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An Overview of Non-coding RNAs 
and Cardiovascular System

Iram Mushtaq, Ayesha Ishtiaq, Tahir Ali, 
Muhammad Ishtiaq Jan, and Iram Murtaza

Abstract
Cardiovascular disease management and 
timely diagnosis remain a major dilemma. 
Delineating molecular mechanisms of cardio-
vascular diseases is opening horizon in the 
field of molecular medicines and in the devel-
opment of early diagnostic markers. Non- 
coding RNAs are the highly functional and 
vibrant nucleic acids and are known to be 
involved in the regulation of endothelial cells, 
vascular and smooth muscles cells, cardiac 
metabolism, ischemia, inflammation and 
many processes in cardiovascular system. 
This chapter is comprehensively focusing on 
the overview of the non-coding RNAs includ-
ing their discovery, generation, classification 
and functional regulation. In addition, over-
view regarding different non-coding RNAs as 
long non-coding, siRNAs and miRNAs 
involvement in the cardiovascular diseases is 
also addressed. Detailed functional analysis of 
this vast group of highly regulatory molecules 
will be promising for shaping future drug 
discoveries.

Keywords
Non-coding RNA · Cardiovascular diseases · 
Molecular medicines · Biomarker

1  Background

Non-coding RNA  (ncRNA) can be defined 
according to their operational length of tran-
scripts [1]. They can be divided into Short non- 
coding RNA and Long non-coding RNA.

Among the 98% of protein non-coding regions 
in human genome, 80% of them transcribed to 
RNAs. These non-coding RNAs were used to 
regard as Transcriptional “noise” for a longer 
period of time when their expression, mechanism 
and function were unknown. During the recent 
advancements in the field of molecular medicine 
these ncRNAs have drawn wide attention. 
Encyclopedia of DNA elements (ENCODE) and 
the Functional Annotation of the Mammalian 
Genome (FANTOM) major findings revealed 
that genome which is transcribed, produces large 
number of ncRNAs [2–4]. Therefore, it is 
believed now that number of non-coding RNAs is 
a determining parameter to understand the degree 
of complexity of specie than with number of pro-
tein coding genes [5]. Like protein coding 
regions, non-coding RNAs effect the normal 
physiological functions of the body including 
development, differentiation and regulation of 
gene expression both at transcriptional and trans-

I. Mushtaq · A. Ishtiaq · T. Ali · M. I. Jan 
I. Murtaza (*) 
Department of Biochemistry, Signal Transduction 
Laboratory, Faculty of Biological Sciences, Quaid-i- 
Azam University Islamabad, Islamabad, Pakistan
e-mail: irambch@qau.edu.pk

1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-1671-9_1&domain=pdf
mailto:irambch@qau.edu.pk


4

lational level. Aberrant ncRNAs expression e.g., 
mutations in the genome are major contributory 
factors leading towards human diseases and serve 
as biomarkers in different pathologies like can-
cer, cardiovascular disease etc [6, 7]. Thus dis-
covery of these non-coding RNAs revolutionized 
the field of molecular medicine and plays major 
role in enhancing our understanding in the mam-
malian genome organization and mechanistic 
regulation involved in pathophysiology of differ-
ent diseases (Fig. 1.1) [8].

1.1  Discovery of Non-coding 
RNAs

58,000 long non-coding RNAs have been identi-
fied but among them very less are characterized 
in respect to their cellular structure, functions 
and their role in disease development. Their 
unique features as regulatory RNA molecules 
are  to control the normal physiological func-
tions of the body [9, 10]. Non-coding RNAs dis-
covery period can be divided into three major 
eras.

(1) Before and during the 1950s, (2) 1960s to 
1980s (3) 1990s to present. The discovery of dou-
ble stranded DNA in 1950 by James Watson and 
Francis Crick laid the foundation of molecular 
biology. They described the mechanisms of flow 
of genetic information [11]. After that scientist 
found that organisms size and complexity is not 
much dependent upon amount of DNA [12, 13]. C 
value paradox phenomena described that more 
simpler and primitive animals like salamander 
have 15% larger genomes than humans [14]. The 
paradox phenomena described those genomic 
parts which are non-protein coding or not involved 
in regulatory functions termed as “junk DNA” [13, 
15]. Functional analysis of junk DNA revealed 
that it is involved in maintenance of genome integ-
rity, gene regulation and mRNA procession [16–
19]. Discovery of different forms of RNAs 
“heterogeneous nuclear RNAs, small  nuclear 
RNAs (snRNAs), small nucleolar RNAs (snoR-
NAs) suggested that junk DNA is much compli-
cated [20–22]. High-through-put whole genome 
analysis techniques developed more accurate 
mechanism to understand the transcription. 
Among the transcribed RNA, 68% is long non-

Fig. 1.1 An overview of non-coding RNAs and therapeutic strategies
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coding RNA [2, 23, 24]. In the early 1990s, some 
non-coding RNAs were identified like H19 and X 
inactive specific transcript (Xist) [25–27]. Non-
coding RNAs including micro RNA, circular RNA 
were discovered and classified by using High-
through-put sequencing techniques [4, 28].

1.2  Types of Non-coding RNAs

 Short Non-coding RNAs
Non-coding RNA transcripts comprising around 
200 nucleotides are termed as short ncRNAs. 
Examples include microRNAs (19–23), short 
interfering RNA (21–25 bp), transfer RNAs (74–
95), endogenous RNA, small nuclear RNAs 
(100  bp), small nucleolar RNAs (100–300  bp) 
and piwi interacting RNA (24-30 bp) that nega-
tively regulates gene expression [29–33].

 Micro RNAs
Micro RNA can be defined as short non-coding 
endogenous RNAs ranging in length, 18–25 
nucleotides long that regulates mammalian gene 
expression by binding specific targeted transcripts 
[33, 34]. Micro RNA transcribed from miRNA 
loci and their host genes implicates enhancers, 
transcription factors and epigenetic regulators 
which are major components of transcriptional 
machinery [31]. Biogenesis of miRNA involves 
three major steps. (i) Transcription (ii) Nuclear 
and cytoplasmic processing (iii) RNA- induced 
silencing complex (RISC) assembly [8]. The long 
transcript which is generated by RNA polymerase 
II is spliced, capped, and acts as polyadenylated 
mRNA [35]. Primary miRNA comprehends one 
single or constellation of numerous miRNAs 
which get further mature by two major processing 
events. Formation of short hairpin precursor pri-
miRNA involves splicing by nuclear micropro-
cessor complex comprising of Drosha (known as 
RNase III enzyme) and its cofactor DGCR8 
(DiGeorge syndrome critical region 8) [36]. 
Mature miRNA: miRNA∗ complex is generated 
by cytoplasmic RNase III dicer along with trans-
activation-responsive RNA- binding protein. From 
this duplex RISC (RNA- induced silencing com-
plex) is formed by the assembly of guide RNA 

along with argonaute proteins. Micro RNA targets 
are identified by binding of miRNA seed sequence 
in the 3′ UTR regions or in the coding region of 
messenger RNA. Therefore, it provokes the gene 
silencing by two mechanisms either by repressing 
the translational machinery or mRNA degrada-
tion. One micro RNA can influence the genetic 
and cellular functions of various distinct targets 
by these regulatory mechanisms [34].

 Long Non-coding RNAs
Long ncRNAs transcripts comprising more than 
200 nucleotides are called as long non-coding 
RNAs as ribosomal RNAs  or like ribosomal 
RNAs [34, 37–39].

1.3  Classification of Long Non- 
coding RNAs

Currently there is no concise nomenclature for long 
non-coding RNA classification. The most distinc-
tive method to classify them is according to their 
size, biogenesis, genomic proximity to protein cod-
ing genes, location and function [40]. Long non-
coding RNAs can be divided into sense, antisense, 
intronic, intergenic, bidirectional lncRNAs, 
enhancer-associated RNAs (eRNAs) and promoter 
associated long RNAs (PALRs) [41].

Those non-coding RNAs which overlap with 
the exons or introns of the messenger RNA are 
called sense long non-coding RNA.  Antisense 
non-coding RNAs arise from the contrasting 
strands of protein coding genes. BACE1-AS is an 
antisense long non-coding RNA which protects β 
amyloid-cleaving enzyme 1 (BACE1) mRNA 
from degradation [42]. BACE1-AS transcription 
is carried out in antisense direction from the 
intron of β-secretase 1 gene. This long non- 
coding RNA is of greater interest in the study of 
pathogenesis of Alzheimer’s disease [43].

1.3.1  Classification of Long Non- 
coding RNAs According 
to Structural Organization

Structurally different non-coding RNAs regulat-
ing tissue developmental stage expression in 
mammalian cells  are called circular RNAs 

1 An Overview of Non-coding RNAs and Cardiovascular System
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 (circRNAs). These endogenous RNAs are cova-
lently closed, conserved, stable, and resistant to 
RNase R produced from exonic or intronic 
sequences [44, 45]. Enhancer RNAs transcribed 
from DNA sequences of enhancer regions can 
regulate gene expression. Splicing events of pro-
tein coding regions generate these covalently 
closed loops. Those long non-coding RNAs which 
are encrypted between the coding genes and tran-
scribed independently are called intergenic RNAs. 
Long Intergenic RNA genes are present between 
the coding and non-coding regions. Intergenic 
regions related very long non-coding RNA rang-
ing in length from 50  kb to 1  Mb. Examples 
include Kcnq1ot1 or Airn [40]. Those non-coding 
RNAs that are produced through transcription 
from the same promoter proceeding in opposite 
direction of coding genes are called as bidirec-
tional RNAs [46, 47]. NATs (natural antisense 
transcripts) are originated from the antisense 
strand. These may be convergent or divergent 
(NATs) that results in sense/anti-sense pairs over-
lapping at 3′- or the 5′-end, respectively [3]. Brief 
overview of the structural characterization of non-
coding RNAs is described in Table 1.1.

1.3.2  Functional Classification 
of Long ncRNAs

Long ncRNAs that are characterised according to 
their function and mechanism of action are epi- 

long ncRNAs [55, 56]. Nuclear long ncRNAs 
regulate gene expression in cis and trans genes in 
neighbouring loci and are involved in epigenetic 
and transcriptional regulation. Antisense non- 
coding RNA in the INK4 locus (ANRIL) recruits 
polycomb repression complex 2 (PRC2) and 
polycomb-assosiated proteins, influence gene 
expression both in cis and trans acting mecha-
nisms [48]. These types of RNAs can temporarily 
or permanently activate or repress genes along 
with chromosomal regions by recruiting chroma-
tin modification enzymes. Xist is the example of 
prototype chromatin remodelling, a long non- 
coding RNA which recruits polycomb repressive 
complexes (PRC) 2, and is expressed only on 
inactive X chromosome [53, 57]. HOX transcript 
antisense RNA (HOTAIR) is another example of 
non-coding RNA which binds to PRC1 and PRC2 
and carry out tri-methylation (H3K27me3) at the 
promoter regions of target genes [49]. During 
embryonic development LncRNA H19 imprinted 
maternally expressed transcript acts as modifier 
of histone H3 methylation [58]. Cardiac 
expressed non-coding RNAs include FOXF1- 
adjacent noncoding developmental regulatory 
RNA (FENDRR) and braveheart long noncoding 
RNA (BVHT) that interact with PRC2 are key 
players in cardiac lineage commitment [50]. 
Cardiac hypertrophy associated myosin heavy- 
chain- associated RNA transcript (MHRT) long 
coding RNA expression is controlled by SWI/
SNF related, matrix associated, Actin dependent 
regulator of chromatin, subfamily A, member 4 
(BRG1)-mediated chromatin modifica-
tion (SMARCA4) [59]. Half-STAU1-binding site 
RNAs and lincRNA-p21 regulate gene expres-
sion transcriptionally, by modulating translation 
and stability of target mRNA by long non-coding 
RNA and mRNA base pairing [51, 52]. 
Metastasis-associated lung adenocarcinoma tran-
script 1 (MALAT1) is associated with precursor 
mRNA splicing, regulates the distribution of ser-
ine/arginine-rich (SR) proteins [53]. Competing 
endogenous RNA (ceRNA) is another type of 
endogenous RNA function as sponges of micro 
RNA and other regulatory factors. Example of 
this type of non-coding RNA is long intergenic 
non-protein coding RNA, muscle differentiation 

Table 1.1 Structural Characterization of non-coding 
RNAs

Characterization Non-coding RNA Reference
Antisense BAC1-AS 

(β-secretase 1)
[42]

Circular RNAs CDR1-AS [132]
Natural antisense 
transcripts

Kcnq1ot1 or Airn [40]

Nuclear noncoding 
RNA

ANRIL [48]
XIST [25–27]
HOTAIR [49]
Fendrr [50]
Bvht [50]
Half-STAU1 [51, 52]
lincRNAp21 [51, 52]
MALTA1 [53]

Competeing 
endogenous RNA

LINCMD1 [54]

I. Mushtaq et al.
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1 (LINCMD1) [54]. Genomic proportions lack-
ing protein coding information never translated 
into mature peptides [60, 61]. These non-coding 
RNAs are classified according to their nucleotide 
number into different groups. Long non-coding 
RNAs are generally large heterogeneous groups 
and present shared characteristics with coding 
transcripts like, existence of intronic sequences, 
presence of epigenetic markers depicting differ-
ential expressions, specifically expressing splice 
variants [62]. Non-coding RNAs exists both in 
polyadenylated and non-polyadenylated forms 
thus characterizes as biomorphic [4]. Long 
ncRNAs share homology with the genomic struc-
tures and relationship with the coding transcrip-
tome. Among them many are mutated pseudogene 
copies of coding regions representing them non- 
coding [63]. Data from previous findings sug-
gested that 20% of long non-coding RNAs 
overlap the coding regions of human transcripts 
as entire gene or part of it exists as sense- antisense 
pairs [64–66]. Long intergenic non-coding RNAs 
(lincRNAs) does not lie within or overlapping 
coding regions [4]. Discovery of circular RNA 
depicted that transcripts usually not tend to be 
linear although transcribed from the coding 
regions [45, 67]. All the forms of RNA delineated 
from that genome are characterized not only on 
linear arrangement of transcriptional units but 
also contains a complex landscape of intertwin-
ing and coinciding transcripts. These transcripts 
either present on same strands or on the opposite 
strand while no clear distinction can be made 
between splice variants, overlapping and neigh-
bouring genes [68].

2  Methods to Study Non- 
coding RNAs

RNA sequencing is the most widely used 
approach to study RNA detection. Some other 
approaches are also used:

Direct RNA sequencing Method:
In this method a library is prepared for 

sequencing of native RNA [69]. This 
method is more efficient to study low abun-

dance transcripts, genetic variants, and iso-
forms differentiation. Due to low 
abundance, non-coding RNAs exhibit tis-
sue specific patterns [70].

Cap assisted Gene expression sequencing 
method:
This sequencing method is followed for profil-

ing of 5′ cap and has the accuracy of map-
ping the transcript at 5′ end [71].

Serial Analysis of Gene Expression and 
Paired-end Tagged Expression:
These methods are used to study poly A tail-

ing mechanisms in non-coding RNAs [72].
Global run-on sequencing Method:

This assay is a nuclear run-on assay which is 
used to profile the nascent transcription 
[40, 73].

Profiling Microarrays:
Commercially available microarrays have the 

probes to study the species protein coding 
as well as non-coding transcripts. This 
method is more rapid, accurate and effi-
cient in comparison to RNA sequencing 
method [74–76].

CRISPRi (CRISPR interference)-based 
libraries:
CRISPER interference is now an emerging 

approach to study long non-coding 
RNA. CRISPER interference based librar-
ies are developed and > 16,000 non-coding 
RNAs are studied in cell lines, induced plu-
ripotent stem cells and these RNA are 
required for study of  robust cellular 
growth.  Structural approaches are also 
studied to screen transcription factors inter-
acting with non-coding RNAs. Recently a 
non-coding RNA named as RNA compo-
nent of mitochondrial RNA processing 
endoribonuclease (Rmrp) is identified as 
an imperative interacting factor in (T-helper 
17) responses found to be directly interact-
ing RAR-related orphan receptor gamma 
(RORγt) [77].

Cross-linking or RNA immunoprecipitation 
Techniques:
Cross-linking and RNA immunoprecipitation 

techniques are accustomed to study RNA 
interactions of binding proteins [78, 79]. 

1 An Overview of Non-coding RNAs and Cardiovascular System
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Long non-coding RNAs which are ex-
pressed at low levels required a specialized 
caveat as they possess tenfold lower expres-
sions than their protein coding parts [80]. 
Directional libraries are prepared to study 
the standard orientation of antisense non-
coding RNA transcripts in comparison to 
coding transcripts. Single cell sequencing 
approaches are used but limitation is the 
need of extensive amplification results in 
background noise. Different non-coding 
RNAs exhibit unique patterns. Some are 
polyadenylated, some are not like Enhancer 
RNA (eRNAs). These patterns affect the 
methods for development of library prepara-
tion for sequencing. Northern blotting and 
strand specific qRT-PCR are also used to 
study the long non-coding RNAs [81].

3  Mechanisms of Non-coding 
RNAs Regulation

Non-coding RNAs mechanism of action can be 
studied both at transcriptional and translational 
level. At transcriptional level these RNAs modify 
and regulate chromosomes that alter the gene 
expression. Post transcriptional levels involves 
RNA degradation in which non-coding RNA 
work as competing endogenous RNA and miRNA 
source.

3.1  The Transcriptional 
Regulation Control

Gene expression studies revealed that non-coding 
RNA localize in nucleus and can regulate genetic 
expression at transcriptional level [82, 83]. 
Scaffolding of non-coding RNAs in nucleus 
recruits different regulatory proteins that orches-
trate the shape of chromosome through binding 
within the chromatin by site specific methods of 
three dimensional proximity, regulates gene 
expression either by activating or supressing the 
genes or altering the methylation status of the 
chromatin. X chromosome inactivation (XCI) 
phenomena is studied by Xist [84, 85]. It 

expresses only on inactive chromosomes (Xi) but 
do not express on active X chromosomes (Xa) 
[86]. During X chromosome inactivation, Xist 
expression recruits SMRT/HDAC1-associated 
repressor protein (SHARP), it binds with chro-
matin by scaffold attachment factor A (SAFA), 
promotes histone deacetylation by histone 
deacetylase 3 (HDAC3) on X chromosomes. This 
deacetylation escorted by demethylation of 
H3K4 disgorges the RNA polymerase II.  All 
chromatin modifications lead towards the inacti-
vation of X chromosomes [87–89]. Polycomb 
repressive complex 1 (PRC1) and PRC2 protein 
complexes are also recruited by Xist that triggers 
the methylation of H3K9 and H3k27 on histones 
[65, 90].

3.2  The Post-transcriptional 
Regulation Control

Post transcriptional regulation involves either 
RNA splicing or RNA degradation by directly or 
indirectly regulating miRNA functions. Non- 
coding RNAs regulate gene expression directly 
through RNA splicing or by RNA degradation in 
which precursor messenger RNA (pre-mRNA) is 
transcripted to mRNA.  In RNA splicing, the 
introns are removed from precursor messenger 
RNA (pre-mRNA) and exons again ligated 
through spliceosome. Formation of splicing vari-
ants effects the maturation of mRNA.  Non- 
coding RNAs sequences base paired with the 
pre-mRNAs and blocked the splicing of pre- 
mRNAs. For example, In Zinc Finger E-Box 
Binding Homeobox 2 (Zeb2) gene intronic 
sequence is located at 5′-UTR, an antisense non- 
coding RNA NAT binds and prevents the splicing 
of intron. Maintenance of this intronic sequence 
activates the expression of Zeb 2 because it con-
tains  internal ribosome entry site (IRES) neces-
sary for expression of this gene [91]. 
Transcriptome-wide 18,871,097 analysis 
revealed that long non-coding RNA–RNA base 
pairing in human regulates the degradation of 
mRNA.  Processing, stability control, and 
 functions of 57,303 transcripts can be studied  
by these interactions [92]. For example, in 
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Alzheimer’s disease antisense of beta-secretase-1 
(BACE1-AS) basepairs with BACE1, alleviates 
the BACE1 mRNA, and endorses the generation 
of amyloid-beta 1-42 thus exacerbates disease 
[93].

Formation and proper functioning of miRNA 
to regulate gene expression is strongly influenced 
by non-coding RNAs. Many lncRNA genes con-
tain entrenched miRNA sequences in their introns 
or exons, which harbours miRNAs. Long non- 
coding RNA originates miRNA like 172,713 
DCL1-dependent small RNAs in Arabidopsis 
[94]. H19 is the firstly studied imprinted non- 
coding RNA precursor for miR-675 [95]. Long 
non-coding RNAs control the formation of miR-
NAs as host genes. ceRNA is a non-coding RNA 
that reduces the concentrations of miRNAs. Long 
non-coding RNAs negatively regulate the func-
tion of miRNAs, contain complementary binding 
sites to certain miRNAs, which exude the target 
miRNAs and result in the diminution of miRNA 
functions in cells [96]. Research from recent 
years found that a bulk of lncRNAs act as miRNA 
sponge.

3.3  miRNA-Independent mRNA 
Degradation

Long non-coding RNAs also modulate gene 
expression by direct degradation of mRNA at 
certain levels. Example include Staufen 1 
(STAU1) that undergoes nonsense mediated 
mRNA decay (NMD) by directly recognising a 
binding motif in the 3′UTR of mRNAs [97]. For 
instance, STAU1 can bind to a double-stranded 
RNA motif and form stem loop structure within 
the 3′UTR of ADP-ribosylation factor 1 (ARF1) 
[98]. Serpin peptidase inhibitor, clade E member 
1 (SERPINE1) follows Staufen-mediated mRNA 
decay mechanisms contain only single-stranded 
binding site within the 3′UTR and not form stem 
loop structure. mRNAs targeted by these non- 
coding RNAs form imperfect binding between 
non-coding RNA to mRNA due to presence of 
single complementary binding site and forming a 
double-stranded binding motif for STAU [51], 
which is named as half STAU1 binding site RNA 

(1/2-SBS1RNA). Terminal differentiation- 
induced ncRNA (TINCR) is another non-coding 
RNA that recruits STAU1 to mRNA PGLYRP3 
(peptidoglycan recognition protein 3) in epider-
mis. This interaction does not lead towards 
NMD. Data from above findings suggested that 
outcomes  are also influenced by recruitment of 
additional factors [99].

3.4  Transient lncRNA Transcribed 
from Active Enhancers

Transcription of genes is dependent on the inter-
action between the promotor sequences and 
enhancer elements. Enhancers are positioned 
away from transcriptional start site that binds 
with transcription factors and regulate differen-
tial gene expression [100]. Combinatorial effects 
of one or more enhancers control the expression 
of gene in tissues or at developmental stage. 
NODAL gene expression is controlled by at least 
five enhancers during developmental stages. 
RNAP11 is a polymerase necessary to study 
interaction between the active enhancer and pro-
moter [101].

3.5  eRNA as Enhancer in Calcium 
Signalling

Kim et al. studied active enhancers in mouse neu-
rons that were activated by calcium signalling of 
a noncoding RNA of around 2 kb and is bi direc-
tionally transcribed from active enhancers and its 
expression was correlated with the activity of 
enhancer [102, 103]. The functional properties of 
this eRNA that it may be polyadenylated or non 
polyadenylated is depicting instability in later 
case. However, data from studies suggested it 
might be functional. Matrix metallopeptidase 9 
(MMP9) gene transcription is regulated by 
nuclear receptors NRD1 and NRD2 by  preventing 
eRNA expression is transcribed from a MMP9 
enhancer [104]. These finding suggested that 
eRNAs play crucial roles in chromatin remodel-
ling, chromatin accessibility and DNA loop sta-
bilisation. For example, chromatin at the 
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Forkhead box C1(FOXC1) locus is steadied by a 
complex formed by estrogen receptor alpha 
(ERa) along with its ligand and a FOXC1 
enhancer-transcribed eRNA [49].

4  LncRNA Genes 
with Enhancer-like Activity

Long non-coding RNAs have similar function 
like eRNAs but they are stable, spliced and poly-
adenylated transcripts. Sharing common features 
with DNA enhancers and eRNAs genes also 
require changes in chromosomal conformation to 
deliver ncRNA to the locus close to the promoter 
of its target gene. This is usually mediated by a 
mediator complex that links the enhancer-like 
element to the promoter of a target gene [105, 
106].

5  Micro RNAs as a Source 
of Non-coding RNA

Formation of mature miRNA by primary tran-
script is carried out by two enzymes, Drosha and 
DiGeorge syndrome chromosomal region 8 
(DGCR8). These enzymes cut the pri-miRNA in 
the nucleus into a precursor (pre-miRNA) of 60 
nucleotides and export to cytoplasm processed by 
an enzyme complex Dicer/TAR RNA protein 
(TRBP). These series of events finally produces 
mature miRNA of 20–23 nucleotides [29, 107]. 
Pri-miRNAs greater than 1 kb in length regarded 
as a form of long non-coding RNAs [107]. Two 
major sources of pri-miRNAs are in the genome. 
First that embedded with in another gene and 
expression is linked with the parent transcript and 
second is transcribed independently from inter-
genic regions of miRNA genes containing pro-
moter sequences that regulate transcription by 
RNA polymerase II (RNAPII) in similar fashion 
of mRNA [30]. Around 50% of miRNAs are 
formed from non-coding transcripts [30, 108]. 
Surprisingly, in common with those entrenched in 
coding genes, many miRNAs within non- coding 
genes are also to be found within introns. Finding 
from genome organisation advocates that host 

non-coding RNA not only act as pri- miRNA but 
also possess additional roles by the exons. Deleted 
In Lymphocytic Leukemia 2 (DLEU2), is host 
gene of the tumour suppressor miR-15a/16.1 clus-
ter located within its third intron harbours intronic 
miRNA [109, 110]. Long non-coding RNAs har-
bour intronic miRNA and are mostly down-regu-
lated in leukaemia. For example, expression of 
miR-15a/16.1 regulated by host gene promoter 
bound by transcription factor MYC and paired 
box 5 (PAX5; previously also known as B-cell-
specific activator protein, BSAP) in adult chronic 
lymphocytic leukaemia [111]. Methylation assay 
data from childhood acute myeloid leukaemia 
indicates miRNA cluster is regulated mostly inde-
pendent of its host gene [112]. Another example is 
tumour suppressor miR-31 mostly downregulated 
in breast cancer.

