exon of the sodium-calcium exchanger gene 
Slc8a1, named as circSlc8a1/circNCX1 [105, 106]. Both 
studies demonstrated that this molecule acts as a miR-133a 
sponge. circSlc8a1 is constitutively expressed in cardiomyo-
cytes, but its activity is of particular relevance in stress re-
sponse after pathological conditions. Indeed, the studies 
show that inhibition of circSlc8a1 ameliorates pathological 
hypertrophy and decreases apoptosis induction in cardio-
myocytes. Furthermore, Li and colleagues observed that 
circSlc8a1 endogenous upregulation by apoptotic stress 
causes an enhancement in pro-apoptotic factor cell death-
inducing factor (CIDP1) expression, which is due to the re-
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duced activity of miR-133 caused by the circular RNA, and 
that this process enhanced apoptotic death of cardiomyocytes 
[106]. An opposite role in cardiomyocytes survival is exerted 
by circ-Ttc3. It has been demonstrated that circ-Ttc3 is over-
expressed after MI in cardiomyocytes under hypoxia and that 
its knockdown in cells undergoing this condition causes in-
creased apoptosis. The same result is obtained through its 
induced downregulation in vivo, a process that causes cardiac 
dysfunction and remodeling. Circ-Ttc3 acts as a miRNA 
sponge too, competing for the binding of miR-15b with ADP 
Ribosylation Factor Like GTPase 2 (Arl2) mRNA, which is 
involved in mitochondrial functionality and cell division 
[107], therefore exerting a cardioprotective role [108]. Spe-
cific silencing of circHIPK3 in cardiac fibroblasts after 
AngII treatment counteracts these processes and additionally 
reduces cardiac hypertrophy. circHIPK3 mechanism of ac-
tion consists of sponging miR-29b and upregulating the ex-
pression of its target genes α-SMA, COL1A1 and COL3A1 
[109]. Circular RNA activity is not restricted to the class of 
competing endogenous RNAs, for instance, the recently 
characterized circNfix interacts both with proteins and miR-
NAs in the cytoplasm. This transcript is associated with a 
super-enhancer and is mainly expressed in adult hearts. 
circNfix expression is controlled by Meis1, which is a tran-
scription factor that controls cell cycle arrest in adult car-
diomyocytes, that is able to bind to the super-enhancer acti-
vating the RNA expression. circNfix is involved in cell cycle 
arrest, first interacting with Ybx1, a transcription factor as-
sociated with cell proliferation, and causing its retention in 
the cytoplasm. Here, Ybx1 is degraded after ubiquitination 
by the ubiquitin ligase Nedd4l. Furthermore, circNfix influ-
ences cell proliferation and angiogenesis sponging miR-214, 
which regulates glycogen synthase kinase 3 β (Gsk3β) ex-
pression. Gsk3β is involved in β-catenin degradation and 
VEGF release from cardiomyocytes, thus representing the 
main downstream effector of circNfix activity [110]. An-
other possible circRNA-mediated mechanism of action is the 
one performed by circAmotl1. This molecule is mainly ex-
pressed in neonatal cardiomyocytes and acts binding both 
AKT and PDK1 in the cytoplasm, thus facilitating AKT 
phosphorylation by pPDK1 and the subsequent pAKT acti-
vation and translocation in the nucleus. The AKT pathway is 
essential in the regulation of cell proliferation and survival 
and this makes circAmotl1 a potential powerful target to 
increase cardiomyocyte proliferation after injury [111]. 

4.7. ncRNAs and Future Challenges in Regenerating the 
Heart 

Since the early 2000s, the discovery of many functional 
miRNAs acting as development regulators, oncogenes or 
tumor suppressors stimulated the interest of the scientific 
community on the involvement of ncRNAs in biomedical 
research. Over the years, this has led to a deeper understand-
ing of the mechanisms behind the establishment and progres-
sion of many pathologies with the ambition to develop novel 
biotechnological tools for counteracting clinically relevant 
diseases. Above all, the emphasis was given to the cardio-
myopathies as they are projected to be the leading cause of 
death worldwide. The main outcome of cardiac diseases is 
represented by the loss of millions of cardiomyocytes. Al-
though at least in mammals, the cardiac muscle has a re-

duced regenerative potential, the presented literature high-
lights how often in pathological conditions regeneration can 
be sustained by miRNAs, which are essentially the same 
acting during ontogenesis [34, 42, 55, 60-62]. This might be 
applicable to lncRNAs as well, although their impact on 
heart remodeling is less known and a thorough description of 
their biology is then necessary. 