Transcription of many genes are regulated by 
the methylation state of host gene promoter like 
MIR-31 gene is entrenched within an intron of 
non-coding RNA lncRNA LOC554202. Data 
from previous finding suggested that vey less 
long non-coding RNA-entrenched miRNAs lie 
not within introns but also within the exon of the 
spliced lncRNA [113]. Long non-coding RNAs 
also named for the miRNA which they encode. 
Examples includes (MIR155HG; earlier known 
as B-cell integration cluster, BIC) is host gene for 
miR-155 anchorages an exonic miRNA region 
which shows strongest cross species conservation 
[114, 115]. Mir-22 is encoded by MIR22HG with 
in its second exon. Another example is a gene 
MIR17HG which anchorages cluster of six miR-
NAs within its second exon [116]. The foremost 
discovered and extensively studied long non- 
coding RNA H19 harbours miR-675 within its 
first intronic region [95]. H19 transcript expres-
sion is more pronounced in mouse embryo but 
miR-675 is restricted to placenta. These findings 
indicates that binding of RBP human antigen R 
(HuR) to a site located upstream region of 
 miR- 675 blocks Drosha processing of the pri-
mary transcript and release of miR-675 is intro-
verted. The discrepancy between H19 and 
miR-675 expression proposes that H19 not only 
function as pri-miRNA but also has additional 
functions [117].
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5.1  Micro RNA as Negative 
Regulator of Gene Expression

miRNAs negatively regulates gene expression. 
Binding of a short 7-nt to miRNA response ele-
ment that is not perfectly complementary, targets 
number of transcripts [118]. Computational data 
suggested hundreds of transcripts may be targets 
of a single miRNA.  Discrepancies may  exists 
between the actual targets and predicted targets 
[119]. Long non-coding RNAs containing pre-
dicted miRNA binding sites regulate gene expres-
sion by sequestering miRNAs and reducing their 
pool in the cell. Through these types of mecha-
nisms long non-coding RNAs act both as positive 
and negative regulators of gene expression. This 
hypothesis is named as “competing endogenous 
RNA (ceRNA)” hypothesis [120]. Examples of 
such interactions are that miR-145 in pluripotent 
embryonic stem cells (ESCs) is inhibited by 
intergenic lincRNA-ROR [121]. Pluripotent tran-
scription factors, Nanog homeobox, SRY (sex 
determining region Y)-box 2 and octamer bind-
ing transcription factor 4 (OCT 4) activates 
expression of lincRNA-ROR.  These specific 
transcription factors are targeted by miR-145. A 
feedback loop network is created by this long 
non-coding RNA in pluripotent gene network. 
Expression of OCT4 is upregulated in hepatocel-
lular carcinoma while miR-145 acts as a tumour 
suppressor in these cells [122]. Non-coding POU 
Class 5 Homeobox 1 Pseudogene 4 (OCT4-pg4) 
is pseudogene of OCT4 and co-expressed with 
OCT4. It become endogenous competitor of 
OCT4, thus it protects OCT-4 from miR-145- 
mediated degradation [123]. Pseudogenes are 
non- coding genes expressed as lncRNAs, sharing 
a degree of homology with coding gene,  and 
many of its micro RNA response element (MRE) 
becomes good candidates acting as ceRNAs [63, 
124, 125]. Lower expression of long non-coding 
RNAs relative to their respective mRNA shows 
that any change in these non-coding sequences 
will have very less influence on miRNA avail-
ability and will become ineffectual as a competi-
tor [126].

Ectopic over expression of ceRNAs at artifi-
cially evaluated levels is studied and it provides 

better explanation to study undefined transcripts 
although its biological significance may be 
restricted [127, 128]. mRNA would act more bet-
ter as ceRNA because it can regulates the expres-
sion of other mRNA so it  is not only limited to 
non-coding RNAs. Coding genes mRNA also has 
protein-independent non-coding function acting 
as non-coding RNA. Examples of this expression 
narrates that 3′ UTR sequences of over 1500 
human mRNAs independently expressed to cod-
ing parts of the respective transcript. Experimental 
data from mice showed that expression patterns 
of independent 3′UTRs are different from coding 
parts of the parent transcript [120, 129]. H19 is 
the well explained example of long non-coding 
RNA effective as ceRNA. Expression of this non- 
coding RNA is more in undifferentiated muscle 
cells but becomes less in differentiated cells and 
about the same time miRNA let-7 expression 
increases. In mouse C2C12 muscle cells, siRNA 
induced depletion of H19 has reduced the mani-
festation of let-7 target genes and enhanced 
expression of markers of muscle differentiation 
thus depicting that H19 have let-7 binding sites 
[130]. H19 also  binds to the miR-17-5p seed 
family. During myoblast differentiation, expres-
sion level of H19 target mRNA suggests that this 
non-coding RNA  is competing for miR-17-5p.
Thus H19 has dual roles in one miRNA as pri-
mary transcript and as ceRNA for number of oth-
ers [131].

6  Circular RNAs (CircRNAs) 
as Non-coding RNAs

CircRNAs are cytoplasmic having nuclear locali-
sation and play role in post transcriptional gene 
regulation. CircRNAs can act as ceRNAs because 
they are potentially stable and do  not undergo 
exonuclease digestion. Cerebellar degeneration- 
related protein 1 (CDR1-A), also named as 
ciRS-7 gene antisense transcript is the superla-
tively characterized circRNA, highly articulated 
in mouse hippocampus and neocortex overlays 
with miR-7 expression domains [132–134]. 
CDR1-AS has large number of miR-7 binding 
sites, regulate its targets genes expression in vitro 
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by depleting miR-7. This makes CDR1-AS gene 
resistant to miRNA-mediated degradation, ren-
dering it a competitor because the pool of ceRNA 
is not dwindling. Mir-761 negatively regulates 
gene expression because the binding sites within 
CDR1-AS are nearly or perfectly complementary 
to microRNA [132]. (EIcircRNAs) exon–intron 
circRNAs is a class of RNAs that retain both 
introns and exons and have the ability to increase 
transcription of parent coding genes by RNAPII 
need U1 small nuclear RNA (snRNA) [135]. The 
examples of these  Long non-coding RNAs 
include X-chromosome inactivation (XIST) and 
H19, both types of lncRNA expressed from inac-
tivated chromosome and has a dual relationship 
with its coding region controlled by a cis-acting 
master control region [136].

7  Non-Coding RNA Functions

7.1  Functions of Long Non-coding 
RNAs

Long non-coding RNAs functions are not fully 
understood yet. Differential gene expression 
and folding of non-coding RNAs into second-
ary structure makes them versatile. Therefore, 
their functions are highly diverse and reflect 
their binding specificity to large number of sub-
strates. Their expression patterns are dynami-
cally upregulated or downregulated to modulate 
gene expression [55, 137–139]. Long non-cod-
ing RNAs regulate gene expression in major 
cellular functions including cell proliferation, 
apoptosis, differentiation, metabolism, mainte-
nance of pluripotency, cell cycle and also play 
significant role in chromatin modification 
[137]. They act as molecular scaffolds, binds 
with epigenetic machinery like histone-modify-
ing enzymes and DNA methyltransferases and 
promote their interaction to DNA loci [140]. 
They can affect the transcriptional regulation of 
genes by binding or inhibiting the binding of 
transcriptional factors and mediators to the pro-
motor sequences [141, 142]. RNA processing 
mechanisms including RNA splicing and 

mRNA decay are also influenced by these non-
coding RNAs [51, 143].

7.2  Micro RNAs as Non-coding 
RNAs in Cardiovascular 
Diseases

Cardiovascular diseases are the emerging cause of 
morbidity and mortality worldwide. Chronic acti-
vation of remodelling processes in response to 
external stresses leads to increased fibrosis and 
hypertrophic responses of heart consequently 
results in myocardial infarction [144]. Altered 
miRNA expression profiles in different heart 
pathologies showed distinctive regulation pattern 
of microRNAs in different cardiovascular dis-
eases. Different microRNAs regulate different 
functions like promotion or inhibition of  apop-
totic pathways, post ischaemic neovascularization 
and regulates cardiac fibrosis [145]. Upon halting 
microRNA biogenesis by dicer deletion, it leads 
to dilated cardiomyopathy, maladaptive cardiac 
remodelling and endothelial dysfunction. 
Endothelial dysfunction was well studied by 
endothelial knockout models and it proved micro 
RNAs as key regulator in endothelial physiology 
[146–148]. Some microRNAs are considered as 
key regulators in vascular development and angio-
genesis like miR-24 expression is significantly 
upregulated in cardiac ischemia. GATA-4 endo-
thelium-enriched-transcription factor and 
p21-activated kinase PAK4 are the targets of miR-
24 and blockage of this non-coding RNA reduces 
myocardial infarct size, enhances vascularity and 
inhibits apoptosis in cardiomyocytes [149]. MiR-
126-3p is pro-angiogenic factor mediates endo-
thelium dysfunction and atherosclerosis [150]. 
Knockout mouse model studies show morpho-
logical changes in cardiomyocytes including mul-
tifocal haemorrhages, systemic edema and 
ruptured blood vessels. It shows angio-protective 
role through CXCL12-CXCR4 pathway and over 
expression of miR-24 lowers atherosclerosis 
[151]. Mir-208 regulates the expression of certain 
cardiac transcription factors and gap junction pro-
tein connexin 40 (Cx43). This non-coding RNA is 
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strongly expressed in autopsy samples of infarcted 
heart tissues obtained from patients with myocar-
dial ischemia and dilated cardiomyopathy. Knock 
down of miR-208 showed no hypertrophic mass 
or fibrosis in response to pressure overload stimu-
lus. It is considered as strong predictor of clinical 
outcome [152–155]. Mir-15 family include miR-
NAs that are elevated in myocardial ischemia. 
Down- regulation of miR-15 by anti-miR oligo-
nucleotides lowers the infarct size after ischemia– 
reperfusion injury in cardiac tissues of both pigs 
and mice by reducing the expression of antiapop-
totic protein Bcl-2 and the mitochondrial protect-
ing factor ADP-ribosylation factor-like protein 2 
and regulates gene expression [156]. Mir-150 
interacts directly with the cardio specific long 
non-coding RNA. ZFAS1 acts as miRNA sponge, 
induces cardiomyocyte apoptosis through C reac-
tive protein in acute myocardial infaraction. 
Downregulation of miR-150 is related to the 
pathology of ventricular rupture and regulates 
adeno-receptor beta 1 and C Reactive Protein 
(CRP) genes linked to heart remodelling [157–
159]. Neurologic-enriched miRNA miR-212/132 
family regulated cardiac gene expression by tar-
geting forkhead box O3 (FoxO3), a pro-autopha-
gic and anti-hypertrophic transcription factor 
activates pro-hypertrophic calcineurin/NFAT sig-
nalling pathway [160, 161]. Mir-21 is considered 
as paracrine mediator of cardiomyocyte hypertro-
phy when it is transferred through fibroblast 
derived exosomes and its altered levels are 
involved in cardiac hypertrophy, ischaemic heart 
disease, proliferative vascular disease and heart 
failure. It regulates expression of genes trans-
forming growth factor b1 receptor III (TbRIII) 
and matrix metalloprotease- 2 (MMP2) and pro-
motes cardiac fibrosis [162–165]. Mir-1 is consid-
ered as important regulator of cell cycle, 
conductive system, cellular differentiation and is 
known as mediator of fibroblast to cardiomyocyte 
reprogramming [166–168]. It is abundantly 
expressed in heart, regulates calcium uptake 
through endoplasmic reticulum by cardiac 
Serca2a and attenuates cardiac hypertrophy in 
intact heart and cultured cardiomyocytes by mod-
ulating the calmodulin calcium signalling compo-

nents [169]. Mir-1 and its primary target 
Estrogen-related receptor beta (ERR- β) regulate 
cardiac hypertrophic response by decreasing the 
cardiac fetal gene program and its expression is 
down-regulated in early stage cardiac hypertro-
phy [70, 170]. In case of myotonic dystrophy 
patients due to increase in expression of its target 
genes, i.e., calcium voltage gated channel subunit 
alpha1C (CAV1.2) and Connexin 43 (Cx43), 
while decrease in miR-1 expression leads to 
arrhythmia [168]. Mir-1 and mir-133 grouped 
together on two chromosomes. On mouse chro-
mosome 2 they are separated by 9.3 kb while on 
chromosome 18 separated by 2.5  kb [171]. 
Despite of driving from the same polycistron and 
transcribing together they pose antagonistic 
effects on cardiac muscle development [172]. 
Mir-1 increases myogenic differentiation while 
miR-133 prompts myoblast proliferation [173]. 
MiRNA-133 is downregulated through Ras 
homolog family member A (RhoA) and cell divi-
sion control protein 42 homolog (Cdc42) genes in 
human and mouse models of cardiac hypertrophy 
and plays significant role in cardiac fibrosis by 
regulating the expression of connective tissue 
growth factor [174]. Inotropism is affected by 
miR-133 by controlling the expression of multiple 
components of the b1-adrenergic signalling cas-
cade [175]. Hypertrophic biomarkers miR-212, 
miR-132 and miR-512 expressions were studied 
in both mouse models as well as in cardiomyo-
cytes cell cultures upon administration of hyper-
trophic stimulants endothelin −1 and 
Isoproterenol. These all non- coding RNAs were 
significantly upregulated, while downregulation 
of miR-142 was observed under the same condi-
tions [176]. MiR-541 is known to reduce cardiac 
hypertrophy in response to angiotensin II treat-
ment in transgenic mouse model, thus negatively 
regulates gene expression [177]. MiR-23a is 
known as pro-hypertrophic miRNA, expression of 
this non-coding RNA is regulated by nuclear fac-
tor of activated T cells (NFATc3) transcription 
factor. Data from previous findings revealed that 
its expression is upregulated in response to hyper-
trophic stimulants isoproterenol and aldosterone. 
Knock down mouse model of miR-23 attenuated 
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hypertrophy confirms it a pro-hypertrophic non-
coding RNA [178].

Dysregulated mitochondrial network causes 
membrane potential depolarization and disturbs 
the intricate balance between the mitochondrial 
fission and fusion. Upregulation of miR-214 and 
its putative target Dynamin related protein 1 
(DRP1) gene was observed in valvular heart dis-
ease confirms apoptosis in cardiomyocytes [179]. 
Mitochondrial fission factor (MFF) is the direct 
target of miR-761, thus this non-coding RNA 
inhibits apoptosis in cardiomyocytes regulating 
mitochondrial dynamics network [180]. 
Functional modalities of different miRNAs are 
also mentioned in Table 1.2.

7.3  Role of Long Non-coding RNA 
in Cardiovascular Diseases

Highthrough-put sequencing data revealed that in 
comparison to miRNA and mRNA altered expres-
sion profiles, long non-coding RNA changing 
their molecular expression patterns are more sus-
ceptible to heart failure aetiologies [188]. 
Klattenhoff et al. firstly identified Braveheart(Bvht) 
as first long non-coding RNA in mouse heart 
development. This long coding RNA interrelates 
with Polycomb Repressive Complex 2 Subunit 
SUZ12, part of PRC2 complex and plays crucial 
roles in cardiomyocyte differentiation. Chast 
(‘cardiac hypertrophy–associated transcript’) is a 

Table 1.2 Functional roles of non-coding RNA in cardiovascular system

MicroRNA Targeted cardiovascular pathology Targeted genetic location References
miR-24 Vascular development angiogenesis GATA-4 [149]

P21 activated kinase 4 (PAK4)
miR- 
126- 3p

Mediates endothelial dysfunction CXCL12-CXCR4 pathway [150]
Atherosclerosis

miR-208 Myocardial ischaemia Cardiac transcription factors gap junction 
connexion 40 (CX43)

[152]
Dilated cardiomyopathy

miR-15 Myocardial ischaemia Bcl-2 [156]
ADP-ribosylation factor-like protein 2

miR-150 Myocardial infraction CRP (C reactive protein) genes [157–
159]

miR-21 Cardiac hypertrophy Transforming growth factor b1 receptor III (TbRIII) [162–
165]Matrix metalloprotease-2 (MMP2)

miR-1 Cardiomyocyte reprogramming Serca2a [70, 170]
Cardiac arrhythmia Estrogen-related receptor beta (ERR-β)

miR-133 Cardiac muscle development Ras homolog family member A (RhoA) [174]
Cell division control protein 42 homolog (Cdc42) 
genes

miR-23a Cardiac hypertrophy Nuclear factor of activated T cells (NFATc3) 
transcription factor.

[178]

miR-214 Promotes apoptosis in Valvular 
heart disease

Drp1 (Dynamin related protein-1) [179]

miR-761 Inhibits apoptosis in 
cardiomyocytes

Mitochondrial Fission Factor (MFF) [180]

miR-512 Cardiac hypertrophy Brain Natriuretic Peptide (BNP) [176]
miR-184 Modulates apoptotic pathway Bcl-xL [181]

Bcl-w
miR-30 Mitochondrial fission and fusion P53 [182, 

183]
miR-421 Promotes apoptosis in 

cardiomyocytes
PINK 1 [184, 

185]
miR-140 Mitochondrial survival pathway Mito-fusin II [186, 

187]
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long non-coding RNA that is associated with car-
diac remodelling and hypertrophy in mouse 
model. Pathological cardiac remodelling attenua-
tion and gain and loss function phenomena was 
observed in in-vivo mouse model where antisense 
mediated degradation of Chast was carried out 
[189]. Long non-coding RNA, MALAT1 has dual 
roles in cancer as well as in cardiovascular dis-
ease. In mouse model of hind limb ischemia and 
diabetic neuropathy it lowers the capillary growth. 
MALAT1- derived mascRNA (MALAT1-
associated small cytoplasmic RNA) role is associ-
ated with viral myocarditis and cardiovascular 
innate immunity [190, 191]. GAS5 (growth 
arrest–specific 5) is another long non- coding 
RNA expressed and regulates endothelial cells 
and cardiac smooth muscles through b-catenin 
signalling. Expression profile studies shows that 
in hypertension, its expression is significantly 
downregulated [192]. CARL is cardiac apoptosis-
related non-coding RNA and plays role in mainte-
nance of mitochondrial homeostasis and regulator 
of cell death in cardiomyocytes [193]. Long non-
coding RNA which is considered as important 
regulator of pathological cardiac remodelling and 
cardiac development is Novlnc6. Its expression is 
down regulated in response to hypertrophic 
response by angiotensin II in cardiomyocytes. 
Knockdown mouse model studies showed syner-
gistic decrease in expression of Novlnc6 along 
with two important factors BMP10 and NKX2.5 
that are the regulators of cardiac growth and func-
tion. It showed upregulated expression in human 
heart failure samples and transverse aortic con-
striction mouse model. It directly de-represses 
Myd88, which is a direct target of miR-489, regu-
lates cardiac hypertrophy and acts as miRNA 
sponge [194, 195]. Polymorphism studies in long 
non-coding RNA myocardial infarction–associ-
ated transcript (MIAT) is considered as risk factor 
of myocardial infarction and dilated cardiomyop-
athy. This long non-coding RNA is highly 
expressed in fetal brain tissues and heart and pres-
ent at lower levels in platelets of patients suffering 
from myocardial infarction. High levels were 
observed in patients of dilated cardiomyopathy 
already suffering from Chagas disease [196–198]. 
CARMEN (Cardiac mesoderm enhancer-associ-

ated noncoding RNA) is expressed in cardiac pre-
cursor cells during cell proliferation, 
differentiation and specification. It is considered 
as important regulator of miR-143 and miR-145. 
Knockout model studies showed that it interacts 
with two major components of PRC2 complex, 
SUZ12 and EZH2 and prevents cardiac differen-
tiation in cardiac precursor cells [194]. FOXF1-
adjacent noncoding developmental regulatory 
RNA (Fendrr) is cardiac-specific non-coding 
RNA, expressed in embryonic lateral mesoderm 
and binds with PRC2 induces trimethylation of 
H3 at lysine 27 and lysine 4. It modifies the chro-
matin landscape of cardiomyocyte encoding 
genes and transcription factors GATA binding 
protein 4 (GATA-4), Forkhead box (FoxF1), 
T-box 3(Tbx3), Iroquois homeobox 3(Irx3), NK2 
homeobox 5 (Nkx2-5) and paired like homeodo-
main 2 (Pitx2) [199]. Myh7 locus termed myosin 
heavy-chain-associated (Myheart or Mhrt) RNAs 
is another example of cardiac expressed non-cod-
ing RNA whose target is Brg1, a stress-activated 
chromatin-remodelling factor leading towards 
cardiac myopathy and altered gene expression. It 
functions by negative feedback mechanism; binds 
with the helicase domain of Brg1 and inhibits 
gene regulation and chromatin remodelling 
encoded by Brg1 [59]. The steroid receptor RNA 
activator 1(SRA1) is gene which is dependent on 
alternative splicing and generates many isoforms. 
SRA and the steroid receptor RNA activator pro-
tein (SRAP) coding transcript both act as non-
coding RNA. Experimental data from in vivo and 
in vitro experiments showed that it is the co-acti-
vator of MyoD and regulates skeletal myogenesis. 
Inhibition of SRA1 impairs the normal function 
of heart in ventricular chambers examined at 72 h 
post fertilization [200, 201]. Ppp1r1b-lncRNA is 
involved in the  development of cardiovascular 
system in which heart undergoes a critical process 
named as extra-uterine life called ‘perinatal circu-
latory transition’ [202]. Transcriptomic analysis 
at different time periods of mouse heart develop-
ment and cardiomyocyte terminal differentiation 
showed that Ppp1r1b-lncRNA plays important 
role in these developmental stages of mammalian 
heart. It is paired with its neighbouring gene Tcap 
and its expression is inversely correlated in myo-
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genic differentiation and perinatal process. It 
encodes muscle specific proteins associated with 
cardiomyocyte sarcomere organization and 
silencing of this non-coding RNA excites Tcap 
expression [203]. ENSMUST00000117266 is an 
important regulator of proliferative growth and its 
activity decreases in late gestation. This non- 
coding RNA in oxidative stress and hypoxic stim-
uli loses its activity from p1 to p7. Silencing 
studies in mouse cardiomyocytes suggested that it 
in G2/M phase, it lowers the number of cardio-
myocytes and move them from hyperplastic to 
hypertrophic growth transition [204, 205].

7.4  Long Non-coding RNA 
in Myocardial Infarction 
and Atherosclerosis

Coronary artery disease is the major cause of for-
mation of fatty streaks, atherosclerotic plaques 
and atheromas leading toward myocardial infarc-
tion [206]. Long non-coding RNA regulates the 
function of endothelial cells, vascular and smooth 
muscles cells, macrophages, metabolism and 
inflammation. Therefore, these are the key play-
ers to develop atherosclerotic plaques in arteries. 
ANRIL, MIAT and H19 are considered as impor-
tant regulators of progression in myocardial 
infarction [48].

7.5  Non-Coding RNAs 
in Apoptosis Linked 
Cardiovascular Pathologies

7.5.1  Micro RNAs as Regulator 
of Apoptosis

Cell death network is regulated by three major 
cellular mechanisms: apoptosis, necrosis and 
autophagy [207, 208]. Programmed cell death is 
one of the conserved mechanisms that regulate 
intricate signalling cascades by extrinsic death 
receptor and intrinsic mitochondrial pathways. 
The structural changes in these pathways demol-
ish the cellular morphology by causing cell 
shrinkage, nuclear condensation, DNA fragmen-
tation and membrane blebbing [209]. Extrinsic 

pathway of apoptosis is regulated by binding of 
plasma membrane death receptor (Fas, TNFR) 
with its ligand (FasL, TNF-α) and forms the 
death-inducing complex (DISC) that triggers cas-
pase 8. Subsequent activation of downstream 
effector caspase 3 and 7 by caspase 8 degrades 
proteome and promotes cell death [210]. Intrinsic 
mitochondrial pathway is activated by intracellu-
lar stress signals including hypoxia, oxidative 
stress, acidosis and DNA damage. These signals 
stimulate the pro-apoptotic signals Bax and Bak 
in the outer membrane while releases cytochrome 
c in to the cytosol [211, 212]. Sequentially, down-
stream caspase 9 and its effector caspases 3 and 7 
are  activated. These caspases changes the mor-
phology of mitochondria, initiates death cascade 
and disorders of genetic expression leads towards 
cardiovascular pathologies [182, 213]. Micro 
RNA as a class of short non-coding RNA is an 
important contributor in cell death signalling cas-
cades involved in the pathogenesis and progres-
sion of cardiovascular diseases [214].

MiR-1 is the example of non-coding RNAs 
whose expression is downregulated in infarcted 
heart. Under oxidative stress conditions, cardio-
myocytes undergoes apoptosis due to upregula-
tion of miR-1 and by reducing the activity of 
anti-apoptotic gene Bcl2 [215]. Knock down 
model of miR-1 showed that it can supresses car-
diac arrhythmia [216]. Mir 133 is another exam-
ple of apoptosis linked biomarker. Mir -133 
antagonize apoptotic cascades by negative regu-
lation of caspase 9 which is triggered by H2O2 
exposure to cardiomyocytes [217]. Over expres-
sion studies of micro RNA 133a studies revealed 
that it protects the heart from fibrosis [218]. Mir- 
181c is also a regulator of apoptotic pathway by 
targeting Bcl-2 through TNF-α-induced signal-
ling pathways [219]. Differentially regulated 
other micro RNAs include miR-30, miR-320, 
miR-21 and miR-199a. They target apoptosis 
related proteins in the heart and modulate apop-
totic program [220–223].

Modulation of apoptotic pathways by oxida-
tive stress is the contributory factor in develop-
ment of ROS induced lesions in myocardial 
tissues [224]. Interestingly, mouse model of 
myocardial infarction study depicted that modi-
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fied miR-184 mis-recognises two important 
mitochondrial genes Bcl-xL and Bcl-w which are 
not proved as native targets of miR-184 [181].

Mitochondrial fission and fusion maintains 
the balance between the cell death and cell sur-
vival and both phenomena are under the control 
of different micro RNAs [225, 226]. Therefore, 
mitochondrial dynamics regulates different genes 
related to cardiac function and injury [209]. 
Dynamin related protein-1 (Drp1) is required for 
mitochondrial fission can reduce infract size in 
knockdown mouse models of ischemia/reperfu-
sion injury. Expression of apoptosis linked 
marker P53, which is target of Drp1 is regulated 
by miR-30 by downregulating its expression in 
cardiomyocytes [182, 183]. Mir-499 expression 
is downregulated in the heart of ischemic injury 
but overexpression of this non-coding RNA pre-
vents from myocardial infarction by inhibiting 
the dephosphorylation of Drp1 through calcineu-
rin pathway [227]. Mitofusin1 (Mfn1) I is impor-
tant regulator of mitochondrial survival pathway 
that prevents the cell from apoptotic signals. 
Mouse model studies showed that miR-140 
supresses Mfn1 by directly targeting its 3′ UTR 
region [186, 187]. Dysregulated mitochondrial 
dynamic studies revealed that interplay of Pink1 
is a Ser/Thr kinase, E2F1 and miR-421, is respon-
sible for apoptosis in cardiomyocytes. This micro 
RNA supresses PINK 1 translation and induces 
mitochondrial fragmentation, myocardial infarc-
tion and apoptosis [184, 185]. Mtfr 1 (mitochon-
drial fission regulator 1) contributes in abnormal 
mitochondrial function by targeting NFAT/-
324-5p/ [228]. Over expression of this non- 
coding RNA reduced apoptosis in ischemia 
reperfusion model and also reduces infract size in 
mouse injury model. Although microRNAs are 
considered as key regulators of mitochondrial 
network but still many mechanisms remained 
unexplored. Numbers of microRNAs have been 
identified that protects the heart from the doxoru-
bicin (DOX) induced cardiomyocyte death in 
congestive heart failure [229, 230]. Data from 
previous findings revealed that cardiotoxicity and 
DOX-induced apoptosis is addressable by 
antagomir- based silencing mechanism of miR- 
532- 3p and miR-208a [231, 232]. Further, over 

expression of miR- 21 and miR-30 prevents 
doxorubicin induced apoptosis in cardiomyo-
cytes [233, 234]. These therapeutic strategies 
open better avenues to prevent doxorubicin 
induced cardiotoxicity.

7.5.2  Long Non-coding RNAs 
in Apoptosis

Long non-coding RNAs such as circular RNAs 
are considered as new regulators of apoptotic sig-
nalling cascades in cardiovascular diseases. 
These non-coding RNAs comprises a class of 
RNA having more than 200 nucleotides are pres-
ent in the whole genome [235]. Cellular func-
tions displayed by circular RNAs include 
capturing miRNAs, directing transcription fac-
tors, modification of three dimensional structure 
of chromatin, genomic imprinting and cell fate 
determination [236–239]. Two important non- 
coding RNAs; Braveheart and FOXF1 adjacent 
non-coding developmental regulatory RNA are 
key players of cardiomyocyte differentiation 
[196, 199]. CARL is apoptosis linked non-coding 
RNA executed as endogenous miRNA sponge 
directly targets prohibitin 2 (PHB2). PBH2 
expression inhibits mitochondrial fission and 
apoptosis reduces the infarct size in ischaemia 
reperfusion mouse model [195]. Mitochondrial 
fission and apoptosis is inhibited by CARL by 
miR-539/PHB2 pathway. Another class of non- 
coding RNA is identified as a close loop that join 
together at 3′ and 5′.These circular RNAs acts as 
sponge to miRNAs and participates in multiple 
major cellular processes [134]. HRCR (heart- 
related circRNA) is a circular non-coding RNA 
considered as modulator of apoptosis pathway. 
This specific non-coding RNA acts as miRNA 
sponge for miR-223 and inhibits its activity [132, 
240]. It targets the abundantly expressed heart 
protein ARC (apoptosis repressor with CARD 
domain). Therefore, promotes cardiac 
 hypertrophy and heart failure by directly target-
ing this anti-apoptotic protein [241, 242]. The 
wide spectrum of non-coding RNAs is utilized 
for the development of ncRNA based therapeutic 
strategies. The non-coding RNAs such as the 
miRNA, lncRNAs can serve as the efficient tar-
gets for the treatment of cardiovascular diseases 
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[243–246]. The siRNA based RNA interference 
is also used as a general tool for targeting mRNA 
and results in protein encoding gene silencing 
[247]. The rapid evolution of non-coding RNAs 
highlights their importance for human health [50, 
248]. However, very little part of the genome has 
been investigated for the cardiovascular thera-
peutics [247].

8  miRNA as Therapeutic Target 
in Cardiovascular Diseases

The miRNAs have the remarkable ability to 
maintain expression of the several genes of dif-
ferent signaling pathways and makes them strik-
ing therapeutic targets. The different studies have 
been conducted in preclinical models to evaluate 
the therapeutic potential of miRNA in cardiovas-
cular diseases. The miRNAs have the diverse 
range of targets because of the multiple target 
sites in different genes. This feature of the 
miRNA makes them superior over the other ther-
apeutic strategies, as miRNA can potentially 
regulate complex signaling cascades [249]. 
Moreover, as miRNAs mostly target the different 
components in the signaling of the biological 
process, this may control the desensitization of a 
drug [156]. However, the limitations of the 
miRNA therapeutics include the way of delivery, 
off-target effects and stimulatory effects. All 
these are the major challenges for using the 
miRNA in clinical practice.

The miRNA therapeutic approaches are of 
two types.

• The inhibition of miRNA to lower the expres-
sion of pathological miRNAs.

• The miRNA replacement strategy to enhance 
the expression of beneficial miRNAs or the 
ones which are repressed in cardiac stress.

To attain these approaches, different strategies 
have been designed including the antisense oligo-
nucleotides which are chemically modified and 
also the miRNA mimics.

8.1  Role in Acute Myocardial 
Infarction

The miRNAs are involved in the regulation of 
cardiac remodeling in variety of ways. In 
response to ischemia the miRNA-15 family is 
regulated and it modulates the hypoxia induced 
cardiomyocyte cell death [156]. The obstruction 
of miRNA-15 family members enhances postna-
tal cardiac regeneration [250]. With regard to 
mechanism, the key player of the mitochondrial 
function, Pyruvate dehydrogenase lipoamide 
kinase isozyme 4 and checkpoint kinase 1 have 
been recognized as the targets of miRNA-15 fam-
ily members [156, 250]. In addition to ischemia, 
aging can also induce the expression of miRNA-
 34 family members and trigger the debilitate 
DNA damage control, cardiomyocyte cell death 
and promote telomere degradation, paving for 
their role as key regulators of cardiomyocytes 
repair [251–253]. Mechanistically, the cardio-
myocyte cell death due to aging is directly related 
with the miRNA-34a regulated reduction of the 
target gene “protein phosphatase 1 nuclear- 
targeting subunit”(PNUTS). PNUTS regulates 
the DNA damage response and cardiomyocytes 
cell death, ultimately resulting in the recovery 
after acute myocardial infarction in mice. The 
expression of MiR-92 is elevated in ischemic tis-
sues, but contrary to it exhibits the anti- 
angiogenicity by decreasing the Sirtuin 1 and 
resulting in the inhibition of ischemia-induced 
angiogenesis [254–256]. In addition miR-24 also 
targets Sirtuin 1 and acts as a key modulator of 
angiogenesis and endothelial cell death [149].

8.2  Role in Fibrosis

Several miRNAs control important processes 
which are involved in cardiac fibrosis by target-
ing cardiomyocytes death or by angiogenesis that 
contribute post-infarction injury and later remod-
eling responses [145]. The examples of miRNA 
which are directly hindering the fibrotic response 
are miRNA-29 and miRNA-21. The miRNA-29 
targets different matrix proteins and reduces the 
fibrosis [257]. The miR-21 inhibits the Spry1 
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(sprout homologue 1), thus increase the ERK- 
MAP kinase associated fibrotic pathway. The 
expression of miRNA-21 is increased in fibro-
blasts in transverse aortic constriction or acute 
myocardial infarction [258]. The inhibition of 
ERK-MAP kinase signaling regulates the release 
of growth factor and also controls the survival of 
fibroblasts thus ultimately it regulates the hyper-
trophy and fibrosis. The role of miRNA-21  in 
cardiac fibrosis was firstly investigated in the 
mice model [259]. However, the studies in other 
models have also affirmed that inhibition of miR- 
21 reduces cardiac hypertrophy and fibrosis 
[260–263].

Another important miRNA which targets the 
collagen type-1  A1 is miRNA-133, its levels 
were found to be downregulated in case of hyper-
tension and cardiac fibrosis. Due to the decreased 
levels of miRNA-133, there is the depression in 
collagen levels which confirms the role of 
miRNA-133  in promoting the extent of fibrosis 
[264]. However, another study has shown the role 
of miRNA-133 and miRNA-30  in regulation of 
the expression of connective tissue growth factor 
in both human and animal cardiac tissues [174].

Pan et al. elucidated the role of miRNA-101 in 
fibrosis. The levels of miRNA-101a and miRNA- 
101b were found to be downregulated in the 
infarct area after coronary artery ligation [265]. 
However, in-vitro studies have shown the 
decreased expression of miRNA-101a and b due 
to angiotensin II in the cardiac fibroblasts of the 
rats. In cardiac fibroblasts the overexpression of 
the miRNA-101a and miRNA-101b nullify the 
collagen production and proliferation. The co- 
transfection of miRNA-101a and b inhibitors 
along with the overexpression of miRNA-101a/b 
has abrogated the effects. The bioinformatic tools 
and luciferase gene reporter assays have shown 
the c-fos as a target of miRNA-101a. The angio-
tensin II treatment to the cardiac fibroblasts 
resulted in the significantly enhanced expression 
of c-fos and TGF-β1. Further experimental stud-
ies have elucidated the role of miRNA-101 by 
increasing the expression of c-fos, which resulted 
in the elevated expression of TGF-β1 and colla-
gen, whereas by the use of miRNA-101 mimic 
the levels were diminished. The miRNA-101 also 

targets the several autophagy genes such as the 
Stathmin 1 and Rab-5A [266]. The miRNA-101 
levels were reduced in the patients of stenosis and 
cardiomyopathy [144]. In previous studies the 
decreased levels of miRNA-101 have been 
reported in the case of rheumatic heart disease. 
Moreover, the cardiac stress is associated with 
the downregulation of miRNA-101, therefore the 
strategies to enhance the levels of miRNA-101 
may serve as a therapeutic approach for cardiac 
fibrosis [267].

The members of the c-Jun family form the 
transcription factor activator protein 1 (AP-1). 
Different cytokines which are involved in the cel-
lular differentiation and proliferation induces the 
expression of AP-1 [268]. The cell-cycle regula-
tory genes also mediate the expression of AP-1. 
The expression of the cardiac fibrosis related 
miRNA, the miRNA-21 is regulated by the AP-1. 
Moreover, the promoter region of the miRNA-29 
also contains several putative binding sites for the 
AP-1 [269]. The binding of AP-1 to the promoter 
of miRNA-29 results in the reduction of fibrosis. 
The role of AP-1 in the ischemia/reperfusion was 
also investigated by Roy et al., it has been found 
that oxygen induces the expression of the TGFβ 
isoforms by the activation of AP-1 [270]. 
Specifically, the fos related AP-1 is essential in 
the regulation of TGF expression.

Interestingly, the miRNA-21 also contributes 
to the cardiac fibrosis by the restoration of the 
endothelial to mesenchymal transition (EMT). 
The TGFβ induces EMT in endothelial cells by 
the elevated levels of miRNA-21 [271]. The 
miRNA-101 also enhances the cardiac fibrosis by 
regulating the c-fos and c-fos related miRNAs. 
The activation of AP-1 activates the profibrotic 
pathways such as the activation of the miRNA-
 21. The miRNA-101 directly interferes with the 
expression of miRNA-21 and the expression of 
AP-1. However, the direct effect of miRNA-101 
on the different miRNAs and the family members 
of c-Jun family is still explorable [272]. The in- 
vitro studies have shown no effect of miRNA-101 
on cardiomyocytes apoptosis and suggest that 
miRNA-101 might have antiapoptotic effects in- 
vivo by the improvement in the cardiac function. 
In contrast, the miRNA-101 mimics have shown 
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the positive effects on cardiac function and hemo-
dynamic in myocardial infarcted rats. The under-
lie mechanism of miRNA-101 is yet need to be 
investigated for the enrichment of miRNA mim-
ics by the viral based delivery approaches.

8.3  Role of miRNA in Cardiac 
Hypertrophy and Failure

The miR-133, miR-212/132, miRNA-208, 
miRNA-499, miRNA-208 and miRNA-25 are 
the major examples of miRNAs which are 
involved in cardiac  hypertrophy and fail-
ure [173]. MiRNA also control the intracellular 
calcium homeostasis, which is deregulated in 
heart failure. Modification of the intracellular 
calcium levels improves the cardiomyocyte con-
tractility, might serve as a promising therapy 
against cardiac failure. The inhibition of miR-25 
represses the calcium uptake pump sarco/endo-
plasmic reticulum Ca+2 ATPase 2a, therefore it 
improves the calcium handling and restores car-
diac function [273]. The decrease expression of 
miRNA-1 and miRNA- 133 has been reported in 
mouse and human models of cardiac hypertro-
phy [274]. The invitro enhanced expression of 
the miRNA-133 and miRNA-1 has resulted in 
the inhibition of hypertrophy whereas; the inhi-
bition of miRNA-133 by using antagomiRs has 
caused the substantial and sustained cardiac 
hypertrophy. The miRNA-133 targets the Rho A, 
Nelf-A/WHSC2 (a nuclear factor) and Cdc 42 
which are involved in cardiac hypertrophy [173]. 
The miRNA-133 and miRNA-1 also regulate the 
cardiac muscle repolarization [275]. In contrary 
to miRNA133/1, the miRNA-212 and miRNA-
132 expressions are increased by stimuli and 
maintain the growth of cardiomyocytes by 
directly regulating the FoxO3 (Forkhead box 
protein O3). The expression of Foxo3 is nega-
tively correlated with the hypertrophy [161]. In 
response to hypothyroidism and stress the 
miRNA-208 is expressed by an intron of the 
αMHC. MiRNA-208 is known to play role in 
fibrosis, hypertrophy and in maintaining the 
level of βMHC (myosin heavy chain-β) [154].

8.4  Role of miRNA 
in Atherosclerosis 
and Remodeling

Atherosclerosis is an inflammatory reaction of 
the arterial wall, underlying the coronary artery 
disease. It is characterized by the dysfunctional 
responses of endothelial cells with dysregulated 
flow of immune cells [276]. It has been previ-
ously reported that diverse range of miRNAs has 
been emerged in atherosclerotic mouse model, 
which can provide a platform for designing 
potential therapeutic strategies using anti-miRNA 
or miRNA mimics [276]. The miRNa-92a, 
miRNA-126, miRNA-146 and miRNA-181 are 
involved in atherosclerosis [277]. In addition to 
these miRNAs, the miRNA-10a and 23b have 
shown the atheroprotective effects [278, 279]. 
The balloon injury in the vascular walls has 
shown the expression of miRNA-21 as a main 
regulator of cell proliferation, apoptosis and neo-
intima formation [280]. Moreover, the analysis 
has also shown the role of miRNA-21 in cellular 
apoptosis by targeting PTEN and Bcl-2.

The miR-29 is age regulated and targets the 
collagen and other extracellular matrix proteins 
ultimately sensitizes the aorta for formation of 
aneurysms in later age [281, 282]. In disease con-
ditions the levels of miRNA-29 is increased, 
causing the inhibition of its collagen target genes. 
The inhibition of miRNA-29 protects the vessel 
from rupturing by abrogating aortic dilation. 
Moreover, the intronic miRNAs such as the 
miRNA-33a and miRNA-33b are co-expressed 
with SREBF (sterol regulatory element-binding 
transcription factor) 1 and SREBF2, regulate 
lipid homeostasis thus, deletion at gene level was 
shown to increase circulating high density lipid 
cholesterol levels [283]. The endothelial miRNA-
 126 suppresses the expression of Notch1 inhibi-
tor Dlk1 and thereby prevents atherosclerotic 
lesion formation. The few miRNAs also exhibit 
the anti-inflammatory potential such as the 
miRNA-146a and 181b, by inhibiting the 
3′-untranslated region of TRAF6 and Importin 
alpha 3, ultimately inhibiting the activity of 
NF-kB [284, 285]. The altered level of miRNA- 
10a also plays role in maintaining the proinflam-
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matory phenotypes that may affect the progression 
of atherosclerosis [286].

There are various miRNAs which are involved 
in the cardiovascular system regulation, accent 
their potential as worthy targets for the therapeu-
tic intervention for different cardiovascular 
diseases.

8.5  miRNA as a Therapeutic 
Approach for CVDs

The miRNAs are playing diverse range of roles in 
regulation of different cardiac pathologies such 
as post-infarction angiogenesis, remodeling, car-
diac fibrosis, hypertrophy, and atherosclerosis 
[145, 154, 258, 271, 287]. The role of miRNAs 
was mostly investigated either by viral vectors, 
RNA therapeutics or by using transgenic mice to 
overexpress or inhibit specific miRNAs. The 
antisense oligonucleotides or siRNAs are mainly 
used to inhibit the miRNA. The phosphorothioate 
backbones are chemically added to the antisense 
oligonucleotides or siRNA to increase their sta-
bility against RNases.

The cholesterol is also conjugated with certain 
RNAs to reduce the chances of initiating the 
immune response and to decrease the probability 
of off-target effects, thus ameliorating the phar-
macodynamics by boosting cellular uptake. The 
antisense molecules base pairs with the given 
mRNA targets in complementary fashion and 
thereby block the inhibitory function of 
miRNA.  The miRNA inhibitors known as anti-
miRs can also serve as the therapeutic strategy. 
The antimiRs are categorized into different groups 
on the basis of their chemical modifications.

9  miRNA Modification

The strategy to use miRNA as the therapeutic tar-
get is by using the miRNA inhibitor and miRNA 
sponge. The miRNA inhibitor should have the 
high affinity for the target mRNA sequence and 
high specificity. It should also display the nucle-
ase resistance, less toxicity and low-cost for 
synthesis.

9.1  Antisense Oligonucleotides

The most eminent groups of antimiRs are the 
antagomiRs and locked nucleic acids. The 
antogomiRs are chemically modified by the con-
jugation of 3′cholesterol, 2′-O-methyl, 2′O-fluoro 
or 2′O-methoxymethyl oligonucleotides. The 
antagomiRs are complementary to the specific 
miRNA’s mature sequence with the linkages of 
the phosphorothioate backbone that replaces 
non-bridging oxygen atom of the phosphate 
group with the Sulfur [288]. The phosphorothio-
ate backbone supports the binding with the 
plasma protein in addition to the nuclease resis-
tance, thus ultimately improves the pharmacoki-
netics [289]. Due to the addition of 2′-O-methyl, 
2′-fluoro or 2′-methoxymethyl to the antagomiRs 
results in efficient binding and it also decreases 
the chances of off-targets effects, whereas the 
addition of cholesterol improves the cellular 
uptake of the antagomiRs [288]. The advance-
ment of locked nucleic acids modified antimiRs 
has augmented the area of oligonucleotide 
chemistry.

The locked nucleic acids (LNAs) are chemi-
cally modified in such a way that a bridge locks 
the LNAs by connecting the 2′-oxygen and 
4′-carbon in a ribonucleotide, thus mimics the 
C3′-endo conformation. The use of specific 
deoxyribonucleotide and locked ribonucleotide 
have exhibited the promising results in various 
in-vivo models [290]. The LNA-based antimiRs 
are 15-16nts in length whereas the shorter LNA- 
based antimiRs are also developed known as tiny 
LNAs or 8-mer LNA based AntimiR [291]. The 
8-mer LNA based AntimiR binds to the seed 
region of the miRNA; therefore, we can target the 
complete miRNA family with coinciding func-
tional activities which may potentiate the positive 
effect in certain pathological conditions. One of 
the examples of tiny LNA is for the miR-15 fam-
ily members; it targets the seed region of all 
members including miRNA-15a, 15b, 16 to 1, 
195, 16 to 2 and 497. It depresses the downstream 
targets more efficiently as compared to the previ-
ously used LNA- based antimir targeting only 
particular miRNA [156]. In case of cardiac tis-
sues, the uptake of LNAs is not affected by the 
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length of the LNAs. However, in some cases the 
efficiency of tiny LNAs is less as compared to 
longer LNAs, such as miR-21 targeted by 
antagomir treatment markedly reduce the cardiac 
hypertrophy and fibrosis whereas the tiny LNAs 
designed against miRNA-21 did not exhibit any 
restorative effects.

The functionality of LNA antimiRs has also 
been improved by the use of the two strate-
gies  that have been developed to ameliorate the 
actions of LNA antimiRs. The selenomethylene 
LNAs have shown the greater affinity and 
improved ability for miRNA-21 inhibition in 
cancerous cell lines. The other is known as small 
RNA zipper [292]. The small RNA zippers are 
designed on the basis of the LNA; inhibit the 
miRNA-221 and miRNA-17  in breast cancer 
[292]. However, to date there is no report of the 
potential application of these strategies for the 
therapeutics of cardiovascular diseases. The other 
class is the peptide nucleic acids; antisense oligo-
nucleotides in which the backbone is replaced by 
the repetitive units of N-(2-aminomethyl) glycine 
to which the nitrogenous bases are linked through 
a methyl carbonyl linker. The peptide nucleic 
acids were successfully used against miRNA-
 155 in the B-cells of mice [293].

9.2  siRNAs

siRNAs are used to inhibit the miRNAs, these are 
the chemically modified RNA duplexes which 
improves the stability and cellular uptake [294]. 
The siRNas have been reported to downregulate 
the expression of miR-181a and leads to the 
reduced arrhythmogenicity of skeletal myoblasts 
replacement in rats having myocardial infarction 
[295]. The miRNAs are also targeted by using the 
miRNA target site blocker. They get attach to the 
miRNA target site of mRNA and ultimately pre-
vents the miRNA binding to its target site [296]. 
In this way the certain targets of miRNA can be 
protected instead of targeting all in parallel. For 
example, Messina et al. (2016) has reported the 
use of blockers exhibited selective disability of 
miRNA-155 to target the CCAAT/enhancer bind-
ing protein- β in the juvenile hypothalamus. The 

function of miRNA can be modified by the use of 
miRNA sponges which are constructed from the 
transgene within the cells. The sponge RNAs 
have 4 to 10 complementary binding sites to the 
miRNA of interest introduced in 3′UTR of the 
RNA.  The binding site can be any specific 
sequence of the miRNA or it can be the seed 
sequence of the mRNA [297]. The viral vectors 
are suitable for the delivery of miRNA sponges 
construct to the tissues of the living animals. The 
adenoviral eGFP (enhanced green fluorescence 
protein) sponge was used to target the miRNA-
 133  in cardiomyocytes of the cardiac hypertro-
phic mouse model. However, the limitation of 
this strategy is that as there is an excessive con-
centration of the endogenous miRNA within the 
cell so there should be the high concentration of 
sponges to bind. Various studies highlight the 
role of antimiRs in inhibition of miRNA function 
especially in cardiovascular research.

9.3  Restoration of miRNA Levels

Over the past few years the research has also 
been carried out to reintroduce the reduced 
miRNA into the effected cells. The levels of 
miRNA can be restored by either using the 
miRNA mimics or using the adeno-associated 
viruses (AAVs). miRNA mimics are the double 
stranded synthetic oligonucleotide sequences 
which are designed as a single strand for target-
ing the genes. The miRNA mimics are chemi-
cally modified in the similar manner as the 
antisense oligonucleotides technology. 
Montgomery et  al. (2014) developed the func-
tional miRNA -29 mimic for the treatment of 
 cardiac fibrosis. They had conjugated the miRNA 
mimic with the cholesterol to increase the cellu-
lar uptake and it also had the mismatches to avoid 
it to act as the inhibitor [298]. Successful applica-
tion of miRNA mimic in clinical trials has been 
reported [299, 300]. Inspite of the recent prog-
ress  in this field to date still the delivery of 
miRNA mimics is a matter of debate, due to their 
short half-life. The efficient delivery system is 
required for better stability and cellular uptake of 
miRNA mimics. However, the issues regarding 
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the dosage regimen and safety must need to be 
addressed too [301].

9.4  Therapeutic Potential 
of AntagomiRs

The antagomiRs have the wide range of thera-
peutic applications. The antagomir against miR- 
21 has been reported to reduce the extent of 
cardiac fibrosis and hypertrophy after TAC in 
mice [258]. The antagomiR which targets the 
miRNA-92a has displayed the increased neovas-
cularization after ischemia and salubrious effects 
on myocardial infarction. A single injection of 
antagomir-92a intercepted the endothelial dys-
function and atherosclerosis [302, 303]. The seed 
sequence of the miRNA-25 is similar to the 
miRNA-92a, it is upregulated in heart failure and 
targeting it by the antagomiR results in ameliora-
tive effects in mouse model [273]. The substan-
tial studies have confirmed the protective effects 
of the antagomir-25 but another study showed 
that antagomir against the miRNA-25 injected 
intraperitoneally at a concentration of 80 mg/kg 
resulted in the spontaneous cardiac dysfunction 
[274]. However, it is still needed to investigate 
whether it is due to the difference in formulations 
or concentrations. The antagomiR-320 also 
showed the improved heart function after isch-
emia. In addition to these, the anatagomiR-
 212/132 rescued the cardiac heart failure after 
TAC in mice [161].