Pharmacological treatments are frequently used for re-
storing cardiac functionality, but they usually only relieve 
symptoms without repairing the damaged tissue [112]. A 
more effective way is the one envisaged by regenerative 
medicine, whose ambition is to develop feasible strategies to 
replenish the pool of functional cardiomyocytes, thus repair-
ing the damaged tissue. In this regard, an emerging issue is 
to obtain regeneration without the transplant of exogenous 
cells but by enhancing endogenous cardiomyocyte prolifera-
tion, possibly through expression or inhibition of specific 
genes. This kind of approach would be as challenging as the 
stem cell transplantation, especially given the low number 
and proliferation rate of the resident adult cardiac progenitor 
cells. Heart failure gene therapy approaches, currently at 
different stages of the clinical testing, have been developed 
mainly to target cardiac excitation-contraction coupling in 
cardiomyocytes [113]. Some recent evidence also showed 
promising results with gene therapy approaches designed on 
specific miRNAs, which can be efficiently delivered to post-
ischemic hearts and induce regeneration (reviewed in [114]). 
Apart from miRNAs, several lncRNAs and circRNAs have 
been suggested to regulate cardiomyocytes proliferation pro-
liferation [86, 89, 98, 99, 101, 110, 111]. Even though these 
studies hold the promise for the future, still some issues re-
main before translation into routine clinical practice. Firstly, 
there is a need for tailoring these strategies for feasibility in 
human hearts, evaluating the real efficacy in regenerating the 
damaged tissue in vivo. In addition, possible unwanted long-
term drawbacks on the health of patients possibly due to the 
permanent reactivation of proliferation in cardiomyocytes 
have to be taken into account. However, the high tissue 
specificity of these molecules may favor their use in gene 
therapy, because it could prevent side effects on cell types 
other than those under treatment.  

Besides boosting proliferation and endogenous repair 
mechanisms, it is well documented how the heart regenera-
tive capacity can be influenced epigenetically by environ-
mental factors, specifically oxidative stress, through ncRNAs 
[115-117]. Given the multiple functions of ncRNAs, and the 
documented interaction between different classes of ncRNAs 
(e.g. miRNAs and lncRNA or circRNA as summarized in 
Fig. 1) it is of pivotal importance to gather as much informa-
tion as possible on their involvement in all the variables 
which lead to heart failure progression. 

Further studies on the involvement of noncoding RNAs 
in cardiomyocytes and progenitor cells proliferation, differ-
entiation and secretion pathways, as well as in oxidative 
stress response, may lead to a better understanding of the 
mechanisms by which stem/progenitor cells treatments affect 
cardiac regeneration, thus helping in enhancing their effi-
cacy. On the other hand, these studies can unravel the func-
tionality of many other unknown noncoding RNAs that may 
be used in future gene therapy approaches either alone or in 
synergic combination with other molecules. 
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The possibility of using ncRNAs as new therapeutic tar-
gets for cardiac diseases has produced a huge interest in the 
scientific community. With this in mind, in the last years, 
several clinical studies have been privately and publicly 
funded with the primary objective to identify distinct 
miRNA and lncRNA signatures in cardiac myectomies from 
cardiomyopathy patients (Table 3). These studies will help to 
understand how tissue dysregulated RNAs influence both the 

clinical outcomes of the pathology and the response to phar-
maceutical treatments. In addition, they will contribute to 
identifying new potential biomarkers which measurement in 
plasma samples will surely improve the diagnosis and prog-
nosis of cardiomyopathies. Although very few data from pre-
clinical studies are available so far, we expect to analyze 
much more data in the years to come given the interest in 
both cardiac and noncoding RNA research fields. 
 

 
Fig. (1). Mechanisms of noncoding RNA activity in the nucleus (A) and in the cytoplasm (B) of cardiac cells. In the nucleus, cardiac 
lncRNAs can act as a) architects of chromatin 3D structures (Charme [88]), b) guides for chromatin modifying complexes (Fendrr [76]), c) 
enhancer RNAs (eRNAs) that are transcribed from enhancer regions (Carmen [80, 81]), d) divergent RNAs that are involved in the regula-
tion of their neighbouring genes (Uph [93, 94]). In the cytoplasm, together with lncRNAs, also miRNAs and circRNAs exert their activity. 
LncRNAs can act as e) competing endogenous (ce)RNAs that bind miRNAs preventing their activity on mRNAs (HBL1 [97], CIRCNCX1 
[105, 106]), f) protein interactors modulating the functionality of proteins (ECRAR [101], circNFIX [110]), while miRNAs are g) translation 
inhibitors for mRNAs (miR-1 [31], miR-15 [37], miR-133 [32], miR199a [44]). The images show how the different noncoding RNAs influ-
ence cell proliferation. Green arrow represents a positive activity towards proliferation, while the red points out a negative effect on the proc-
ess. (A higher resolution / colour version of this figure is available in the electronic copy of the article). 
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Table 3. Clinical Trials conducted for Cardiomyopathies (Disease) and ncRNAs (miRNAs and lncRNAs). Source: clinicaltri-
als.gov/Clinical Studies 

Identifier 
(NCT number) Status Study Title Locations 

NCT03268135 Recruiting Heart Failure and Aortic Stenosis Transcrip-
tome 

IRCCS Policlinico San Donato 

San Donato Milanese, 

Ospedale San Raffaele 

Milan, Italy 

NCT02611336 Recruiting 
Endocrine Cardiomyopathy: Response to Cy-

clic GMP PDE5 Inhibitors in Acromegaly 
Cardiomyopathy cardiomyogenic genes 

Sapienza University of Rome, Policlinico Umberto I, 

Department of Experimental Medicine 

Rome, Italy 

NCT02611258 Recruiting 
Endocrine Cardiomyopathy in Cushing Syn-

drome: Response to Cyclic GMP PDE5 inhibi-
tors 

Sapienza University of Rome, Policlinico Umberto I, 
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