9.5  Therapeutic Potential of LNA 
AntimiRs

The LNA antimiRs have shown the promising 
effects as the inhibitors of miRNA in several dis-
ease models. The LNA based antimir which tar-
gets the miRNA-29 decreases the aneurysm 
development by enhancing the matrix formation 
and maintaining the structural integrity of the 
wall [281, 282]. The inhibition of miRNA-208 
via the LNA antimir has manifested the improved 
heart function and survival after cardiac failure 
[304]. Moreover, the therapeutic targeting of the 

whole miRNA-34 family [253] or specifically 
miRNA-34a decreases apoptosis and cardiac 
fibrosis [251, 252]. A study has compared the 
therapeutic potential of both antagomiR and 
LNA-based antagomir-34a in the experimental 
mouse model, both the strategies showed the 
restorative effects from myocardial infarction 
[252]. The analeptic effects of the antagomir 
based targeting of miRNA-92a was also con-
firmed by using LNA antimiRs in ischemic model 
[254].

9.6  Challenges for AntimiR

There are wide range of therapeutic applications 
of miRNA inhibition in different experimental 
models, but still targeting the miRNA in cardiac 
tissue is more challenging than in any other 
organ. The administration of antimiRs can be 
done subcutaneously, intraperitoneally and intra-
venously. It manifests the long-term inhibition 
for many weeks. Mostly 0.5 to 25  mg/kg body 
weight dose of antimiRs are administered in 
either single or repetitive manner. However, the 
higher dose concentrations are required for the 
antagomiRs nearly 8 to 80 mg/kg body weight to 
effectively reduce miRNA in cardiovascular sys-
tem. The optimum dose depends on the target 
chemistry and also on the target sequence. The 
miRNA-92a can be inhibited by the use of low 
dose (0.5 mg/kg) of LNA based antimiR-92a and 
also by the 8  mg/kg dose of antagomiR-92a 
[254]. However, for targeting the miRNA-34a the 
higher concentration was required although the 
target tissue was same as that for the miRNA-92a 
[252, 282].

10  miRNAs as Biomarker

With the recent advances in the research, the 
miRNAs are gaining more insight as the diagnos-
tic and prognostic biomarkers for cardiovascular 
diseases. The different means of transportation 
and protection from RNAses adopted by the 
miRNA make them stable as compared to the 
mRNA. The miRNAs are enclosed in exosomes. 
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The miRNA form complexes with the RNA- 
binding proteins and are also transported in the 
high-density lipoprotein [305–307]. The expres-
sion pattern for the miRNA enclosed in exosomes 
reflects the expression pattern of those in whole 
blood [308].

The miRNAs serve as the useful clinical bio-
markers as they can be easily accessible from the 
different body fluids which help in diagnosis. The 
use of miRNAs as biomarkers will play the key 
role in different clinical applications such as the 
diagnosis therapeutics and prognostics. In com-
parison to the tissue specific miRNAs the circu-
lating miRNAs are the better option as a 
biomarker for CVD.  The miRNAs are mostly 
conserved across the species, are resistant to 
RNase, harsh conditions, differential expression 
in disease condition and can easily be determined 
by various methods and all these features make 
them the promising candidate to serve as a bio-
marker [309, 310].

10.1  miRNA as Biomarker 
in Atherosclerosis

One of the major example of atherosclerotic bio-
marker is the miRNA-1, that is known to exhibit 
role in coronary artery disease. The pre-clinical 
trials exhibited that the miRNA-1 targets the ion 
channels which are the important players in car-
diac physiology. One of the targets is the con-
nexin 43; the gap junction channel which controls 
the intracellular conductance of ions in the ven-
tricle while the second target is kir2.1; the K+ ion 
channel which maintains the resting membrane 
potential. The elevated expression of miRNA-1 is 
correlated with the repression in Kir2.1 ulti-
mately leading to coronary artery disease [216].

miR-1 along with other heart-specific miR-
NAs might become a promising, specific and sen-
sitive diagnostic biomarkers for AMI, because of 
their expected release into the circulation from 
injured cardiomyocytes. Presently, cardiac tropo-
nin (cTnT) is used for the diagnosis of Acute 
myocardial infarction but still there is a dire need 
for new biomarkers with enhanced specificity 
[311, 312].

The miRNA-1 levels are also positively 
corelated with the infarct size [313]. The 
miRNA-1 can serve as the biomarker for the 
acute coronary artery syndrome too. The miRNA-
 1, miRNA-133a and miRNA 208b were found to 
be significantly increased in case of acute myo-
cardial infarction [314]. However, the differential 
levels of these miRNAs may serve as the better 
diagnostic marker to differentiate between myo-
cardial infarction and unstable angina [314].

The mortality is also co-related with the levels 
of miRNA-133a and mIRNA-208b after acute 
coronary artery syndrome. These miRNAs did 
not give any prognostic information when they 
were adjusted with the troponin levels. Another 
related study has shown the very reduced levels 
of cardiac specific miRNAs in the plasma of the 
healthy subjects. The levels of miRNA-1, 133a 
and 208b were found to be increased in AMI 
patients but no significant variation was observed 
in case of any other cardiovascular disease 
patients. The pharmacological treatment to the 
patients reduced the plasma levels of miRNA- 
208a [307].

All the above findings suggest these miRNAs 
as a promising biomarker for the diagnosis of 
acute myocardial infarction. In comparison to the 
other miRNAs, the miRNA-208a is a better 
choice because the miRNA-1133 and 499 are 
also expressed in the skeletal muscles, so the 
injury to these may also increase the plasma lev-
els of these miRNAs, whereas the miRNA-208a 
is specifically expressed in cardiac tissues.

The circulating levels of miRNA-133 and 
miRNA-208 were increased in coronary artery 
disease patients as compared to healthy subjects. 
In contrary to these miRNAs, the level of miRNA-
 126 (vascular miRNA), miRNA-17, inflamma-
tion related miRNA-155 and VSMC related 
miRNA-145 were significantly downregulated 
[315]. An appreciable elevated expression of 
miRNA-134, 370 and 198 was observed in unsta-
ble angina patients as compared to stable. They 
has been predicted as a clinical biomarkers for 
coronary artery disease especially in acute coro-
nary events [316].

The human atherosclerosis and hypertension 
functions are associated with the renin- 
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angiotensin- aldosterone system. The expression 
analysis of miRNA in the mononuclear cells 
treated with the renin antagonist (Aliskiren) 
exhibited more plaque progression in Aliskiren 
treated subjects. Among the 734 miRNAs, only 
three (miRNA-18b, miRNA-106b, miRNA- 
27a- 3p) were downregulated and rest remained 
unaltered. The miRNA-18b and miRNA-106b 
are more specifically related to the progression of 
plaque, therefore could serve as the prognostic 
biomarkers for the atherosclerotic patients [317].

The miRNAs also play key roles in the patho-
physiology of cardiovascular diseases via regula-
tion of sarcoplasmic reticulum calcium ATPase 
(SERCA2a). It regulates the intracellular calcium 
level by pumping calcium from cytosol to the 
lumen of sarcoplasmic reticulum, thus replenish 
the calcium ions through ryanodine receptor 
channel at the time of contraction. The levels of 
SERCA2a are downregulated in case of cardiac 
failure and acute myocardial infarction [318]. 
The SERCA2a is the target of miRNA-574 which 
is found to be upregulated in case of infarcted 
heart tissues [319].

The use of miRNA as a therapeutic approach 
can facilitate the distinctive diagnosis of acute 
myocardial infarction patients. The myocardial 
infarction can be classified as the ST-elevation 
myocardial infarction (STEMI) and non-ST- 
elevation MI (NSTEMI). There is a unique 
expression pattern of circulating miRNA in both 
cases. The expression of miRNA-221 and 
miRNA-483 were found to be significantly 
increased in platelets and plasma of the NSTEMI 
patients only. However, the expression of 
miRNA-30d was upregulated in both NSTEMI 
and STEMI patients [320]. Similarly, the miRNA-
499 may also serve as the promising biomarker 
for NSTEMI, as its level was found to be signifi-
cantly upregulated in NSTEMI patients as com-
pared to healthy subjects [321]. The use of 
miRNA-499 can be more reliable as compared to 
previously used markers, because those are 
unable to differentiate between NSTEMI and 
other cardiac disorders due to atypical symptoms 
of NSTEMI.

The therapeutic potential of miRNA-26 in ath-
erosclerosis represents it as a better target for the 

treatment of acute myocardial infarction. Its level 
was found to be upregulated in case of acute cor-
onary artery syndrome patients and mouse model 
[322]. The miRNA-26 inhibits the endothelial 
cells proliferation and their pro-angiogenic func-
tion via Smad1 signaling. The use of intravenous 
miRNA-26 inhibitor leads to the myocardial 
angiogenesis and reduction in infarct size in 
mice.

10.2  miRNAs as Biomarker 
in Ischemic Stroke

Stroke is a prime cause of death worldwide. The 
various miRNAs have been indicated in the 
development of stroke [323]. Currently, the tissue 
plasminogen is used as the treatment for the 
stroke [324]. Due the involvement of multiple 
signaling cascades in the stroke, the currently 
used endovascular strategies remained unsuc-
cessful in clinical trials [325]. The miRNAs can 
serve as the solution to this problem, as they are 
the early responders to the ischemic stroke and 
also regulate the multiple signaling pathways 
[326].

The transient cerebral artery occlusion in 
experimental rat model has shown the dysregula-
tion of 20 miRNAs among which 11 of these 
miRNAs were early responders just in 3 h after 
ischemic reperfusion. The targets of these miR-
NAs were mostly the gene promoters, which 
strongly strengthens their role in gene expression 
regulation. The further targets of these miRNAs 
are the genes which are involved in  inflammation, 
ionic homeostasis and receptor function [327].

A recent study has shown that most of the 
altered miRNAs in ischemic patients have been 
involved in endothelial function, inflammation 
and hypoxia related process. The different types 
of ischemic strokes have shown the differential 
expression of miRNA profiles and this makes the 
miRNAs as promising diagnostic and prognostic 
biomarkers for ischemic stroke [328].

The miRNAs are being used as the successful 
predictors for ischemic stroke; the miRNA-21 
and miRNA-221 are also used as the biomarkers 
for stroke [329]. The most important miRNAs 
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which are up regulated in ischemic conditions are 
the miRNA-125b, miRNA-27a, miRNA-422a, 
miRNA-488 and miRNA-627, whereas the 32 
miRNAs are differentially expressed based on 
the cause of stroke [193].

The emerging approach for the stroke treat-
ment is the bone-marrow derived mesenchymal 
cells (BSMSCs) transplantation [330]. The ben-
eficial attributes of this therapy are due to the 
release of exosomes. The miRNA-133 is translo-
cated from the mesenchymal cells to the neuronal 
cells and thus promotes plasticity of the neurons 
[331]. The miRNA-210 and miRNA-107 are 
known to regulate the cell death [249]. The posi-
tive aspect in using the BMSCs as the therapeutic 
strategy is that they can be easily cultured as 
compared to embryonic stem cells.

Moreover, the BSMCs can also bypass the 
immune system of the body. After transplantation 
the BSMCs can migrate to the boundary zone of 
the ischemic stroke [332]. The BSCMs generated 
exosomes can also be used as therapeutic strategy 
for the ischemic stroke. According to Xin et al. 
(2013) the intravenous administration of multi- 
potent mesenchymal stromal cells derived exo-
somes has resulted in significantly ameliorated 
effects. It has led to the neurovascular remodel-
ing. The specific exosomes can be used for the 
treatment of stroke, consisting of the specific 
miRNAs or antimiRs against the detrimental 
miRNAs [333].

10.3  miRNAs as Biomarker 
in Hypertension

Hypertension is a major prognosticator of mor-
tality for a wide range of cardiovascular disorders 
such as acute myocardial infarction, cardiac 
hypertrophy, ischemic stroke and heart failure 
[334]. Several genetic components may also play 
role in hypertension while the association of sin-
gle nucleotide polymorphism with the hyperten-
sion still needs to be investigated [335, 336]. The 
single nucleotide polymorphism in the miRNAs 
binding sites of some RAAS genes effects the 
arterial blood pressure level and also acts as a risk 
for acute myocardial infarction. The higher level 

of angiotensin II receptor is associated with the 
cardiovascular disorder and they can be targeted 
for the treatment of hypertension. Different stud-
ies have demonstrated a link of 1166C allele of 
angiotensin II receptor gene with hypertension, 
hypertrophy and acute myocardial infarction 
[337]. The SNP at this locus annul the binding of 
miRNA-155 to the 3′UTR of the gene. The 
miRNA-155 and angiotensin II receptor (ATR1) 
are co-expressed in the kidney and thus regulate 
the blood pressure of the body [334]. The level of 
ATR1 is negatively correlated with miRNA-155 
expression and positively with the blood pressure 
[338]. Therefore, the miRNA-155 plays role in 
the regulation of ATR1 expression. The reduced 
expression of miRNA-132 and miRNA-122  in 
the internal mammary arteries of the ATR1 
blocker treated patients have been observed, 
whereas in case of the patients treated with 
β-blockers the levels of miRNA were not reduced 
[339]. This research unravels that all blood pres-
sure reducing agents do not downregulate the 
miRNA-132 and miRNA-212. It suggests that 
miRNA-132 and miRNA-212 cluster in human 
beings might be due to the angiotensin II. Similar 
results have been reported by the study of angio-
tensin II induced hypertension rat model.

The miRNA-765 and miRNA-571 targets the 
T-allele of thromboxane A2 receptor by decreas-
ing the arterial blood pressure [340]. The SNP is 
located in the putative seed recognition site thus 
may serve as a therapeutic target for hyperten-
sion. The miRNAs can serve as the prognostic 
biomarkers for hypertension. The level of 
miRNA-9 and 126 were found to be lowered in 
hypertension patients as compared to the healthy 
subjects [341]. The 24 h mean pulse is an estab-
lish prognosticator for the organ damage. The 
level of miRNA- 9 and miRNA-126 were 
observed to be positively correlated with the 24 h 
mean pulse [342] while the levels of miRNA-143 
and 145 were found to be negatively correlated 
with the pulse rate. The miRNA-143 and 145 tar-
get the angiotensin converting enzyme, a key 
player in hypertension. Both miRNAs are also 
regulated by the myocardin.

The analysis of regulatory mechanism by 
which miRNA-9, miRNA-126 and miRNA-145 
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are playing role in pathophysiology of hyperten-
sion accentuate their practicality as the putative 
biomarkers for hypertension related cardiac dam-
age and different cardiovascular complications.

10.4  miRNAs as Biomarker 
in Hypertrophy and Heart 
Failure

The cardiac hypertrophy is linked with wide 
range of cardiac complications such as hyperten-
sion, aortic stenosis and cardiomyopathies. The 
pathological hypertrophy may leads to the heart 
failure or sudden cardiac death [274]. Several 
studies have shown the differential expression of 
miRNAs in the case of heart failure as compared 
to the normal subjects [343]. The expression of 
miRNA-24, miRNA-125b, miRNA-195, 
miRNA-199a and miRNA-214 were found to be 
overexpressed in heart failure. The expression 
pattern of the miRNA in human heart is in consis-
tent with rat model which suggests that differen-
tial expression of miRNA may serve as prognostic 
marker for cardiac remodeling. It has been 
reported that the increased expression of the 
miRNA-195 is sufficient to cause hypertrophy 
[344].

The expression pattern of miRNAs is specific 
depending upon the type of the cardiovascular 
disorder [344]. There is a differential pattern of 
miRNA expression in ischemic and cardiomyop-
athic conditions. As the expression of miRNA-
 382 is increased and miRNA-10b and 139 
decreased only in cardiomyopathic conditions 
[345] while the miRNA-222 is found to be down-
regulated only in the case of ischemia. However, 
the few miRNAs which are expressed in both the 
conditions of heart failure are miRNA-100 and 
miRNA-195, are found to be upregulated in both 
cases whereas the miRNA-133a, 150, 221 are 
found to be downregulated. Moreover, the expres-
sion of cardiac specific miRNAs, miRNA-1 and 
miRNA-133 are found to be downregulated in 
cardiac hypertrophy and myopathic patients 
[173].

The studies of the mouse model have also con-
firmed that inhibition of miRNA-133 by the 

administration of antimir-133 has resulted in the 
induction of cardiac hypertrophy and by the 
upregulation of miRNA-133, the hypertrophy 
can be prevented. The inhibition of miRNA-100 
has also shown preventive effects [173, 345]. The 
activation of different fetal genes is the hallmark 
of heart failure and specifically cardiac 
hypertrophy.

The wide ranges of miRNAs are being used as 
the diagnostic biomarkers for heart failure. The 
miRNA-423 specifically affects the left ventricle 
in case of heart failure [346]. The level of 
miRNA-423 can get  increased in heart failure 
patients and is currently used as a biomarker for 
heart failure [347].

11  The Role of Long Non-coding 
RNA in Cardiovascular 
System

The lncRNAs play crucial role in the develop-
ment of different organ systems. The recent stud-
ies have characterized the lncRNAs role in the 
hematopoietic lineage commitment and cardiac 
development. The lncRNAs are necessary for the 
lineage commitment of embryonic stem cells as 
Braveheart (Bvht). The Braveheart is a cardiac 
specific lncRNA [50] and plays vital role the in- 
vitro differentiation of cardiomyocytes and 
embryonic stem cells lineage commitment. The 
Bvht activates the mesoderm posterior 1 (Mesp 
1), which regulates the expression of several 
downstream modulators that are involved in car-
diac development. The transcription factors acti-
vated by Mesp1 are NKX2.5, GATA6, GATA1 
and HAND1. The Bvht physically interact with 
the SUZ12, a main component of the poly comb 
repressive complex 2 (PRC 2). By this interaction 
the Bvht inhibits the trimethylation of histone 
lysine H3K27. The depletion of Bvht in neonatal 
mice cardiomyocytes reduces the maintenance of 
cardiac cell [50]. The murine lncRNA Fendrr is 
expressed in the mesoderm and is a critical regu-
lator of cardiac wall development. The knockout 
of the Fendrr resulted in embryonic lethality and 
also the defects in pulmonary and gastrointestinal 
tract [199]. However, in another study instead of 
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embryonic lethality, the homozygous mutant 
pups died perinatally [348]. Despite of the same 
genetic background the effects were different 
because the studies have used different 
approaches for Fendrr deletion. Grote et  al. 
(2013) has used the replacement strategy, they 
replaced the first exon with stop codon whereas 
the Sauvageau et al. [348] inserted the lacZ cas-
sette in place of lncRNA gene, however further 
studies are still required to elucidate the underly-
ing mechanism [199, 348]. Like the Bvht, the 
Fendrr also interact with the PRC2 complex and 
it can bind with the promoters of the different 
transcriptional factors of cell cycle for example, 
Foxf1 and Pitx2. In this way the Fendrr acts as a 
guide for lncRNA that harbor the PRC2 to its tar-
get sites. Strikingly, the Fendrr also activates the 
chromatin mark by interaction with the HMT 
complex trithorax (TrxG/MLL) and catalyzes the 
trimethylation of H3K4 [349]. During mesoderm 
differentiation, the Fendrr is required for the 
methylation of H3K4 and H3K27 to regulate the 
gene programs ([350].

In another study Ounzain et  al. (2015) com-
pared the murine ESCs with the cardiac precur-
sor cells and annotated the 2608 lncRNAs which 
were not annotated before. Several of these newly 
annotated lncRNAs were differentially expressed 
during differentiation [351]. The enhancer 
lncRNAs were also identified by the use of inte-
grated chip-seq; as lncRNAs were overlapping 
the active enhancer elements with the H3K4 
methylation and H3K27 acetylation. This study 
is also in accordance with the previous findings 
that the regulatory lncRNAs are also essential for 
the activity of the enhancer elements [352]. 
Moreover, this also exhibits the role of enhancer 
lncRNAs in regulation of cardiac regulatory pro-
teins, involved in cardiac pathophysiology [353]. 
The Carmen (cardiac mesoderm enhancer- 
asscociated noncoding RNA) is a lncRNA which 
regulate the cardiac lineage specification and its 
continuation [351]. Interestingly, the silencing of 
Carmen results in the inhibition of Bvht expres-
sion which shows the role of Carmen in regula-
tion of Bvht and cardiac specification. The 
miRNAs such as miRNA-143 and miRNA-154 
are transcribed from the same locus but indepen-

dent of the Carmen, as the decrease in Carmen 
expression has no effect on the expression of 
these miRNAs which are important in the cardiac 
development [354, 355].

The role of lncRNA in various developmental 
activities is achieved by the stage specific expres-
sion of lncRNAs. The expression pattern of 
lncRNA differs at different developmental stages. 
Under homeostatic conditions, the expression of 
lncRNA in human fetal and adult hearts was sig-
nificantly different [356]. With the emerging 
advances in the field of RNAseq, nearly 5000 
lncRNAs were investigated which expressed in 
both fetal and adult hearts, among these 277 were 
differentially expressed, 164 were upregulated 
and 113 were down regulated in the fetal heart. 
The difference in expression pattern is due to the 
epigenetic regulation with specific chromatin 
states. The structural analyses of the lncRNAs has 
revealed the shorter transcripts in fetal heart and 
increase number of sense lncRNAs in adult [356].

According to Matkovich et  al. (2014) larger 
number of lncRNAs are expressed in tissue and 
in stage specific manner but these studies were 
unable to explain the link of these changes with 
cardiogenesis [357]. By the rapid increase in the 
sequencing data, the comparative analysis can be 
done which may serve as an evolving research 
area especially in the case of lncRNA biology.

Another study has used the RNA seq to investi-
gate the lncRNAs which are involved in the cardiac 
development and also in the differentiation of ESC 
into the vascular endothelial cells. Among the sev-
eral lncRNAs, the three lncRNA are characterized 
as the developmental stage specific. TERMINATOR, 
specifically expressed in pluripotent stem cells and 
plays role in maintaining the identity of the stem 
cells. The ALIEN is expressed in the vascular pro-
genitor cells and is essential for cardiovascular 
development. The PUNISHER is specifically 
expressed in the mature endothelial cells and main-
tain the endothelial cell function [358].

The data of genome wide RNA sequencing 
has provided the substantial evidence that single 
nucleotide polymorphism in 3′UTR may have 
functional effects on the expression of long non- 
coding RNA.  The expression of long non- 
coding RNA manifests the critical role in cardio-
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vascular system. The expression of long non- 
coding RNAs is more anticipative as compared to 
the miRNA or mRNA in cardiac failure. The 
altered expression of lncRNAs in disease condi-
tions, makes them an important target in cardio-
vascular therapeutics [359].

11.1  Role of lncRNA in Myocardial 
Infarction

The lncRNA “MIAT” (myocardial infarction- 
associated transcript) expressed by chromosome 
22q.12.1 was analyzed as a risk factor for myo-
cardial infarction [298]. However, the function of 
MIAT is yet need to be elucidated. It has been 
found that the MIAT acts a as a sponge for miR- 
150, targets the fibrosis related genes furin, TGF- 
β1 and also miRNA-24 [360]. The MIAT plays 
role in angiogenesis, migration and cellular pro-
liferation, it serves an endogenous RNA to form 
a feedback loop with VEGF. The MIAT also form 
a feedback loop with the miR-150-5p to modu-
late endothelial cell function [251]. Several 
lncRNAs such as cardiac apoptosis-related 
lncRNA, autophagy promoting factor and mito-
chondrial dynamic related lncRNA target the 
specific miRNAs and thus regulate the cardio-
myocytes apoptosis and play salubrious role in 
myocardial infarction.

11.2  Role of lncRNA in Cardiac 
Fibrosis and Hypertrophy

The lncRNA cardiac hypertrophy related factor 
(CHRF) serves as an miRNA sponge directly tar-
gets the miRNA-489 and regulate MyD88 
expression in cardiac hypertrophy [361]. The 
genome wide transcript analysis showed the 
deregulation of several lncRNAs in cardiac 
hypertrophy [189] The pro-hypertrophic lncRNA 
“Chast” (Cardiac hypertrophy associated tran-
script) was found to be upregulated in cardiomy-
ocytes after TAC induced cardiac hypertrophy. 
The NFAT transcriptionally target the Chast, 
while the overexpression of Chast can induce 
cardiac hypertrophy both in-vivo and in-vitro. 

However, its inhibition has shown the salubrious 
effects in TAC model. This suggests the lncRNA 
targeted therapy of cardiac hypertrophy. The 
human homologue of Chast was found to be 
increased in both ESC-cardiomyocytes and aortic 
stenotic patients. The Chast also regulates the 
expression of Plekhm, which is the regulator of 
autophagy and is present cis to Chast at opposite. 
It negatively regulates the PH domain containing 
family M member 1 and constrain the hypertro-
phy [189]. Likewise, Chast another lncRNA is 
“Chaer” which epigenetically regulates the car-
diac hypertrophy by interacting with the PRC2 
complex and thus inhibits the generation of tran-
scriptionally silent chromatin.

Another study by the Han et  al. (2014) has 
reported the cardiac specific cluster of the lncRNAs 
which expressed at the murine myosin heavy chain 
7 (Myh7) locus. It is also known as the Mhrt (myo-
sin heavy chain-associated RNA transcript). 
During the pressure-overload cardiac hypertrophy 
the Mhrt is repressed and imparts the cardiopro-
tective effects [59]. The transgenic mice with over-
expression of Mhrt exhibit the salubrious effects 
from heart failure and cardiac hypertrophy. It also 
regulates the Myh6, 7 and osteopontin by interfer-
ing with the chromatin remodeling factor Brg1. 
The Brg1 is the component of chromatin repressor 
complex, the binding of the Mhrt with the Brg1 
prevents the epigenetic inhibition of Brg1 targets 
[59]. However, under the cardiac stress conditions, 
the levels of Brg1 increases and thus the cell fails 
to maintain the balance between the Mhrt and 
Brg1. The free Brg1 can easily repress the target 
gene Myh6 and Mhrt, ultimately resulting in car-
diac failure. Piccoli et al. (2017) has reported the 
role of lncRNA Meg3 in fibrosis as its inhibition 
downregulates the matrix-metalloproteinase-2  in 
cardiac fibroblasts [362].

11.3  Role of lncRNA 
in Atherosclerosis 
and Angiogenesis

The chromosome 9p21 locus encodes for the 
major lncRNAs which are involved in carotid 
artery plaque, aneurysms, heart failure and car-
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diovascular mortality. The differential expression 
of ANRIL in the INK4 as well as the protein- 
coding genes at the INK/ARF locus was identi-
fied [363]. The ANRIL expresses in various cell 
types which are key players in atherogenesis. It 
plays role in different cellular processes such as 
cellular viability, adhesion and apoptosis. The 
ANRIL epigenetically regulates the target gene 
expression by binding to the polycomb family 
[363]. The differential expression of H19 located 
at chromosome 11p15.5 is related with coronary 
artery heart disease [364]. In normal physiologi-
cal conditions the heart and skeletal muscle tis-
sues have shown the downregulation of H19 
(Boon et  al. 2016). However, the expression is 
increased in case of vascular injury and athero-
sclerotic plaques. Mechanistically the H19 acts 
as a sponge for let-7, preventing its inhibitory 
effects on target genes in case of skeletal muscle 
differentiation [130].

The long intergenic non-coding RNA 
(lincRNA)-p21 plays major role in cellular pro-
liferation and death in atherosclerosis, as it is 
directly targeted by p53. The p53 binds to its pro-
moter and upregulates its expression. Whereas 
the expression of p53 is also regulated by the 
lincRNA-p21 by the positive feedback loop and 
thus results in the differential expression of sev-
eral p53 target genes [244]. The expression of 
lincRNA-p21 was found to be downregulated in 
patients with coronary artery disease and also in 
the atherosclerotic plaques of mice.

Another long non-coding RNA which regu-
lates the endothelial cell function and vessel 
growth is the Malat-1 (metastasis-associated lung 
adenocarcinoma transcript 1), is triggered by the 
hypoxia. Its expression is appreciably increased 
in case of diabetic conditions causing the endo-
thelial dysfunction [191, 365].

In endothelial cells, the hypoxia induces the 
expression of the two more long non-coding 
RNAs, linc00323-003 and MIR503HG which 
play role in angiogenesis. They control cell pro-
liferation by inhibiting the expression of the 
endothelial transcription factor GATA-binding 
protein 2 (GATA-2) [366].  Another lncRNA 
“SENCR” (smooth muscle and endothelial cell- 
enriched migration) is an inhibitor of smooth 

muscle cell migration [367]. The increased 
expression of lncRNA SENCR results in the 
increased mesoderm endothelial commitment 
and also increases the angiogenesis in the umbili-
cal cord. However, the knock out model for 
SENCR has shown the decline in the smooth cell 
migration. The patients of premature coronary 
artery disease have shown the decreased levels of 
SENCR.  The SENCR is localized in the cyto-
plasm which underlie the similar cell processes 
like the differentiation and tissue specific lineage 
commitment are also governed by the different 
lncRNAs at multiple levels [367].

The above examples showed that long non- 
coding RNAs play key roles in the regulation of 
cardiovascular system and thus may serve as a 
promising agents for the development of new 
therapeutic strategies.

12  Targeting lncRNA 
for the Treatment 
of Cardiovascular Diseases

The targeting of lncRNA by the antisense-based 
strategies, such as the siRNAs and antisense oli-
gonucleotides which can target the cytoplasmic 
lncRNAs and the gapmers that pass into the 
nucleus and target the lncRNAs [368]. Most of 
the lncRNAs are located in the nucleus therefore 
the gapmers are most widely used for the inhibi-
tion of lncRNA. The chimeric gapmers are stabi-
lized by the 2′-O modified ribonucleotides and 
also by the phosphothorotioate for the 
therapeutics.

The several gapmers are being used for the 
targeting of lncRNAs. PCSK9 is in the phase 1 of 
the clinical trials; however, it is facing the chal-
lenges due to the off-target effects which might 
cause hepatotoxicity [368].

Another studied gapmer against HIF-1α 
has  not shown any concerns during the early 
observations [369, 370]. Several studies have 
shown the effective inhibition of lncRNAs in car-
diovascular system. As the inhibition of Malat-1 
and Chast by the gapmer reduces the endothelial 
cell proliferation and cardiac hypertrophy respec-
tively. The gapmers against the Meg 3 can reduce 

I. Mushtaq et al.



31

cardiac fibrosis. Therefore, the use of gapmers 
and the antisense oligonucleotide targeting can 
serve as the potential therapeutic strategies 
against cardiac remodeling [362].

The siRNAs can also be used to target the 
lncRNAs as the lincRNA-p21 is known as the 
key player in cellular proliferation and athero-
sclerosis. The inhibition of lincRNA-p21 by the 
lentiviral based siRNA results in neointima 
hyperplasia in carotid artery disease model [244]. 
The siRNA inhibits the lncRNA APF to regulate 
the cell death by reducing the ischemia/reperfu-
sion in mice [361].

12.1  Restoration of lncRNA by 
Overexpression

The viral vectors and synthetically modified 
RNAs are used as the therapeutic strategy to 
restore the function of lncRNA by its overexpres-
sion. However, the cis-regulatory lncRNAs 
can  not be targeted in this way because they 
directly interferes the expression of adjacent 
genes. The appropriate localization of cis- 
regulatory lncRNAs may not be attained by using 
the vector based overexpression approach. The 
use of CRISPR/cas9 based RNA-guided gene 
activation may bypass the problem but it needs 
further investigation. Although it has shown 
promising effects in case of bacteria and human 
cells but still the trial in living cells needs more 
research [371]. The expression of lncRNA is in 
the form of different transcript variant and they 
may undergo the post translational modifications 
by methylation or editing. More specifically, the 
Alu sequence is mostly edited which is abun-
dantly found in lncRNAs [372]. Large number of 
studies has reported the successful overexpres-
sion of the lncRNAs and their potential role in 
therapeutics. In cardiomyocytes the adenoviral 
transfection of the MDRL (mitochondrial 
dynamic-related lnRNA) overexpresses the 
lncRNA and inhibits the mitochondrial fission 
and apoptosis. Whereas, the transfection of 
MDRL siRNA has shown the increased mito-
chondrial fission and apoptosis [361]. The in-
vivo studies exhibited the decreased myocardial 

infarction after the delivery of adenovirus- 
expressed MDRL in ischemic mice model. The 
lncRNA CARL also reduces the mitochondrial 
fission and cell death by targeting miR-539 and 
prohibitin 2 (PHB2), and the lncRNA CHRF reg-
ulates cardiac hypertrophy [361]. However, fur-
ther studies are still required to check the 
tolerance for overexpression of lncRNA overex-
pression in living organisms.

12.2  Circulating LnRNA 
as Biomarkers 
for Cardiovascular Diseases

The lncRNA can serve as the biomarkers for car-
diovascular dieases. The expression analysis of 
the mouse plasma and white blood cells has 
revealed the upregulation of 518 and downregu-
lation of 908 lncRNA in case of acute heart fail-
ure [373]. However, the expression was more 
significantly altered in case of heart tissues in 
comparison to plasma or whole blood. The MIAT 
and LIPCAR are the lncRNA which are involved 
in myocardial infarction and heart failure. The 
ANRIL and CDKN2A/B are reported to be 
involved in atherosclerosis ([196, 374, 375].

12.3  Challenges for lncRNA 
Therapeutics

The repeated administration of siRNA is required 
for the efficient inhibition of lncRNA in-vivo. 
Depending upon the chemical nature of the 
inhibitor, the dose dependent toxicities are better 
to be considered during the preclinical trials. 

Another challenge for the lncRNA therapeu-
tics is its non-conservative nature among differ-
ent species. As the animal models are being used 
for the investigation of the mode of action of 
interested lncRNA, still the toxicity profiling 
should be cautiously done before going into clin-
ical trials. The designing of human specific 
sequence for the toxicology model is a better 
option then the endogenously expressed 
sequences. However, in this case only the hybrid-
ization independent toxicology can be evaluated. 
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The use of humanized model may serve as the 
better platform for the investigation of the action 
of the human-specific lncRNAs. This will under-
lie the importance of lncRNA role in the develop-
ment of lncRNA as the therapeutic approach, 
because without understanding the exact mecha-
nism the unwanted targets may lead to different 
hurdles.
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Abstract
The transcriptional complexity generated by 
the human genomic output is within the core 
of cell and organ physiology, but also could be 
in the origin of pathologies. In cardiovascular 
diseases, the role of specific families of RNA 
transcripts belonging to the group of the non- 
coding RNAs started to be unveiled in the last 
two decades. The knowledge of the functional 
rules and roles of non-coding RNAs in the 
context of cardiovascular diseases is an impor-
tant factor to derive new diagnostic methods, 
but also to design targeted therapeutic strate-
gies. The characterization and analysis of 
ncRNA function requires a deep knowledge of 
the regulatory mechanism of these RNA spe-
cies that often relies on intricated interaction 
networks. The use of specific bioinformatic 
tools to interrogate biological data and to 
derive functional implications is particularly 
relevant and needs to be extended to the gen-
eral practice of translational researchers. This 
chapter briefly summarizes the bioinformatic 

tools and strategies that could be used for the 
characterization and functional analysis of 
non-coding RNAs, with special emphasis in 
their applications to the cardiovascular field.
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1  Introduction

Pervasive transcription of the human genome is 
one of the pivotal factors that contributes to the 
diversity of the transcriptome. Among all the 
transcriptome components, the non-coding 
RNAs (ncRNAs) are essential regulatory players 
that control the flow of information from the 
genome and are involved in many physiological 
processes including the proper development and 
homeostasis of the cardiovascular system. Non-
proliferative organs as the heart are specially 
dependent on the presence and balanced func-
tion of all the ncRNA regulators, and in conse-
quence, many cardiovascular diseases can be 
characterized by a specific misregulation patter 
of those molecular species [1–3].

Molecular biology techniques devoted to 
the characterization and functional analysis of 
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ncRNA function are becoming widely applied 
in the context of cardiovascular diseases. Since 
the discovery of the first specific ncRNAs gen-
erated by the myocardium, the community of 
cardiovascular researchers integrating clini-
cians and fundamental scientists, developed a 
deep interest for this field as a source of expla-
nations for observed pathologies but also as a 
potential intervention target for therapy. 
Precision medicine initiatives and projects 
have empowered the characterization of new 
relevant ncRNA species and their functions 
related with the onset, development, diagnosis, 
prognosis and therapeutic response in cardio-
vascular diseases [4, 5]. The analytical meth-
ods used for molecular biology should be 
accompanied by the development of specific 
bioinformatic tools that could help in the posi-
tioning of ncRNA molecules in the context of 
cardiovascular diseases.

Here we present a practical compendium of 
the more relevant topics related with the appli-
cation of bioinformatic methods and protocols 
for the functional characterization of ncRNAs 
in cardiovascular diseases, with specific focus 
on the considerations to be taken in the experi-
mental obtention of RNA samples, data pro-
cessing and analysis, and functional in silico 
characterization of three of the principal 
ncRNA families: microRNAs (miRNAs), long 
non-coding RNAs (lncRNAs) and circular 
RNAs (circRNAs).

2  Wet-Lab Methodological 
Considerations

The study of cardiovascular diseases in humans 
is a complex scientific enterprise when anal-
ysed from the point of view of the ncRNA biol-
ogy. This fact is due to the intrinsic difficulties 
subjacent to the manipulation of human bio-
logical samples, the low abundance of some 
ncRNA families, and connected with the estab-
lishment of experimental models which are 
often not reliable for the mimicking of the 
human condition.

2.1  Sample Preparation

The study of ncRNAs in biological samples is 
always dependent on the obtention of a good 
starting material for analysis. Cardiac tissue is 
always a difficult sample to handle for RNA 
obtention, due to the fibrous nature of the myo-
cardium which often prevents an optimal RNA 
extraction. Cardiac biopsies must be rapidly col-
lected from human patients or animal models and 
preserved frozen at −80 °C until use in appropri-
ate buffers. Typically, non-phenolic lysis buffers 
containing guanidinium salts for RNA extraction 
are not good enough and may be supplemented 
with reducing agents such as beta-mercapto- 
ethanol at a concentration between 1–2% to abol-
ish RNAse activity [6]. Prior do RNA extraction, 
the homogenization of the tissue is also a critical 
factor, that needs to be performed carefully. For 
this purpose, the use bead-beater or mechanical 
homogenizers is advisable before RNA extrac-
tion. NcRNAs present in homogenized samples 
can be extracted by several methods, including 
phenol-chloroform extraction and precipitation 
and anion-exchange purification under hydro-
phobic conditions. Depending on the myocardial 
origin of the biopsies, the standard protocols 
must be modified, such in the case of the extrac-
tion of RNA from heart valves or other more 
fibrous heart locations [7]. In all the considered 
cases, researchers need to consider that the final 
quality of the RNA samples obtained from heart 
biopsies is not too high, when compared with 
other softer tissues such as liver, brain or kidney. 
As a quality check, typical RNA Integrity 
Numbers (RIN) observed in RNA preparations 
from myocardium range between 7 and 9, being 
perfectly suitable for analysis by quantification 
methods such as microarrays, qPCR or next- 
generation sequencing.

Moreover, cardiovascular diseases are a wide 
range of conditions that often need to be studied 
from the systemic point of view. Biomarker 
research has become a hot topic in cardiovascular 
diseases within the frame of personalized medi-
cine. Considering that cells are able to secrete 
ncRNAs and that these molecular species can be 
detected in circulating biofluids, ncRNAs 
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 belonging to diverse families (mainly miRNAs 
and circRNAs) have been proposed to be used as 
biomarkers for prognosis and therapeutic 
response in several cardiovascular diseases [8]. 
Extraction of ncRNA from biofluids is a relative 
standard protocol when considering serum or 
plasma [9], that can be modified and adapted to 
other biofluids such as urine or saliva [10]. 
Biofluid sample collection and preservation must 
follow protocols to maximize the RNA stability 
and extraction yield. For circulating ncRNAs in 
blood samples, the use of plasma is widely 
extended. Laboratory technicians from the clini-
cal field engaged in research projects involving 
these samples must be aware of the quantification 
methods to be further used before sample collec-
tion. Plasma samples devoted for ncRNA extrac-
tion and quantification must be collected in 
heparin-free tubes since the polymeric nature of 
heparin would interfere with the analytical proce-
dures, namely qPCR quantification and library 
preparation for next-generation sequencing 
experiments [11]. For normalization purposes, 
RNA samples extracted from biofluids need to be 
spiked with synthetic RNA molecules to ensure a 
proper quality check before and after RNA 
extraction [12].

2.2  Non-coding RNA 
Quantification

Protocols applied for the quantification of 
ncRNAs in the context of the study of cardiovas-
cular diseases are dependent on the source of the 
analysed biological sample and on the family of 
ncRNAs to be analysed. In general, we can dis-
tinguish two main families of methods by their 
ability to perform just a quantification of a 
selected ncRNA or to screen a group of different 
ncRNAs (Table  2.1). Classical quantification 
methods as Northern blot can be only applied to 
specific experimental setup where it is possible to 
obtain a high amount of total RNA from a bio-
logical sample and perform with a low sensitivity 
[1]. In general, modern molecular biology labs 
prefer to use quantitative PCR methods to anal-
yse ncRNAs in the context of cardiovascular dis-

eases, since they require a smaller amount of 
RNA and show increased sensitivity and specific-
ity when compared with Northern blot.

Screening methods for the quantification of 
ncRNAs are generally used for the simultaneous 
quantification of a group of ncRNAs. The 
hybridization- based methods as the classical 
microarrays were widely used before the appear-
ance of next-generation sequencing techniques 
mainly for the quantification of miRNAs. 
Nowadays they are less used, but still employed 
for the screening and quantification of specific 
groups of ncRNAs such as circRNAs [13, 14]. 
Hybridization methods are robust and reliable, 
but for the quantification of small ncRNAs such 
as miRNAs they suffer from a lack of specificity 
and a high background noise that allows only to 
be applied for highly represented ncRNA spe-
cies. Among the screening methods, qPCR low- 
density arrays are the most reliable tools for 
parallel quantitative analysis of gene expression 
signatures of a focused panel of genes in a 
medium throughput approach. For miRNA 
expression profile they are available from several 
manufacturers in 96-well and 384-well, which 
can be adapted to most qPCR systems. The detec-
tion chemistry used in qPCR arrays is either 
DNA binding dyes (mainly SYBR® Green) or 
optimized probe-based primer sets (mainly 
TaqMan® probes or LNA® probes). They can be 
used for a genomic-wide screening of expressed 
ncRNA or sub-panels, e.g. pathway- or disease- 
focused gene families or customized to contain a 
panel of genes tailored to your specific research 
interests [15, 16]. Low-density arrays typically 
showed a sensitivity down to 1  ng per reaction 
setup or 1 μg of total RNA and replicate correla-
tion coefficients of r > 0.99, indicates that experi-
mental samples can be reliably compared across 
array plates and within multiple runs. These 
qPCR panels are especially reliable for low abun-
dance ncRNA species, and poor-quality RNA 
samples, allowing to be used for quantification of 
ncRNAs in biofluids. Recently, some new tech-
nologies for the quantification of RNA molecules 
have been emerged in the cardiovascular field, 
such as the Nanostring® nCounter system, which 
is based on a targeted capture of RNA molecules 
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and a quantitative analysis by fluorescent bar- 
coded primers. This system offers the possibility 
of custom-made screening primers for the quanti-
fication of up to 800 different transcripts without 
previous sample amplification, and has been 
applied for the characterization of ncRNAs in 
cardiovascular diseases [17, 18].

Despite their different sensitivities and speci-
ficities, none of the already described methods 
allow a discovery approach for the detection and 
quantification of novel ncRNAs, since they are 
strictly dependent on a previous knowledge of 
the sequence of the selected ncRNAs for the 
design of specific detection probes or amplifica-
tion primers. The discovery approach is particu-
larly interesting in those ncRNA families, such as 
circRNAs, which biogenesis is dependent on pro-
cesses that are not totally understood, and very 
important in the context of pathological processes 
such as cardiovascular diseases. Next-generation 
sequencing (NGS) techniques combine the pos-
sibility of using a small amount of starting RNA 
sample together with a myriad of possible appli-
cations, including the discovery of new and func-
tionally relevant ncRNA species. Their limitations 
are more associated with post-processing events, 

including the bioinformatics approach for data 
analysis and the high amount of generated data. 
More specific applications of NGS in the context 
of cardiovascular diseases and related with every 
group of ncRNA will be further discussed along 
the chapter.

2.3  Data Processing 
from Quantification Methods

The advantages and disadvantages of all the 
available quantification methods for ncRNAs 
have been already discussed. At this point it will 
be important to analyse the data processing strat-
egies for each quantification method.

Hybridization methods as microarrays are a 
solid option for ncRNA quantification, and typi-
cally affordable in economic terms. Microarray 
data processing is a very well standardized proto-
col for all the available microarrays. Despite of the 
availability of proprietary software for each micro-
array manufacturer, there are some good freeware 
alternatives such as AltAnalyze [19] or TM4 [20], 
that could be applicable to any type of microar-
rays. Microarray data processing software often 

Table 2.1 Methods for the detection and quantification of ncRNAs

Method Advantages Drawbacks Application Reference
Northern blot Cheap Tedious. Low sensitivity. High 

amount of RNA required.
Quantification [1]

Hybridization 
microarrays

Cheap Low specificity. High background 
noise. Not adequate for low-
expressed ncRNAs.

Screening [13, 14]
Easy Quantification
Robust

qPCR-low 
density arrays

Easy Expensive. Closed panels with a 
limited number of ncRNAs.

Screening [15, 16]
Sensitive Quantification
Robust
Specific

qPCR Easy Individual study. Quantification [53, 55, 
80]Sensitive

Robust
Specific

Nanostring® Sensitive Expensive. Propietary technology 
design. Limited number of 
transcripts analyzed.

Screening [17, 18]
Specific Quantification
Not dependent on PCR 
amplification.

Next generation 
sequencing

High-yield and 
throughtput method. 
Useful for low- expressed 
ncRNAs.

Expensive. Specific data processing 
and analysis protocols.

Discovery [81–83]
Screening
Quantification
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provides a user-friendly interface integrating sev-
eral normalization methods and strategies and data 
representation options. An excellent integrated 
option is NetworkAnalyst 3.0 which provides an 
online interface for data processing and functional 
analysis in a graphical environment [21].

Quantitative PCR methods (qPCR) are other 
of the quantification options for ncRNAs in the 
context of cardiovascular diseases. All of them 
rely on fluorescent probes that are selective 
bound to the double-stranded DNA during PCR 
amplification. There are two main methods for 
processing such data: The Delta-Ct and the stan-
dard curve methods. The Delta-Ct method is an 
indirect method of quantification that requires the 
presence of an internal normalizer and a refer-
ence group, and the results will be expressed in 
the form of fold change units of the experimental 
group in reference to the control. This strategy 
can be widely applied for any kind of ncRNA 
quantification including qPCR low-density arrays 
and individual determinations even when the 
amount of starting material is very low as in the 
case of circulating RNAs in biofluids. The selec-
tion of the internal normalizer is the most critical 
point in the Delta-Ct method, since it needs to 
show a constant expression among all the experi-
mental conditions. For tissue or cells, internal 
normalizers need to be chosen accordingly to the 
size of the ncRNA that needs to be quantified; for 
miRNAs, typically a tRNA or a small rRNA is 
preferred, whereas for bigger ncRNAs such as 
lncRNAs, a snoRNA could be an appropriate 
choice. In the case of biofluids, there is a still not 
solved experimental controversy about the selec-
tion of the internal normalizers. In our experi-
ence, the use of other circulating ncRNAs is not 
recommended, since their levels can vary dra-
matically among different experimental condi-
tions. For this reason, we typically used synthetic 
RNAs that are used to spike-in the biofluid sam-
ples prior to RNA extraction, serving as normal-
izers but also as internal control to determine the 
extraction yields [22]. It is frequent that manu-
facturers sell proprietary software for qPCR data 
processing and analysis with detection equip-
ment. However, there are also free alternatives 
for analysis such as DataAssist software from 

Thermo Fisher Scientific® or LinRegPCR [23] 
that can be used for low-density array analysis 
and individual determinations.

Next generation sequencing (NGS) protocols 
for ncRNA analysis have become widely used in 
translational and personalized medicine focused 
on cardiovascular diseases [4]. Detailed proto-
cols for transcriptomic analysis by NGS are out 
of the scope of this chapter and have been 
reviewed elsewhere [2]. In a brief summary, tran-
scriptomic data obtained from NGS consist of a 
series of short DNA reads in a number that 
depends on the redundancy of the applied proto-
col, but typically range from 10 to 100 million. 
The relative abundance of these short reads is 
related with the quantity of the specific RNA 
transcript. Data collection protocols from NGS 
needs to be carefully designed to cover all the 
selected ncRNA families. In general, for human 
miRNAs, an output of 10–20 million reads per 
sample are enough to cover all the miRNA spe-
cies. For lncRNAs, which are typically low- 
abundance species, an increase redundancy 
would be required, and the minimum reads to be 
collected for sample are around 50 million. 
Besides of transcriptomic quantification, the 
studies involving lncRNAs can also be source of 
other functional information such as the splicing 
pattern. Collection of data for lncRNA splicing 
studies require to employ the paired-end strategy, 
whereas the quantification of other ncRNAs as 
miRNAs could be performed by using the single- 
end strategy [24]. Obtained reads will then need 
to be aligned to the reference genome and the 
corresponding transcripts assembled and anno-
tated within the genomic context. The alignment 
protocol and software used are critical steps in 
NGS data analysis, and have been extensively 
reviewed in other publications [25].

NGS data processing is often performed in a 
terminal-based way, using software applications 
that could be non-intuitive for an inexperienced 
computer user. For specific groups of ncRNAs 
such as miRNAs, several laboratories have devel-
oped user-friendly interfaces that can be accessi-
ble in a web-based manner. Oasis2, is a 
web-server that performs all the steps in miRNA 
quantification from NGS data starting from the 
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genomic alignment of the reads from raw data, 
the annotation of miRNAs and the final differen-
tial expression from sample groups [26]. Oasis2 
also performs a functional target analysis using 
the differentially expressed miRNAs between 
sample groups. SRNAbench and sRNAtoolbox 
2019 is also an intuitive web suite of tools for for 
expression profiling and subsequent downstream 
analysis of miRNA-seq analysis [27]. In the last 
years, a considerable effort has been also made to 
develop user-friendly applications for the analy-
sis of NGS data at the whole transcriptomic level 
that could be widely applicable for any family of 
RNA transcripts. We can cite the interesting 
examples of deepTools2 [28], a NGS analysis 
system based on the Galaxy platform, and the 
recently developed Maser [29], a full suite of 
analysis tools that can integrate NGS data and 
produce a complete range of functional analysis 
with quality graphic output.

Among all the ncRNA groups, the methods 
for the quantification of circRNAs from NGS 
data are specifically different due to their intrin-
sic characteristics. Specialized software as 
Uroborus [30], CircExplorer [31] or CIRI2 [32] 
have been developed to analyze these ncRNA 
species. All the cited software is designed to 
identify back-spliced junction reads and to filter 
false positives derived from repetitive sequences 
and mapping errors. Detailed protocols for cir-
cRNAs analysis and quantification from NGS 
data have been also reviewed elsewhere [33, 34].

3  Analysis of ncRNA Functions 
by Computational Methods

3.1  In Silico Analysis of miRNAs 
Function

Since their discovery and functional character-
ization in Caenorhabditis elegans in 1993 by 
Gary Ruvkun and Victor Ambros research teams, 
microRNAs (miRNAs) have been described as 
central players in cell biology and human disease 
[35, 36]. MiRNAs are small ncRNAs (19–23 
nucleotides) generated by the processing of spe-
cialized transcription units, able to act as negative 

post-transcriptional regulators of gene expression 
and can be considered as molecular buffers that 
regulate the protein levels generated from mRNA 
transcripts. The miRNA mechanism of action 
involves a base-pairing event of its mature form 
to the target mRNA transcript, typically involv-
ing the 3′-UTR end. The role of miRNAs in car-
diac physiology is well known since the discovery 
of miR-1 as a key player in heart development 
and function [3].

In humans and other higher eukaryotes, miR-
NAs are only partially complementary to their 
mRNA targets which allow a high degree of pro-
miscuity in their regulatory effects. Physiological 
redundancy of this regulatory effect often 
involves several miRNA-mRNA interactions in 
the control of a specific metabolic process. The 
knowledge of the complete sequence of the 
human genome and the governing rules of 
miRNA-mRNA interactions allow to predict the 
putative regulatory effects of a miRNA over their 
cognate targets, and vice versa, the possible regu-
lating miRNAs acting over a selected mRNA 
transcript. For this purpose, many bioinformatic 
target prediction algorithms have been developed 
in the last two decades. In general, target predic-
tion algorithms are fundamentally based in the 
rule of the Watson-Crick base complementarity 
between the miRNA and its target, however the 
partial base complementarity between both 
RNAs and the small size of the mature miRNAs 
often produce false positive results. In order to 
reduce the output noise of the methods, specific 
approaches have been included in different target 
prediction algorithms to improve their success 
rate (Table 2.2). Classical target prediction algo-
rithms as RNA22 [37], MiRanda [38] or 
Targetscan [39] combine the base pairing rules 
between miRNAs and their cognate targets with 
the binding energy of the hybrid. Some other 
applications as PITA introduce additional factors 
to improve the prediction, namely the secondary 
structure and target accessibility of the mRNA 
[40]. Complex target binding algorithms as miS-
TAR [41] or PicTar [42] with improved perfor-
mance also used advanced mathematical models 
as random forest and logistic regressions, that 
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Table 2.2 Computer algorithms and applications for miRNA target prediction

Algorithm
Parameters contributing 
to the final score Description Assesment Reference

miRanda Complementarity and 
free energy

Algorithm for finding genomic 
targets for miRNAs. It is useful 
when working with non-model 
genomes.

PROS: Good for 
prediction of sites with 
imperfect binding within 
the seed region. There is a 
standalone version of the 
software.

[38]

CONS: Low precision, too 
many false positives.

miRWalk Complementarity, 
seed match, and 
pairing probability

MirWalk is an integrated miRNA 
portal which includes its own 
target prediction algorithm, but 
also cross-talk with other 
algorithms.

PROS: Excellent interface 
and good performance. 
Very customizable 
interface for advanced 
target prediction using 
different criteria.

[84]

CONS: Tendency to 
overestimate the number of 
targets when appeared in 
the same mRNA.

miSTAR Complementary, 
pairing probability 
and genomic content

miSTAR uses a logistic 
regression and random forest 
models to predict miRNA 
targets.

PROS: Good and easy to 
use interface. Uses the 
influence of binding site 
genomic context to 
increase accuracy.

[41]

CONS: Obtained results 
are very accurate, but some 
non-canonical targets are 
missing.

PicTar Binding energy, 
complementarity of 
the seed and 
conservation among 
species

Classical algorithm for the 
predcition of mIRNA targets in 
several organisms. It can be 
searched locally but all the data 
can be also downloaded by local 
use.

PROS: miRNAs with high 
species conservation are 
more favorable to give 
good targeting scores.

[42]

CONS: It does not predict 
non-canonical sites.

TargetScan Seed match, 3′ 
complementarity, 
local AU content and 
position contribution

Prediction of miRNA targets for 
mammal genomes, fish, fly and 
C. elegans. It can be searched by 
gene symbol or by miRNA ID. It 
gives information about the 
conservation of different miRNA 
families in all the scanned 
genomes.

PROS: Many parameters 
are included in the 
targeting score which is 
typically correlated with 
the protein downregulation 
in wet-lab experiments.

[39]

CONS: Sites with poor 
seed pairing are often 
omitted.

TargetScanS Seed match type Focused on the search of miRNA 
targets within ORFs of vertebrate 
genomes.

PROS: Simple tool for 
search conserved sites with 
strong seed pairing.

[85]

CONS: It usually 
underestimates miRNAs 
with multiple target sites.

(continued)
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could be also combined with the genomic content 
and conservation of targets among species.

Despite of the differences in methodology 
showed by all the miRNA target prediction algo-
rithms, all of them are based on the complemen-
tarity between the miRNA and its mRNA target 
and could potentially result in false positive 
determinations. In order to circumvent this prob-
lem, it would be advisable to simultaneously use 
several target prediction algorithms and combine 
their results. For this purpose, recent web-based 
applications can interrogate different target pre-
dictors and show a combined result (Table 2.3). 
The targets predicted by more applications would 
have more realistic probability to be true and 
could be selected for further biological or func-
tional validations [43].

Moreover, the accumulation of biological evi-
dences of the regulatory role of miRNAs in gen-
eral biological processes in the last two decades 
allowed the construction and development of 
databases containing validated miRNA targets. 
These databases could be a complementary 
source of information in miRNA studies together 
with the computer predictions. MiRTarBase cur-
rently in its 7.0 version, contains more than 

400,000 curated miRNA-mRNA interactions 
validated by biological means along 23 different 
species including humans [44]. Tarbase v.8 is 
also an experimentally validated database for 
miRNA targets, comprising more than one mil-
lion of biological interactions classified by spe-
cies, cell types and tissues [45].

The availability of functional data about miR-
NAs and their roles in human disease allowed to 
develop specialized databases that link the role of 
these ncRNAs in the context of several human 
conditions (Table  2.4). Mir2Disease [46] and 
miRGator3 [47] databases are manually curated 
databases spanning the role of miRNAs in a wide 
range of human diseases including heart and car-
diovascular ones. Specially interesting is the 
HDncRNA database, a compendium of functional 
implication of two families of ncRNAs, miRNAs 
and lncRNAs, in the onset, development and pro-
gression of cardiovascular diseases [48]. This 
database offers a friendly user interface and con-
tains associations between miRNAs and lncRNAs 
with cardiovascular conditions. Interestingly, the 
HDncRNA database compiles information in 6 
species including human, mouse, rat, pig, calf and 
dog, allowing the comparison of ncRNA regula-

Table 2.2 (continued)

Algorithm
Parameters contributing 
to the final score Description Assesment Reference

Diana Free binding energy 
and complementarity

It is a integrated portal for 
miRNA target prediction and 
analysis. The prediction module 
is based on artificial neural 
networks. It may be used to 
search for target genes of 
annotated or user defined miRNA 
sequences.

PROS: It gives a score 
probability for each target 
site. Great interface.

[86]

CONS: Some miRNAs 
with multiple target sites in 
the same 3′-UTR may be 
omitted.

PITA Target site 
accessibility and 
binding energy

Target prediction tool that takes 
into consideration the secondary 
structure of the target 
mRNA. The interface is easily 
customizable and can be used to 
search for miRNA, genes and 
also for UTR sequences.

PROS: The secondary 
structure of the target 
mRNA is considered for 
the predictions.

[40]

CONS: Low efficiency in 
comparison with other 
algorithms.

RNA22 Pattern recognition 
and folding energy of 
the miRNA-mRNA 
hybrid

Algorithm for miRNA target 
prediction that uses input 
sequences for miRNA and 
UTR. Whole genomic 
predictions are available for 
download and browsing.

PROS: Allows to identify 
sites targeted by new 
miRNAs.

[37]

CONS: Low efficiency in 
comparison with other 
algorithms.
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tory effects in several widely used laboratory 
models for the study of cardiovascular diseases.

3.2  In Silico Analysis of lncRNAs 
Function

LncRNAs (Long Non-Coding RNAs) are a rich 
family of non-coding genes able to generate long 
transcripts >200 bases in length. Structurally, 

lncRNAs are very similar to protein coding genes 
but they harbour a reduced coding potential. They 
are typically controlled by specific promoters and 
contain exons and introns, having the potential of 
produce diverse isoforms by alternative splicing. 
The last version of NONCODE database [49] 
annotated around 96,000 lncRNA genes produc-
ing more than 170,000 different transcripts in the 
human genome. Other more conservative annota-
tion resources as GENCODE, quantified the 

Table 2.3 Multiple miRNA target predictors

Application Comments Species Reference
miRecords Resource for animal miRNA-target interactions. miRecords consists of 

two components: a database of validated targets and a combined 
resource which simultaneously uses eleven applications for miRNA 
target prediction, and multiple species.

Human, 
mouse, rat, fly 
and zebrafish

[87]

miRWalk2 A comprehensive database that provides information on miRNA from 
human, mouse and rat on their predicted as well as validated binding 
sites on their target genes combining eight different applications for 
target prediction.

Human, mouse 
and rat

[88]

miRSystem miRSystem is a database which integrates seven well known miRNA 
target gene prediction programs: DIANA, miRanda, miRBridge, PicTar, 
PITA, rna22, and TargetScan.

Human and 
mouse

[89]

MIRDIP MIRDIP integrates twelve microRNA prediction datasets from six 
microRNA prediction databases, allowing users to customize their 
microRNA target searches. Combining microRNA predictions allows 
users to obtain more robust target predictions, giving you more 
confidence in your microRNA targets.

Human, mouse 
and rat

[90]

Table 2.4 Specialized miRNA databases related with human diseases

Database Comments Reference
miR2Disease Manually curated database designed as a comprehensive resource for the study of 

miRNA influence in several human diseases.
[46]

miRGator3 Aims to be the microRNA (miRNA) portal encompassing microRNA diversity, 
expression profiles, target relationships, and various supporting tools. Include 73 deep 
sequencing datasets on human samples from GEO, SRA, and TCGA archives, which 
amounts to 4.1 billion short reads and 2.5 billion aligned reads, and curated into 38 
diseases and 71 anatomic categories.

[47]

PhenomiR Provides information about differentially regulated miRNA expression in diseases and 
other biological processes. The content of PhenomiR is completely generated by manual 
curation of experienced annotators.

[91]

HMDD The human microRNA disease database which contains miRNA names, disease names, 
dysfunction evidences, and the literature PubMed ID.

[92, 93]

miRCancer Comprehensive collection of microRNA expression profiles in various human cancers 
which are automatically extracted from published literature in PubMed.

[94]

PROGmiR A prognostic database for cancers based on their miRNA expression signature. [95]
HDncRNA Heart Disease-related Non-coding RNAs Database (HDncRNA), is a manually curated 

database that compiles ncRNA and cardiovascular diseases. Include functional 
associations for miRNAs and lncRNAs with cardiovascular diseases. Currently, the 
database contains 2304 associations for 133 conditions in 6 species including human, 
mouse, rat, pig, calf and dog.

[48]
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number of lncRNAs genes in the human genome 
by 16,000 and the number of generated tran-
scripts around 30,000 [50]. LncRNAs are versa-
tile and heterogeneous molecules in their function 
that usually involve different molecular players 
and can be compartmentalized either in the 
nucleus or the cytoplasm, and have the tendency 
to be species-specific [51]. An interesting fact is 
related with the dual nature of lncRNAs, which 
can be illustrated by the presence of sequence 
and structural information. LncRNAs have been 
widely considered as scaffold molecules that can 
help to the formation of macromolecular com-
plexes and target these complexes to their spe-
cific place of action, acting as functional guides 
[52]. They have been involved in the control of 
gene expression at the chromatin level by inter-
acting with chromatin remodelling complexes 
[53], in regulatory events controlling translation 
in the cytoplasm by controlling mRNA stability 
[54], and as sponges of other ncRNAs as central 
players of the so called complementary endoge-
nous RNAs (ceRNAs) [55]. Since their discov-
ery, lncRNAs have been studied on the context of 
cardiovascular diseases, and their roles have been 
extensively reviewed [56–58].

Braveheart lncRNA was one of the first char-
acterized examples of the functional role of 
these family of ncRNAs in cardiovascular phys-
iology. In mouse, Braveheart is strictly required 
for a proper recruitment of the lineage of car-
diovascular precursor cells and to form a func-
tional heart [17]. Other lncRNAs such as PFL 
or H19 have been involved in cardiac fibrosis or 
ischemic and reperfusion injury [55, 59]. 
Recently, an interesting example of the pivotal 
role of these ncRNAs have been characterized 
for the case of CPR lncRNA, which is a natural 
negative regulator of cardiomyocyte prolifera-
tion that could be putatively used as a pharma-
cological target. The silencing of CPR lncRNA 
significantly increased the cardiomyocyte pro-
liferation, improved cardiac contractility and 
reduced the scar formation after an infarction 
episode [60].

Inferring molecular functions of lncRNAs by 
pure computational methods is a difficult task, 
since there ncRNAs have no clear sequence or 

structure patterns that could allow to predict 
their molecular functions. Prediction of lncRNA 
function often involves a combined approach, 
where experimental data and bioinformatic anal-
ysis are combined. The “guilty-by-association” 
protocol is based on the analysis of the expres-
sion of coding mRNA transcripts and lncRNAs 
in a biological process [61]. The correlation 
expression patterns found between mRNAs and 
lncRNAs, and the further functional classifica-
tion of the coding transcripts could act as an 
association factor for the prediction of the func-
tion of lncRNAs. Some computer applications 
such as decodeRNA integrate information 
derived from the guilty-by- association method 
to predict the function of lncRNAs in the context 
of cancer [62]. Among other tools that contain 
functional correlations between lncRNAs and 
coding transcripts, lncRNA2Function is a data-
base that contains correlation data between 
mRNAs and lncRNAs in healthy human tissues, 
that can be searched by gene ontology terms and 
biological pathways [63]. The lncRNA2disease 
web portal integrate around 3000 lncRNA-dis-
ease associations and it is manually curated by 
text mining, and includes information about car-
diovascular diseases [64]. Unfortunately, with 
the exception of HDncRNA which is a general 
ncRNA resource [48], there is not any specific 
tool for lncRNA function in the context of car-
diovascular disease, but the existing ones often 
harbour useful information that can be applied 
for cardiovascular studies. Other relevant tools 
devoted for lncRNA classification, function and 
analysis are compiled on Table 2.5.

A particularly interesting functional role of 
lncRNAs is related with their inclusion in the 
ceRNA networks, acting as sponges of other 
ncRNAs mainly represented by miRNAs. The 
importance of this sequestering process in car-
diovascular biology has been described mainly 
in the myocardium, being characterized as an 
essential regulatory process to control cardio-
myocyte function. The sequestering activity of 
MALAT1 lncRNA over miR-200a has been 
involved in the negative regulation of cardio-
myocyte proliferation and cell cycle in mouse 
models [65]. Other lncRNAs such as PFL were 
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also characterized as a fibrotic factor by a 
mechanism that involves the capture of let-7d 
miRNA [55]. In the context of cardiovascular 
diseases, the case of MEG3 lncRNAs is very 
relevant, as a regulatory factor but also as a 
potential therapeutic target. MEG3 was initially 
characterized as overexpressed in many human 
cancers, whereas is also involved in the devel-
opment of cardiac hypertrophy by induction of 
cardiomyocyte cell growth via a selective 
blocking of miR-361-5p [66]. The intrinsic 
nature of the ceRNA networks allowed the 
development of specific bioinformatic tools 
that could predict the potential sponging ability 

of a selected lncRNA over a group of miRNAs 
(Table  2.5). For instance, Linc2GO is a web 
resource that aims to provide comprehensive 
functional annotations for human lincRNAs, 
considering miRNA-mRNA and miRNA-lin-
cRNA interaction data that were integrated to 
infer lincRNA functional associations based on 
the ceRNA hypothesis [67]. Diana-lncBase is 
another useful tool for dissecting lncRNA-cen-
tered ceRNA networks, since it integrates more 
than 70,000 miRNA-lncRNA experimentally 
supported interactions, derived from manually 
curated publications and the analysis of 153 
AGO CLIP-Seq libraries [68].

Table 2.5 lncRNA databases useful in cardiovascular research

Database Comments Reference
NONCODE Reference resource containing sequences of 527,336 lncRNAs in 16 different 

species. For human and mouse, the lncRNA numbers are 167,150 and 130,558, 
respectively. Available information includes conservation annotation, the 
relationships between lncRNAs and diseases and an interface to choose datasets 
through predicted scores, literature support and sequencing method support.

[49]

LNCipedia LNCipedia is a public manually curated database for long non-coding RNA 
(lncRNA) sequence and annotation. The current release contains 127,802 
transcripts and 56,946 genes. Contains data of species conservation and integrates 
genomic visualization tools.

[96]

DIANA-LncBase Database containing in silico predicted miRNA Recognition Elements (MREs) on 
lncRNAs. The database includes more than 70,000 low and high-throughput 
miRNA-lncRNA experimentally supported interactions, derived from manually 
curated publications and the analysis of 153 AGO CLIP-Seq libraries.

[68]

LncReg Database collecting regulatory relationships of the lncRNAs with 1081 validated 
lncRNA- associated regulatory entries, including 258 non-redundant lncRNAs and 
571 non-redundant genes. It provides overall perspectives of regulatory networks of 
lncRNAs which is useful for understanding the functional roles of lncRNAs.

[97]

lncRNA2Function Database with expression correlations between lncRNAs and protein-coding genes 
across 19 human normal tissues, associated with functional gene ontology and 
human biological pathways collected from 12 pathway databases. It enables 
browsing the lncRNAs associated with a specific functional term, the functional 
terms associated with a specific lncRNA, or to assign functional terms to a set of 
human lncRNA genes, such as a cluster of co-expressed lncRNAs.

[63]

LncRNADisease LncRNADisease is a database for collection of experimental supported lncRNA- 
disease associations. It provides the transcriptional regulatory relationships among 
lncRNA, mRNA and miRNA, providing a confidence score for each lncRNA-
disease association and integrating experimentally supported RNA disease 
associations.

[64]

lncRNAtor Database for functional investigation of lncRNAs that encompasses annotation, 
sequence analysis, gene expression, protein binding and phylogenetic conservation, 
integrating lncRNAs from six species (human, mouse, zebrafish, fruit fly, worm and 
yeast) from ENSEMBL, HGNC, MGI and lncRNAdb.

[98]

Linc2go A web resource that aims to provide comprehensive functional annotations for 
human lincRNA. MicroRNA- mRNA and microRNA-lincRNA interaction data 
were integrated to generate lincRNA functional annotations based on the 
‘competing endogenous RNA hypothesis’.

[67]
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3.3  In Silico Analysis of circRNAs 
Function

Circular RNAs (circRNAs) were initially consid-
ered as bystander products of transcription and 
splicing of genomic loci producing coding or 
non-coding RNA transcripts. However, the 
advent of next-generation sequencing techniques 
showed that the global pattern of circRNAs 
expression was dependent on the physiological 
state of the cell, suggesting a putative functional 
role of these biochemical species. CircRNAs are 
generate by a non-canonical splicing evet, gener-
ically called as “back-splicing”, where the 5′ and 
3′ ends of a splicing product (containing either 
exons or introns, or a combination of them) are 
ligated in a circular manner, being more stable to 
degradation by RNAses than the linear RNA 
molecules.

CircRNAs sequences and genomic localiza-
tion are compiled in the circBase database [69]. 
Comparing with other central resources such the 
miRbase database for miRNAs [70], there is an 
unmet and urgent need for the standardization of 
the circRNAs nomenclature. It is very frequent to 
find divergent annotations of these ncRNAs 
either following manufacturers specific designa-
tions or other non-conventional annotations out-
side of circBase. The standard annotation is 
particularly needed in the field of circRNAs due 
to their heterogeneity in origins, considering the 
parental gene and the splicing pattern observed 
[71, 72].

The functional roles of circRNAs character-
ized from experimental evidences, suggested that 
these ncRNAs act as scavengers of other biomol-
ecules, namely RNAs or proteins. The participa-
tion of circRNAs in regulatory networks 
involving complementary-endogenous RNA 
(ceRNA) interactions by sequestering miRNAs 
has been recently characterized in cardiovascular 
pathologies. The role of some of the character-
ized circRNAs-miRNAs interactions appeared to 
have a protective function for the development of 
cardiovascular diseases. This is particularly evi-
dent for processes related with cardiomyocyte 
death [73] or myocardium hypertrophy [74]. 
However, some recent working evidences 

described the pivotal role of circRNAs within 
complex RNA-regulatory networks to the estab-
lishment of chronic cardiovascular conditions 
such as atrial fibrillation [75].

In cardiovascular research, some general- 
purpose computer resources can be applied for 
the functional study of RNA regulatory networks 
mediated by circRNAs. For experimentally vali-
dated associations, the starBase platform is an 
essential database that systematically compile 
experimental data to identify RNA-RNA and 
RNA-protein interaction networks from PAR- 
CLIP, HITS-CLIP, iCLIP and CLASH experi-
ments [76]. The last version of starBase (2.0) 
contains approximately 9000 miRNA-circRNA 
interaction pairs obtained from 37 independent 
studies. CircInteractome is also an interesting 
web-based tool that performs an in silico predic-
tion of the putative protein or miRNA interacting 
partners of a given circRNA [77, 78]. For experi-
mental design of specific primers and for the 
determination of sponging activity of circRNAs, 
circPrimer is a standalone software based on the 
Windows® environment with a user-friendly 
interface that combines the information from cir-
cBase together with miRNA target prediction 
algorithms as MiRanda [79].

4  Conclusions and Further 
Perspectives

Cardiovascular research field is probably the 
clinical discipline where the importance of 
ncRNAs has been earlier recognized either by 
clinicians or by translational researchers. 
Development of personalized medicine concepts 
and methods had a considerable benefit over the 
global knowledge of the roles of ncRNAs in car-
diovascular conditions. Management of big data 
generated from the new techniques of genome 
analysis, namely next generation sequencing and 
its applications for transcriptome analysis, has 
prompted to the develop of a myriad of bioinfor-
matic tools that can be easily applied in the car-
diovascular research on ncRNAs.

As stated in this chapter, the development of 
user-friendly interfaces and computer applications 
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for the analysis of ncRNA function has been 
essential for the engagement of the medical com-
munity within the field. It is no longer required to 
have a deep knowledge about computer program-
ming or operating systems to interact, use, and 
apply bioinformatic software and algorithms to 
any field of research, including the medical one.

The different roles of ncRNAs in the context 
of cardiovascular diseases requires a multi- 
disciplinary research approach to characterize 
their functions. Particularly interesting is the 
recently characterized RNA regulatory networks 
involving the interactions between several 
ncRNA molecules. Entangled functional interac-
tions are very relevant for the synchronicity of 
the myocardium, but also for the essential homeo-
stasis of the whole cardiovascular system. The 
characterization of these RNA regulatory net-
works by using the point of view of the systems 
biology will be in the core of further research in 
the cardiovascular field.

Bioinformatic tools applied to the ncRNA field 
have extensively evolved in the last decade, and 
nowadays benefit from the new computer proces-
sors and algorithms based on new methods such 
as the artificial intelligence. The commitment of 
the cardiovascular medical community in the 
translational research has pointed out the intrinsic 
importance of ncRNAs as essential tools for 
understanding the basis of many cardiovascular 
diseases, but it will need a specific training in the 
use and application of bioinformatic methods for 
an integrative analysis of ncRNA function. It is 
still a long road to drive, but we are getting closer 
to the medical application of ncRNAs for diagno-
sis and therapeutics of cardiovascular diseases, 
and their integration in the general practical medi-
cal guidelines for cardiovascular medicine.
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Online Databases and Non-coding 
RNAs in Cardiovascular Diseases

Rui Chen, Chao Shi, Jianhua Yao, and Wei Chen

Abstract
Cardiovascular disease is characterized by its 
highest morbidity and mortality. One of the 
main pathological basis of this disease is the 
dysregulation of gene expression. Non-coding 
RNA (ncRNA) is a kind of functional RNA, 
which is transcript from DNA but not trans-
lated into proteins. More and more studies 
have established the important roles of 
ncRNAs, including transcription, RNA matu-
ration, translation, protein degradation, and 
their involvement in the pathogenesis of dis-
eases such as cancer and cardiovascular dis-
eases. This chapter will focus on the biological 
functions of ncRNAs and their advances in 

cardiovascular disease. With the development 
of sequencing and computer technology, more 
and more databases can be easily obtained on 
the internet. In another part of this chapter, we 
will summarize some commonly used non- 
coding RNA databases, which can be easily 
and quickly used for relevant research.

Keywords
Cardiovascular disease · Non-coding RNA · 
Online database

1  Introduction

Cardiovascular disease was one of the diseases 
with the highest morbidity and mortality in the 
world. However, the basic research on cardiovas-
cular disease was still limited [1, 2]. In-depth 
basic research could provide a guiding direction 
for new methods in treating cardiovascular dis-
eases [3]. Therefore, exploring the molecular and 
cellular mechanisms in the pathogenesis of car-
diovascular disease could help us understand the 
disease process, discover new biomarkers, and 
find new therapeutic targets [4, 5]. Over the past 
decade, the development of high-throughput 
sequencing technologies given us an opportunity 
to expand our understanding of human transcrip-
tomes [6, 7]. Previous studies have suggested that 
proteins are the main regulators of cardiovascular 
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disease [8, 9]. However, with the understanding 
of the complexity human transcriptomes, it was 
revealed that most human genomes can transcribe 
RNA, of which more than 98% were untranslated 
proteins [10]. The number of non-coding RNAs 
was far exceeds the amount of mRNA encoding 
proteins [11, 12].

Although the expression level of ncRNAs 
were generally low and did not encode proteins, 
they could show strong tissue specificity and 
express abnormalities in various human diseases 
and biological processes such as organ develop-
ment, internal and external environmental stimu-
lation and disease occurrence [13, 14, 15]. So far, 
more and more studies have shown the important 
regulatory functions of ncRNAs in participate in 
biosynthetic steps such as transcription [16], 
RNA maturation [17], translation [18], protein 
degradation [19], and found ncRNAs play an 
important role in pathological processes such as 
tumors and cardiovascular diseases [20]. Based 
on their size, these non-coding RNAs were clas-
sified into microRNAs (miRNAs, <200 nucleo-
tides), and long non-coding RNAs (lncRNAs, 
>200 nucleotides), in which lncRNAs can also 
exhibit a circular shape called circular RNAs 
(circRNAs). In this section, we will illuminate 
the important role of non-coding RNAs in the 
development of cardiovascular diseases through 
their special biological function. The main clas-
sification of non-coding RNA and its formation 
in the cell is shown in Fig. 3.1.

2  miRNAs in Cardiovascular 
Diseases

A miRNA was an endogenous non-coding 
RNA, typically 18–25 nucleotides, which regu-
lated the expression of a target gene by binding 
to the 3′UTR of the mRNA and inhibiting its 
translation. The precursor of the miRNA first 
existed in the nucleus. Then after the transcrip-
tion and subsequently matured by several enzy-
matic reactions, mRNAs transferred to the 
cytoplasm to exert their biological functions. 
miRNAs exerted their regulatory functions by 
recruiting specific silencing proteins to form an 

RNA-induced silencing complex (RISC). It was 
speculated that about 60% of mRNA will be 
target by miRNA, while a miRNA may target 
more than 100 mRNAs in human. Specific 
miRNAs have significantly different expression 
levels in cardiac tissue and cardiovascular, and 
played as regulators of cardiovascular function, 
including cardiovascular cell differentiation, 
growth, proliferation and apoptosis, angiogen-
esis and cell contractility regulation. 
Meanwhile, the pathological changes in the 
cardiovascular system always accompanied 
with some specific miRNAs changes. These 
miRNAs changes have been confirmed to be 
associated with cardiovascular diseases such as 
arrhythmia, cardiac hypertrophy, fibrosis, myo-
cardial infarction and heart failure. Recent 
studies indicated that miRNAs with specific 
changes in the progression of heart valve dis-
ease play key role in the processes of disease 
progression, such as fibrosis, calcification, 
matrix degradation remodeling, and inflamma-
tion. In addition, some miRNAs could also reg-
ulate extracellular body through exosomes and 
participate in circulation in the exocrine [21–
23]. Further studies revealed that these miR-
NAs can be used as biomarkers for 
cardiovascular diseases for clinical diagnosis 
and personalized medicine.

3  lncRNAs in Cardiovascular 
Diseases

lncRNAs were the heterogeneous RNA tran-
scripts, which contain more than200 nucleotides 
in length. lncRNAs could be classified into sense, 
antisense, intron, genomic and divergent 
lncRNAs based on their relative genomic loca-
tion. lncRNAs were involved in many biological 
processes, such as chromatin structural changes, 
transcription, post-transcriptional processing, 
intracellular trafficking, and regulation of enzyme 
activity.

lncRNA could also regulate other endogenous 
ncRNAs, particularly miRNAs, through competi-
tive binding. Compared to miRNAs, lncRNAs 
were less conserved, suggesting that these RNA 
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molecules have a species-specific effect. 
Although the dysregulation of lncRNAs was 
associated with various human diseases, their 
mechanism of action still remained unclear. To 
date, it has been reported that lncRNAs dysregu-
lation was detected in many cardiovascular dis-
eases such as myocardial infarction, myocardial 
fibrosis, cardiac hypertrophy and heart failure.

4  circRNAs in Cardiovascular 
Diseases

Circular RNAs (circRNAs) transcripts were first 
identified in the early 1990s, but knowledge of 
these species has remained limited, due to their 
difficult study through traditional methods of 
RNA analysis. circRNAs were a peculiar group 
of RNAs, consisting of at least a few hundred 
nucleotides and relatively stable in their circular 
state. circRNAs were involved in a wide range of 
biological processes, that expression disorder of 
circRNAs might lead to abnormal cellular func-
tions and disease. However, the regulation of cir-
cRNAs in cardiovascular diseases remains largely 

unexplored. As the develop of RNA-Seq studies, 
large number of different circRNAs were detected 
to be expressed in cardiac tissues from human 
and rodents.

As the roles of non-coding RNAs in cardio-
vascular diseases were gradually unearthed, a 
large amount of data was reported every year, 
including non-coding RNA sites, regulatory 
mechanisms, etc. Document summarization and 
data induction became a daunting task when 
summarizing the rules and guiding the direction 
of the next step. With the development of elec-
tronic computer hardware and software such as 
artificial intelligence and cloud computing, many 
non-coding RNAs databases have been estab-
lished. These databases summarized the existing 
research data of miRNAs and lncRNAs with the 
combination of bioinformatics analysis. These 
gave us a way to generalize the functions reported 
by miRNAs and lncRNAs and predict other pos-
sible sites of their effects. The rational use of 
these databases could significantly improve the 
efficiency of our researchers. Below we will 
introduce some of the more mature online 
databases.

Fig. 3.1 The main classification of non-coding RNA and its formation in the cell
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5  miRNA Database

5.1  deepBase v1.0

deepBase v1.0 [24] can be used to annotation and 
discovery miRNAs, lncRNAs and circRNAs 
sequencing, view the expression of various non- 
coding RNAs, and downloadable data. Searching 
for miRNA expressions in web pages can be 
retrieved by gene names and symbols. This func-
tion was very useful tool for us to select new 
genes. Although there were many choices of 
lncRNA that were specifically expressed in a cer-
tain tissue, we could analyze the conservation of 
a non-coding RNA in the evolution option 
through this database.

5.2  miRBase

miRBase [25] was an online miRNA database, 
which was developed by researchers at the 
University of Chester. The database contained 
more than 200 species and close to 40,000 miR-
NAs. It was the most comprehensive miRNA 
database in which we can do species specific par-
ticular miRNA search and browses, such as the 
numbering of the precursor miRNA, the relative 
expression, the starting position of the miRNA 
precursor on the chromosome, and gives confi-
dence to judge. miRbase also assigned names to 
newly discovered miRNAs, which provided a 
convenient and fast communication platform for 
researchers.

5.3  microRNA.org

microRNA.org [26] was a comprehensive 
database of miRNA target prediction and 
expression. The target predictions provided by 
the website were implemented by the MiRanda 
algorithm, which combined current research 
reports on miRNAs and provided data from a 
large number of mammalian tissue synthesis 
sequencing projects. Through the latest algo-
rithms, users could search for genes that may 

be regulated by a particular miRNA, or search 
for a variety of miRNAs that regulate the cer-
tain gene, as well as the expression profiles of 
various miRNAs. The database included 
human, mouse, rat and other species, by com-
bining with 250 miRNA libraries, provided 
miRNA function prediction functions during 
the study of miRNA in cardiovascular- related 
diseases.

5.4  miRNAMap

miRNAMap [27] validated miRNA target genes 
by collecting experimentally validated miRNAs 
in human, mouse, rat and other mammalian 
genomes. Three algorithms include miRanda, 
RNAhybrid and TargetScan were used to validate 
miRNA targets in the 3′-UTR of the gene as well 
as known miRNA targets. By using filtration of 
multiple algorithms to speculate the target site of 
the miRNA in order to reduce the probability of 
predicting false positives in the miRNA target 
site prediction.

5.5  Cupid

Cupid [28] was an online database that validated 
the high-throughput validation analysis in breast 
cancer cell lines by simultaneously predicting 
miRNA-target interactions and their mediated 
endogenous RNA interactions. The database 
publisher verified the accuracy of the interaction 
of 500 miRNAs with the target to make sure the 
accuracy of this database.

5.6  TargetScan

TargetScan [29] was a website for predicting 
miRNA target genes, which contained human, 
orangutan, macaque, mouse, rat and other spe-
cies. The website could display the prediction 
after inputting the gene name or the ENST label. 
This website also predicted target genes’ possible 
role through miRNAs.
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5.7  miRTarBase

miRTarBase [30] was a manually collected, 
experimentally validated miRNA target gene 
database, which provided a variety way to search, 
such as miRNA ID, target genes, KEGG path-
ways, validated methods, or diseases. The data-
base was incubated with a unique miRNA-target 
interactions (MTS) number for each miRNA tar-
get gene. miRTarBase not only provided highly 
reliable miRNA target gene information, but also 
provided information on miRNA and diseases 
that were reported in the literature.

5.8  Diana-microT-CDS

Diana-microT-CDS [31] was an online database, 
which provided computer simulations of miRNA- 
mRNA interactions with a good user interface. 
This database provided sufficient information on 
predicting miRNA target genes, such as global 
scores of interactions and visualized results. 
microT-CDS was the only miRNA target predic-
tion algorithm available online that was specifi-
cally designed to identify miRNA targets in the 
3′UTR and CDS regions. The database contained 
miRNA target information in the mRNA 
sequences of human, mus musculus, drosophila 
melanogaster and C. elegans, which contained a 
wealth of tooltips and convenient menu options 
that were easy to use. In addition, the new system 
that combined advanced workflows also sup-
ported massive data analysis from Next 
Generation Sequencing (NGS).

5.9  miRecords

miRecords [32] was an online database that pro-
vided animal miRNA-target gene prediction. The 
database consisted of two parts, one was a proven 
large, high-quality database, which also includeed 
artificially screened miRNA targets. The other 
one was an online target gene prediction algo-
rithm, which the algorithm provided by the data-
base emphasized experimental data support of 
miRNA targets.

5.10  PicTar

PicTar [33] database used a certain algorithm to 
identify the target of a microRNA. The search-
able website provided detailed predictions of 
microRNA targets from the following species, 
including: vertebrate, seven drosophila species, 
three nematode species, and human non- 
conserved but co-expressed microRNA targets 
(e.g.: Express microRNA and mRNA in the 
same tissue).

5.11  TarBase

TarBase [34] was a database of miRNA target 
genes prediction website that was supported by 
experimental data. After 10 years of data compi-
lation, the database provided information on 
miRNA target genes in various species such as 
humans and mice. For each target gene data, 
such as the relevant literature, organization type, 
and test method were given. In TarBase, each 
experimental evidence was divided into two cat-
egories, low and high. Low represented the tradi-
tional experimental method. Compared with the 
high- throughput sequencing analysis, the reli-
ability of the result was higher. We can filter the 
miRNA target supported through the low method 
in order to obtain a high-quality miRNA target 
gene data set.

5.12  miRWalk

miRWalk [35] was a comprehensive miRNA tar-
get gene database containing miRNA target gene 
information from human, mouse and other spe-
cies. It was an integrated database that integrated 
information from miRDB, TargetScan, miRTar-
Base and other databases. The regulation network 
between the miRNAs and the target genes visual-
ized the function of graph and gene set enrich-
ment, supported the enrichment analysis and the 
analysis of reactive pathway, KEGG pathway, 
and gene ontology. The miRNA databases URLs 
and related information listed above are shown in 
Table 3.1.
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6  lncRNA Databases

6.1  LNCipedia

LNCipedia [36–38] was a comprehensive human 
lncRNA database that integrated lncRNA records 
from multiple databases and articles and gave 
them a uniform ID or named new reported 
lncRNA.  The database summarizes lncRNAdb, 
Broad Institute, Ensembl, Gencode, Refseq, 
NONCODE, FANTOM and other lncRNA 
databases.

6.2  lncRNAdb

lncRNAdb [39, 40] was available at the website 
http://www.lncrnadb.org/. In order to make it 
easy for the users to compile and update the 
information of lncRNAs, researchers estab-
lished this database containing comprehensive 

lncRNAs and their biological functions. 
lncRNAdb provided users with plenty informa-
tion of lncRNAs, including lncRNA sequences, 
struction, genomic context and so on. Users 
could search for the published lncRNA names 
and sequences species, associated protein-cod-
ing genes. Also, this database was linked to the 
UCSC Genome Browser and Noncoding RNA 
Expression Database, making various sources of 
lncRNAs. With 4  years development, there 
existed version 2.0 lncRNAdb. This new version 
contained 287 eukaryotic lncRNAs, and a more 
accessible interface for users to search the 
sequence information and expression data. 
There were some new features of the version 
2.0, including the nucleotide sequence informa-
tion and an easier way for users to export the 
information they searched. With deeper study of 
lncRNAs, there will be more lncRNAs adding to 
this database and make it better for the future 
research.

Table 3.1 microRNA databases

Name Weblink Data content
deepBase http://biocenter.sysu.edu.cn/

deepBase/
A platform containing evolution and expression patterns of diverse 
ncRNAs across 19 species from 5 clades.

miRBase http://www.mirbase.org/ A searchable database of published miRNA sequences and 
annotation.

microRNA http://www.microrna.org/ Predict microRNA targets & target downregulation scores. 
Experimentally observed expression patterns.

miRNAMap http://mirnamap.mbc.nctu.
edu.tw/

Collect experimental verified microRNAs and their target genes in 
human, mouse, rat, and other metazoan genomes.

Cupid http://cupidtool.sourceforge.
net/

A method for simultaneous prediction of miRNA-target 
interactions and their mediated competitive endogenous RNA 
interactions.

TargetScan http://www.targetscan.org/
vert_72/

Predict biological targets of miRNAs by searching for the presence 
of conserved 8mer, 7mer, and 6mer sites that match the seed region 
of each miRNA.

miRTarBase http://mirtarbase.mbc.nctu.
edu.tw/php/index.php

Accumulated more than 360,000 miRNA-target interactions 
(MTIs).

Diana- 
microT- CDS

http://diana.imis.athena-
innovation.gr/

Specifically trained on a positive and a negative set of miRNA 
Recognition Elements (MREs) located in both the 3′-UTR and 
CDS regions.

miRecords http://c1.accurascience.com/
miRecords/

Hosts 2705 records of interactions between 644 miRNAs and 1901 
target genes in 9 animal species.

PicTar https://pictar.mdc-berlin.de/ An algorithm for the identification of microRNA targets.
TarBase http://carolina.imis.

athena-innovation.gr
Containing more than 1,000,000 miRNA-gene interactions.

miRWalk http://mirwalk.umm.
uni-heidelberg.de/

Stores predicted data obtained with a machine learning algorithm 
including experimentally verified miRNA-target interactions.
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6.3  LncRNAWiki

LncRNAWiki [41] database integrateed the 
sequences and annotation information of human 
lncRNAs in GENCODE, NONCODE, and 
LNCipedia databases. It now has 105,255 non- 
redundant lncRNAs, of which 103 have full 
annotation and biological function tests. The 
database was also an editable public platform that 
not only allowed users to annotate, update, and 
organize existing lncRNAs, but also open a per-
mission for all user to share their new detected 
lncRNAs. This database was an open platform 
for human lncRNA information.

6.4  MONOCLdb

MONOCLdb [42] fully called the Mouse Non- 
Code Lung interactive database, which was avail-
able at https://www.monocldb.org/. The lncRNAs 
from this database were based on the mice 
infected by influenza and SARS-CoV 
viruses.5329 of 20,728 mouse lncRNAs genes 
showed differently expressed after infected by 
these two viruses. In this database, developers 
annotated the difference of the expression by two 
computational methods, module-based and rank- 
based, so that users can retrieve the annotations, 
expression profiles and the functional enrichment 
of lncRNAs. Also, via MONOCLdb, users could 
generate the expression heatmaps and the func-
tional enrichment results on-the-fly. This data-
base provided users with association scores 
between lncRNAs and pathogenicity variables 
MONOCLdb was an integrative and interactive 
database containing abundant lncRNAs in order 
to make convenience for the researchers to learn 
more about their role during the viruses 
infection.

6.5  NONCODE

NONCODE [43, 44], located at the web server 
http://www.bioinfo.org/noncode/, was a database 
which showed complete collection of the 
lncRNAs. Based on the third-generation sequenc-

ing method, developers could get plenty correct 
annotations and establish this database. 
NONCODE contained 527,336 lncRNAs from 
16 different species, including 167,150 human 
lncRNAs and 130,558 mouse lncRNAs. 
Compared with other database, NONCODE 
really had a large number of lncRNAs. Except 
the large number, NONCODE contained three 
unique features, including a conservation annota-
tion of the lncRNAs, a relationship annotation 
between lncRNAs and diseases, and a platform 
for users to choose the high-quality datasets. This 
database decided to show the relationship 
between the lncRNAs and diseases to make a sys-
tematic network about the noncoding regions and 
the diseases. Also, it made more convenient for 
the disease study users to get their interested 
information. Although there still existed some 
uncleared things in the development of this data-
base, the developers will attempt to solve the 
problem and make NONCODE a better database 
for the users.

6.6  lncRNome

lncRNome [45] was a comprehensive database 
that integrated lots of significant annotations for 
lncRNAs, and now became one of the largest 
database of lncRNAs in the world. It was avail-
able at the website http://genome.igib.res.in/
lncRNome/. In lncRNome, each lncRNA has its 
own page including the information about the 
annotation sets. Through the links on this page, 
users could easily get other information of this 
lncRNA including the sequence, structure, inter-
actions, variations and so on. There existed 937 
quadruplex and 40 hairpins motifs, 3716 miRNA 
binding sites and more than 10,000 binding sites 
for proteins on the lncRNA in lncRNome. Also, 
lncRNome provided 345,351 genomic variations 
associated with lncRNAs and 11,790 epigenetic 
marks in the promoters of lncRNAs. Furthermore, 
this database has multiple options for users to 
search for the lncRNAs, such as thename or 
known targets. In addition, the representative of 
the available associated genomic annotations was 
also one of the features of this database.
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6.7  C-It-Loci

C-It-Loci [46] was an database that allowed users 
to browse the transcripts specific in tissue from 
human, mouse and zebrafish. It was an available 
and free web server, which was established in 
2015. User can used through the website 
http://c-it-loci.uni-frankfurt.de/. C-It-Loci made 
it easier for users to identify ncRNAs and protein- 
coding genes from various tissues. Not only nor-
mal lncRNAs, but also the housekeeping genes 
and its housekeep lncRNAs were contained in 
this database. To make convenience for the users 
with limited knowledge, C-It-Loci allowed users 
to see the different types of transcripts C-It-Loci 
had a quick search function on the page, which 
made it easy for users to compare the difference 
of two transcripts. C-It-Loci also offered a dia-
gram for the users to analyze the conserved 
regions and explore the detailed information of 
the lncRNA they searched. Compared with other 
databases, C-It-Loci had the latest human 
genomic assembly, and defined lncRNAs with 
three organisms. Furthermore, C-It-Loci was the 
only database that has both protein-coding genes 
and lncRNAs transcripts. There would be a great 
prospect to study on lncRNAs through this 
database.

6.8  MiTranscriptome

MiTranscriptome [47] was a database about 
genome-wide lncRNA expression, constructed 
by Matthew K Iyer and his colleagues in 2015. 
The web server of this database is http://www.
mitranscriptome.org/. In order to build this data-
base, they curated 7256 RNA-seq from tumors, 
normal tissues and cell lines, which was compris-
ing from 25 independent studies. Finally, they got 
a transcriptome of 91,013 expressed gene, 68% 
was lncRNAs. Interestingly, 79% of them were 
unannotated in previous study. Then they used 
non-parametric differential expression test to fil-
trate and finally got 7942 lncRNAs that were 
associated with disease or cancer. These lncRNA 
could be valuable for the further study of cancer 
and the development of biomarker. Therefore, 

MiTranscriptome provided a foundation for 
lncRNA genomics, biomarker development and 
the delineation of cancer.

6.9  slncky Evolution Browser

slncky Evolution Browser [48] was developed in 
2016. The website of this database was https://
scripts.mit.edu/~jjenny/. slncky was a tool for 
searching conserved lncRNAs through a sensi-
tive noncoding aligning method. This database 
could be efficiently used to produce high quality 
lncRNAs from RNA-sequencing data. It could 
separateed lncRNAs accurately from coding 
genes, pseudogenes, assembly artifacts, and also 
identify novel proteins including small peptides. 
On the basis of this tool, they develop the data-
base called slncky Evolution Browser. Through 
this database, they list 233 constrained lncRNAs 
out of the currently annotated transcripts. With 
the powerful tool like slncky, this database would 
contain more valuable lncRNAs which will do a 
lot to the research of cancer and relative diseases. 
The lncRNA databases URLs and related infor-
mation listed above are shown in Table 3.2.

7  circRNA Databases

7.1  starBase

starBase [49, 50] (http://starbase.sysu.edu.cn/) 
was established for the researchers to identify the 
interaction networks of RNAs systematically. 
The data of the circRNAs in starBase came from 
108 CLIP-Seq datasets in 37 studies. Totally 
9000 miRNA-circRNAs, 16,000 miRNAs pseu-
dogene and 285,000 protein-RNA relationships 
wereidentified in this database. With the updated 
version, starBase V2.0 began to provide users 
with miRNA-mRNA and miRNA-lncRNA inter-
action networks. In this new version, developers 
also identified 10,000 ceRNA pairs and devel-
oped miRNA and ceRNA Functions, which made 
it easier for users to predict the function of the 
RNAs, which drafted the first interaction maps 
between miRNAs and circRNAs. Through this 
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database, users could get more information about 
the interaction between miRNAs and circRNAs. 
With the development of technology, the star-
Base continued to update their data service for 
searching. Furthermore, this database will to add 
RNA data about cancer to improve the under-
standing the network of circRNAs and miRNAs.

7.2  circBase

circBase [51], a database that you can browse and 
download the datasets of circRNAs and their 
expression supporting evidence, also it provided 
users with the sequencing data of uncovered and 
novel circRNAs. The available website for this 
database was http://www.circbase.org/. Before 
construct this database, developers put forward 
some expectation on this database, for example, 
it should provide the genomic context and the 
available expression of the circRNAs,should 
summarize the existence and expression for each 
circRNA.  To achieve this goal, they putted 
together all the datasets from other different labo-
ratories. For the current version of circBase, it 
contained the simple search interface, various 
methods of data retrieval and unifying, merging 
and annotating published datasets. There were 
three main ways to search for the circRNAs in 

circBase, including the simple search, list search 
and table browser. Through these three methods, 
users could extend their information of circRNAs 
from this database. However, circBase doesn’t 
support users to submit the new circRNA data by 
themselves right now. With the update of cir-
cBase, it will be more useful to the researchers in 
the study of circRNAs.

7.3  CircNet

CircNet [52] was constructed by 464 RNA-seq 
samples using transcriptome sequencing, which 
could be available on http://circnet.mbc.nctu.edu.
tw/. This database was established by the purpose 
of extending the catalog of reported circRNAs. 
CircNet provided lots of information of the cir-
cRNAs, including novel circRNAs, integrated 
miRNA targets, expression profiles of circRNAs 
etc. When clicked on any of the circRNAs, it will 
display the complete information of the entire 
circRNA, including its position on the chromo-
some, length and sequence information. CireNet 
was the first database that provided circRNA 
expression profiles specific in tissue and 
circRNA- miRNA-gene regulatory networks. 
CircNet not only contained the latest circRNAs, 
but also provided a comprehensive analysis 

Table 3.2 Long non-coding RNA databases

Name Weblink Data content
LNCipedia https://lncipedia.org/ A public database for long non-coding RNA (lncRNA) sequence 

and annotation, contains 127,802 transcripts and 56,946 genes.
lncRNAdb http://lncrnadb.com/ Database that provides comprehensive annotations of eukaryotic 

long non-coding RNAs.
LncRNAWiki http://lncrna.big.ac.cn/

index.php
Contains 106,063 human long non-coding RNAs.

MONOCLdb https://www.monocldb.
org/

20,728 mouse lncRNA genes.

NONCODE http://www.noncode.org/ An integrated knowledge database of non-coding RNAs from 17 
species.

lncRNome http://genome.igib.res.
in/lncRNome/

Over 17,000 long non-coding RNAs in human.

C-It-Loci http://c-it-loci.
uni-frankfurt.de/

Including the expression profiles of yet-to-be-characterized long 
non-coding RNAs (lncRNAs).

MiTranscriptome http://mitranscriptome.
org/

Contains over 91,000 genes.

slncky Evolution 
Browser

https://scripts.mit.
edu/~jjenny/

Contains alignments and evolutionary metrics of conserved 
lncRNAs.
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between the reported circRNAs and the novel 
RNAs. Meanwhile, it made a regulatory network 
that illustrates the regulation between circRNAs, 
miRNAs and genes. All in all, this database was a 
convenient tool for the users to get the informa-
tion they need easily.

7.4  Circ2Traits

Circ2Traits [53] was a database of circRNAs, 
which was available on http://gyanxet-beta.com/
circdb/. This database was the first comprehen-
sive database containing with the circRNAs of 
diseased human, which classified the circRNAs 
by their potential association with diseases. By 
analyzing the interaction of circRNAs with dis-
eases associated miRNAs they established the 
association between circRNAs and the diseases. 
Till now the Circ2Traits contains 1951 human 
circRNAs with the association of 105 human dis-
eases. What’s more, this database contained the 
complete miRNA-circRNA-mRNA-lncRNA 
interaction network, in order to help users see the 
interaction table of each disease clearly. 
Meanwhile, the ceRNA regulatory network of 
circRNA was also constructed in this database to 
further analyze circRNA regulatory pathways. 
According to the searched circRNA, you could 
not only get the normal information of that cir-
cRNA, but also know its interaction sites SNPs.

7.5  CircBank

CircBank [51] database contained more than 
140,000 annotated human circRNAs from many 
different source, which was a comprehensive 
database of human circRNA. The available web-
site for this database iwas http://www.circbank.
cn/. This database was publicly available with a 
lot of service, including circRNA modification, 
circRNA conservation etc. Despite the simple 
information, there were many new features in this 
database, including the predicted binding 
miRNA, circRNA mutation and circRNA meth-
ylation. Furthermore, CircBank also put forward 

a new nomenclature system based on the host 
gene name, start position and end position, so 
that researchers will not be bothered with the ID 
of circRNA right now. With CircBank, it could be 
easier for researchers to get enough information 
of circRNAs they need.

7.6  exoRBase

exoRBase [54], containing circRNA, lncRNA 
and mRNA, which were derived from RNA-seq 
data analyses of human blood exosomes. It was 
established by Prof. Li from Fudan University, 
who aimed to collect and demonstrate all long 
RNA species in human blood exosomes. 
Researchers can visit this database through the 
website http://www.exoRBase.org/. The first ver-
sion of this database contained 58,330 circRNAs, 
15,501 lncRNAs and 18,333 mRNAs, based on 
the RNA-seq data from normal samples and dis-
ease patients. This database also provided 
researchers with the annotation, expression level 
and possible original tissues of the circRNAs. 
What’s more, there were 77 experimental valida-
tions from the published articles included in 
exoRBase. Through the website, users could con-
veniently browse and download the information 
of the circRNAs. Different from other database, 
exoRBase allowed researchers to submit new 
profiles of the RNAs in human blood exosomes, 
which will help researchers identify new exo-
some biomarkers and find their influence on 
human diseases.

7.7  circRNADb

circRNADb [55] was a diversified-source cir-
cRNA database, which built for further study of 
the circRNAs and its related functions. It con-
tained 32,194 human exonic circRNAs. It was 
free for the researchers to search the circRNAs 
they need by the web server at http://reprod.njmu.
edu.cn/circrnadb. They could get various kinds of 
detailed information of the circRNAs, including 
genomic information, exon splicing, genome 
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sequence, internal ribosome entry site and open 
reading frame. The raw circRNAs dataset were 
collected from related literatures, and only 
included the circRNA which was supported more 
than twice. Now there were 16,328 annotated cir-
cRNAs with a longer than 100 amino acids open 
reading frame, and 7170 of them had internal 
ribosome entry site elements. CircRNADb was 
designed to be a comprehensive and interactive 
database, providing advanced search, resource 
download and many other functions for the users. 
It could do a lot to the circRNA studies by pro-
viding users with the detailed genomic and 
protein- coding information of each cir-
cRNA. Furthermore, developers will update the 
newly identified circRNAs with their detailed 
information to the database, in order to build cir-
cRNADb a powerful information platform for 
circRNAs.

7.8  CSCD

CSCD [56] (Cancer-specific circRNA database) 
was a cancer circRNAs specific database, which 
was developed by the researchers from Wuhan 
University. It provided genomic coordinates and 
gene annotation for each file of cancer-specific 
circRNA. The available website for this database 
was http://gb.whu.edu.cn/CSCD/. This database 
now contained total 272,152 circRNAs, which 
were identified from both cancer and normal cell 
lines. There are 950,962 circRNAs recognized 
from normal samples and 179,909 from both nor-
mal and tumor samples. What’s more, they iden-
tified many circRNAs only in CSCD, which 
contained many different samples including can-
cer samples. This database also contained the 
prediction of the microRNA response element 
sites and RNA binding protein sites for each cir-
cRNA, which could be better used for the 
researchers to understand the functional effects 
of circRNAs. The developers also predicted each 
splicing event in linear transcripts of the cir-
cRNAs in order to comprehend the association 
between the linear splicing and the back-splicing. 
As the first comprehensive cancer-specific cir-
cRNA database, CSCD provided potential open 

reading frames in cancer-specific circRNAs, 
which could significantly contribute to the cir-
cRNAs research in cancer.

7.9  circAtlas

circAtlas [57] was a database newly established 
by Ji et al. in 2019, which was the most abundant 
and comprehensive circRNAs database from nor-
mal samples. They provided many aspects of cir-
cRNAs on their circRNA Atlas web server, 
including their expression patterns, genomic fea-
tures, conservations and functional annotations. 
This database was available at http://circatlas.
biols.ac.cn/. Researchers could browse, visualize 
and prioritize the circRNAs they need and get the 
related information from this database. This data-
base enlarged our knowledge of circRNAs by 
exploring the landscape of circRNAs in human, 
macaque and mouse, elucidating their diversities 
in various tissues. The developers also invented a 
new method to prioritize disease related cir-
cRNAs, which ranked the circRNAs by consider-
ing both circAtlas networks and circRNA 
conservation. As a starting point to investigate 
the biological importance of circRNAs, cireAtlas 
will provide a powerful foundation for circRNA 
studies, and help the circRNA community to 
annotate and prioritize circRNAs. The circRNA 
database URLs and related information listed 
above are shown in Table 3.3.

8  Conclusion

This chapter reviewed the role of ncRNAs in car-
diac pathology, which abnormally elevated or 
decreased expression could lead cardiovascular 
disease. Although there are a lot of reports on 
these ncRNAs, but how to quickly find the infor-
mation you need from tons data was an important 
issue that needs to be addressed. Therefore, we 
summarized some online databases that were 
currently available. These databases have power-
ful functions, such as predicting ncRNA targets, 
viewing ncRNA basic information, etc.. In addi-
tion, the biological function of the currently 
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known ncRNA was only the tip of the iceberg, 
and there were still many unknown functions 
needed to be perfected. Therefore, based on the 
summarized existing research data, new ncRNA 
targets can be discovered by design algorithm.
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Abstract
Non-coding RNAs (ncRNAs) are important 
regulatory players in human cells that have 
been shown to modulate different cellular pro-
cesses and biological functions through con-
trolling gene expression, being also involved 
in pathological conditions such as cardiovas-
cular diseases. Among them, long non-coding 
RNAs (lncRNAs) and circular (circRNAs) 
could act as competing endogenous RNAs 
(ceRNAs) sequestering other ncRNAs. This 
entangled network of interactions has been 
reported to trigger the decay of the targeted 
ncRNAs having important roles in gene regu-
lation. Growing evidences have been demon-
strated that the regulatory mechanism 
underlying the crosstalk between different 
ncRNA species, namely lncRNAs, circRNAs 
and miRNAs has also an important role in the 
pathophysiological processes of cardiovascu-
lar diseases. In this chapter, the main regula-
tory relationship among lncRNAs, circRNAs 
and miRNAs were summarized and their role 

in the control and development of cardiovas-
cular diseases was highlighted.
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1  Introduction

Cardiovascular diseases (CVDs) are important 
causes of mortality and morbidity worldwide. 
Following a stress stimulus, the development of 
hypertrophy, autophagy, necrosis and apoptosis of 
cardiomyocytes, proliferation and differentiation 
of cardiac fibroblasts, endothelial cells (ECs) and 
vascular smooth muscle cells (VSMCs), contrib-
ute to the emergence and progression of CVDs. 
However, the molecular mechanisms underlying 
these processes are not completely understood. 
Therefore, investigating the key molecules 
involved in CVDs are key steps to explore effec-
tive prevention strategies and treatment methods.

The development of high-throughput deep 
sequencing techniques has enabled genomic and 
transcriptomic sequencing with higher sensitivity 
and accuracy. More than 98% of the human 
genome comprises non-coding regions, which 
are actively transcribed following a pervasive 
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transcription mechanism, generating thousands 
of non-coding RNA species with functional rele-
vance [1, 2]. Transcriptomic studies driven by 
next-generation sequencing techniques allowed 
to characterize the dynamic profiles of all the 
functional RNA species (coding and non- coding), 
and to establish functional relationships in the 
context of cell physiology and human disease.

In recent years, several studies have revealed 
the important role of ncRNAs in the development 
of various CVDs by their involvement in the reg-
ulation of cell differentiation [3], proliferation 
[4], autophagy [5], necrosis [6] and apoptosis [7]. 
Adding to the numerous evidences showing that 
ncRNAs have an important role in the genomic 
functional output, growing data also indicates 
that different ncRNAs species can interact with 
each other constituting complex RNA-regulatory 
networks [8–10].

In this chapter, we describe the leading 
research on the interaction between long non- 
coding RNAs (lncRNAs), circular RNAs (cir-
cRNAs) and micro-RNAs (miRNAs), illustrating 
their significance in the understanding of cardio-
vascular pathophysiology.

2  Biogenesis of ncRNAs 
and Functional Interactions

The discovery of the phenomenon of pervasive 
transcription and the existence of ncRNAs has 
altered our perception of the dynamics of the 
human genome [11]. Generally, researchers have 
classified ncRNAs into three main groups based 
on their length: short-sized ncRNAs, including 
microRNAs (miRNAs) [19–25 nucleotides], 
short interfering RNAs (siRNAs) [∼21 nucleo-
tides] and Piwi-interacting RNAs (piRNAS) [26–
31 nucleotides]; medium-sized ncRNAs 
including stable non-coding RNAs, as small 
nucleolar RNAs (snoRNAs) [60–300 nucleo-
tides]; long-sized ncRNAs, including long inter-
genic ncRNAs (lincRNAs), circular RNAs 

(circRNAs) and other long ncRNAs (lncRNAs) 
[>200 nucleotides].

2.1  Biogenesis of microRNAs 
(miRNAs)

MiRNAs are small non-coding RNAs of approxi-
mately 19–25 nucleotides in length, found both 
in animals and plants and involved post- 
transcriptional silencing of specific messenger 
RNA (mRNA) targets. According to the general 
repository miRBase (current version 22.1; www.
mirbase.org), the catalogue of human miRNAs 
comprises 2693 sequences of mature miRNAs, 
while only 2013 mature miRNAs are annotated 
in the mouse genome. In their biogenesis, miR-
NAs are synthesized by RNA polymerase II that 
transcribes miRNA genes into pri-miRNAs (long 
primary transcripts). Then, the microprocessor 
complex, composed by RNase-III Drosha and its 
co-factor DGCR8, cleaves the pri-miRNAs into 
pre-miRNAs (∼70 nt-long precursor molecules). 
Pre-miRNAs are then transported to the cytosol 
by the nuclear exporting protein Exportin-5 [12]. 
In the cytosol, the RNase-III Dicer and the RNA 
binding cofactor trans-activation response RNA 
binding protein (TRBP) complex cleaves pre- 
miRNAs to form 19–25 nt long double-stranded 
miRNA molecules [12]. Subsequently, miRNAs 
go through the RNA-induced silencing complex 
(RISC) undergoing a strand-selection process 
which will select the mature single-stranded 
miRNA. The main components of RISC complex 
are Argonaute proteins, such as Ago2, which is 
responsible for the negative regulatory effect of 
miRNAs over coding mRNA transcripts. Several 
other enzymes take part into processes of decap-
ping, deadenylation and subsequent degradation 
of mRNA target. It is proposed that miRNAs 
could modulate over 30% of the human protein 
coding genes, having an important role in the 
regulation of biological processes by the estab-
lishment of intricated networks involving multi-
ple miRNA-mRNA interactions [13].
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2.2  Biogenesis of Long Non- 
coding RNAs (lncRNAs)

LncRNAs are a heterogeneous group of RNA 
transcripts longer than 200 nucleotides that 
account for a large proportion of the non-coding 
transcriptome [11]. According to NONCODE 
database (www.noncode.org), there are currently 
172,216 and 131,697 lncRNA genes for human 
and mouse, respectively. Unlike small ncRNAs, 
such as miRNAs, which are highly conserved and 
involved in transcriptional and post- 
transcriptional gene silencing, lncRNAs are 
poorly conserved and can regulate gene expres-
sion by various mechanisms, not yet fully under-
stood [14]. The lncRNA biogenesis is largely 
similar to mRNAs, as its transcription is medi-
ated by RNA polymerase II, and typically con-
trolled by specific lncRNA promoters. Also, 
lncRNAs can be or not polyadenylated, can have 
alternative polyadenylation, and can undergo 
alternative splicing [15]. Alternative splicing 
contributes to the fact that lncRNAs display 
reduced sequence conservation compared to cod-
ing sequences, but emerging evidences have been 
reported that lncRNAs have essential and multi-
ple functions in several biological processes 
regardless of their limited expression levels. 
LncRNAs can be classified into five groups as 
sense, antisense, bidirectional, intergenic and 
intronic lncRNAs, according to their position on 
the genome or their relationships to the neigh-
bouring coding genes [15]. Functionally, 
lncRNAs are involved in regulating gene expres-
sion at transcriptional, post-transcriptional and 
epigenetic levels or could directly control protein 
activity [16].

2.3  Biogenesis of Circular RNAs 
(circRNAs)

Circular RNAs (circRNAs) are a ubiquitous 
group of circular covalently closed molecules 
generated by non-canonical back-splicing of cod-
ing and non-coding transcriptional units [17, 18]. 
Circular RNA molecules were first discovered as 
plant-infecting viroids in 1976 [19] and later on, 

were also discovered in eukaryotes, however 
these molecules were initially considered as a 
result of splicing defects [20]. Today it is known 
that circRNAs are mostly generated from protein 
coding genes and are mainly composed by exons 
[21]. The presence of circRNAs has been reported 
in practically every tissue and organ, being, in 
some situations, tissue-enriched [17, 22].

Jeck and colleagues proposed the term back- 
splicing to describe the pre-mRNA process of 
circularization and covalent joining of the 5′- to 
3′-end via phosphodiester bonds [21]. Inverted 
repeat elements, such as Alu repeats, are cis- 
factors that participate in back-splicing. These 
sequences are found in exon-bordering introns 
and can bind each other by base pair complemen-
tarity, which causes the splice sites to close in a 
circular structure [21, 23]. RNA binding proteins 
(RBPs) were also shown to be involved in back- 
splicing events. For instance, Muscleblind pro-
tein (MBL) and Quaking protein (QKI) are two 
trans-acting factors that regulate circRNA syn-
thesis. These RBPs are able to bridge the two 
exon-bordering introns together, leading to RNA 
circularization [24, 25]. CircRNAs may also be a 
product of “alternative circularization”, by which 
the same locus is able to produce several cir-
cRNA isoforms [26]. Once the circular structure 
is formed, circRNAs become highly resistant to 
nuclease action, such as RNAse R [27, 28], which 
means that their half-life is usually higher than 
other linear RNA molecules [29]. Some cir-
cRNAs contain intronic elements and are origi-
nated from intronic lariats and exon-containing 
lariats by exon skipping [30].

CircRNAs are classified in three different 
groups: exonic circRNA (ecircRNA), intronic 
circRNA (ciRNA) and exon and intron- containing 
circRNA (EIciRNA) [21]; these two last cir-
cRNAs are mainly found in the nucleus and are 
responsible for transcription events, being pres-
ent in the spliceosome and even taking part in 
alternative splicing [31, 32]. Among other func-
tions, ecircRNAs were shown to participate in 
regulation of gene expression by interacting with 
RBPs [24, 25] and also with other non-coding 
RNAs, such as miRNAs [18, 28, 33].
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2.4  Functional Interactions 
Among ncRNAs

In general, four main types of regulatory interac-
tions between ncRNAs have been proposed: 
lncRNAs and circRNAs as miRNA sponges, 
lncRNAs and miRNAs co-expression, reciprocal 
repression of lncRNAs and miRNAs, and miR-
NAs negative regulation of lncRNAs.

The most prevalent interaction between 
ncRNAs, namely lncRNAs and circRNAs, and 
miRNAs involves a “sponge-effect”, consisting 
on the ability of ncRNAs to sequestrate miRNAs 
molecules by the competing endogenous RNA 
(ceRNA) mechanism (Fig.  4.1). This effect 
occurs through binding to the miRNA response 
elements (MREs), thus down-regulating them. In 
order to act as a ceRNA, the MRE does not 
require complete complementarity to bind to 
miRNA.  So, the interactions between ncRNAs 
and miRNAs do not usually trigger decay of the 
interacting RNAs or trigger only slow decays 
[34].

Interactions between ncRNAs are described to 
control different cellular processes, in particular 
in CVDs (Tables 4.1 and 4.2), establishing inter-
twined and complex regulatory networks 
(Fig. 4.2), described below.

3  lncRNA–miRNA Interactions 
in Cardiovascular Diseases

3.1  Cardiac Hypertrophy

Cardiac hypertrophy is a physiological adaptive 
reaction of the heart mainly characterized by 
enlarged cardiomyocyte size and sustained car-
diac increased volume that can lead to heart fail-
ure and even sudden death [35]. Recent studies 
have showed that dysregulation of lncRNAs can 
induce cardiac hypertrophy [36, 37]. Several 
ncRNAs have been described as relevant players 
in this pathology, including also functional RNA- 
RNA interactions.

The lncRNA H19, a 2.3  kb lncRNA tran-
scribed from the H19 gene, is highly expressed in 

Fig. 4.1 The ncRNA 
interactions according to 
complementary 
endogenous (ceRNA) 
hypothesis. MiRNAs are 
the focal point of the 
ceRNA hypothesis by 
interacting with other 
RNA molecules through 
their miRNA response 
elements (MREs). 
MiRNAs act as negative 
regulators of gene 
expression by targeting 
mRNAs, but their levels 
could be regulated by 
other RNAs. LncRNAs 
and circRNAs 
harbouring specific 
MREs can act as 
molecular sponges of 
miRNAs by sequence 
complementarity, 
decreasing their 
available levels within 
the cell. Pseudo-gene are 
also described to act as 
miRNA decoys
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Table 4.1 LncRNA and miRNA interactions in cardiovascular diseases

lncRNA miRNA mRNA target Function References
Cardiac hypertrophy
H19 miR-675 CaMKIId Inhibits cardiac hypertrophy [41]

USP10 Protects CPCc senescence [43]
CHRF miR-489 Myd88 Promotes cardiac hypertrophy and dysfunction [44]
MIAT miR-150 Promotes cardiac hypertrophy [50]

miR-93 TLR4 Promotes cardiac hypertrophy [51]
ROR miR-133 Promotes hypertrophy [36]
Plscr4 miR-214 Mfn2 Inhibits hypertrophy [55]
HOTAIR miR-19 PTEN Inhibits hypertrophy [57]
CASC15 miR- 

432- 5p
VDR Promotes hypertrophy [59]

XIST miR- 
330- 3p

S100B Promotes hypertrophy [64]

miR-101 TLR2 Promotes hypertrophy [66]
Myocardial infarction
MIAT miR-24 Furin, 

TGF-β1
Increases cardiac interstitial fibrosis [68]

APF miR- 
188- 3p

ATG7 Suppress I/R injury and protect cardiac function 
when down-regulated

[69]

MALAT1 miR-320 PTEN Promotes cardiomyocite apoptosis [71]
miR-125 JMJD6 Promotes CPC proliferation [143]

H19 miR-139 Sox8 Suppresses hypoxia-induced cell injury [72]
MEG3 miR-183 p27 Promoted hypoxia-induced cell injury [73]
Galont miR-338 ATG5 Promotes anoxia/reoxygenation-induced autophagy 

and cell death in cardiomyocytes
[74]

ZFAS1 miR-150 CRP Prevented cardiomyocytes apoptosis [75]
CRRL miR- 

199a- 3p
Hopx Promotes post-MI remodeling and inhibit cardiac 

function
[76]

Heart failure
CARL miR-539 PHB2 Inhibited mitochondrial fission, apoptosis and 

reduced I/R injury
[78]

MDRL miR-361 Suppressed I/R injury and protected cardiac function [80]
H19 miR-19b Sox6 Inhibited proliferation and promoted apoptosis in 

cardiomyocytes
[40]

miR- 
103/107

FADD Prevented I/R injury and protected cardiac function [6]

NFR miR-873 RIPK1/
RIPK3

Induced I/R injury and cardiac dysfunction [81]

FTX miR-29b- 
1-5p

Bcl2l27 Inhibited cardiomyocyte apoptosis [82]

SNHG1 miR-195 Bcl2l27 Inhibited cardiomyocyte apoptosis [83]
AZIN2-sv miR-214 PTEN Inhibited endogenous cardiac regeneration [84]
Atrial fibrillation
TCONS_00075467 miR-328 CACNA1C Reduced atrial effective refractory; induced AF as it 

was knockdown
[85]

Cardiac fibrosis
GAS5 miR-21 PTEN Inhibited CFs growth [87]
H19 miR-455 CTGF Promotes fibrosis-associated protein synthesis [88]
PFL Let-7d Promotes fibrogenesis [89]

(continued)
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Table 4.1 (continued)

lncRNA miRNA mRNA target Function References
n379519 miR-30 Inhibited MI induced cardiac fibrosis an cardiac 

dysfunction
[90]

SRA1 miR-148b Reduces cardiac fibrosis [91]
Atherosclerosis
Ang 262 miR-221/-

222
Promoted proliferation of VSMCs [92]

MALAT1 miR- 
22- 3p

CXCR2 Prevented ECs apoptosis [93]

RP5-833A20.1 miR- 
382- 5p

NFIA Induced atherosclerosis [94]

RNCR3 miR-185 KLF2 Prevented proliferation of ECs [95]
DIGIT miR-134 Inhibited growth, migration and tube formation of 

ECs
[96]

Diabetic cardiomyopathy
MIAT miR- 

22- 3p
DAPK2 Inhibited cardiomyocyte apoptosis and improve left 

ventricular function in diabetic rats when knockdown
[98]

Kcnq1ot1 miR- 
214- 3p

Caspase-1 Inhibited pyroptosis [99]

Aortic valve disease
MALAT1 miR-204 Smad4 Promoted osteogenic differentiation of VICs [100]

Table 4.2 CircRNAs and miRNA interactions in cardiovascular diseases

circRNA
circRNA 
locus miRNA

miRNA 
target

No. 
MREs Phenotypes up-regulated circRNA References

Cardiac hypertrophy and heart failure
HRCR Pwwp2a miR- 

223
ARC 6 HRCR protects the heart from 

pathological hypertrophy by 
inhibiting cardiomyocyte apoptosis

[102]

Myocardial infarction
cdr1as CDR1 miR-7a PARP, 

SP1
63 Apoptotic cardiomyocytes and 

worsening of MI symptoms
[101]

MFACR Smyd4 miR- 
652- 3p

MTP18 15 Cardiomyocyte mitochondrial fission 
and apoptosis

[7]

circNCX1 ncx1 miR- 
133a- 3p

Cdip1 8 Apoptotic cardiomyocytes [111]

circRNA_081881 NA miR- 
548

PPARγ 7 Decreased foam cell formation [114]

MICRA ZNF609 miR- 
150

ADRB1, 
CRP

N/A Decreased LV dysfunction risk [116, 
122]

Cardiac fibrosis in diabetic cardiomyopathy
circRNA_000203 Myo9a miR- 

26b- 5p
Col1a2, 
CTGF

2 Arrhythmia and heart failure due to 
fibrotic tissue

[103]

circRNA_010567 NA miR- 
141

TGF-β1 N/A Arrhythmia and heart failure due to 
fibrotic tissue

[125]

Hypoxic angiogenesis and endothelial disorders
circZNF609 ZNF609 miR- 

615
MEF2A 1 Worsening of endothelial damage [128]

hsa_circ_000595 BTBD7 miR- 
19a

NF-κB, 
COX-2

N/A Aortic smooth muscle cell apoptosis. 
Aortic aneurism

[130]

(continued)
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several tissues of the foetus, but its transcriptional 
levels are significantly reduced after birth [38]. 
So far, there is increasing evidence that lncRNA 
H19 can regulate several cellular functions by 
targeting different miRNAs acting via either as a 
sponge of miRNAs, including miR-103/107 [39] 
and miR-19b [40], or as miRNA precursor 
involved in the regulation of cardiomyocyte 
hypertrophy. The miR-675 precursor is located in 
the first exon of H19 gene, and in the hypertro-
phic heart, both H19 lncRNA and miR-675 were 
up-regulated [41]. The H19 overexpression was 
correlated with the miR-675 up-regulation and 
therefore reduced the levels of several cardio-
myocyte foetal genes; whereas H19 down- 
regulation would overturn those effects. The 
Ca2+/calmodulin-dependent protein kinase IId 

(CaMKIId) was identified as a target gene of 
miR-675. Down-regulation of CaMKIId gene 
transcript by miR-675 partly reverted the hyper-
trophic phenotype caused by H19 down- 
regulation. H19 can inhibit the hypertrophy of 
cardiomyocytes both by modulating of miR- 675- 
CaMKIId axis and by suppressing the expression 
of CaMKIId [42].

Also, H19 and its encoded miR-675 have been 
reported playing a key role in the regulating of 
cellular senescence. Under stress conditions, car-
diac progenitor cells (CPCs) lose capacity of pro-
liferation and differentiation due to the 
contribution of senescence to cell aging which 
would lead to cardiac dysfunction. Besides, both 
H19 and miR-675 were inhibited in H2O2-treated 
CPCs. Inhibition of H19 or miR-675 would result 

Table 4.2 (continued)

circRNA
circRNA 
locus miRNA

miRNA 
target

No. 
MREs Phenotypes up-regulated circRNA References

hsa_
circ_0010729

HSPG2 miR- 
186

HIF-1α N/A Angiogenesis proliferation and 
apoptosis suppression

[131]

Stroke
circDLGAP4 DLGAP4 miR- 

143
HECTD1 1 Decreased neural deficits, decreased 

infarction area and mitigation of 
BBB damage

[135]

circHECTD1 HECTD1 miR- 
142

TIPARP 1 Astrocyte activation and brain 
infarction

[136]

Atherosclerosis
hsa_
circ_0000284

HIPK3 miR- 
221

p27Kip1 1 Carotid plaque rupture and 
eventually stroke

[115]

Coronary artery disease
hsa_
circ_0089378

VAV2 miR- 
130a- 3p

TRPM3 N/A CAD typical phenotype [140]

hsa_
circ_0083357

CTSB miR- 
130a- 3p

TRPM3 N/A CAD typical phenotype [140]

hsa_
circ_0082824

CUL1 miR- 
130a- 3p

TRPM3 N/A CAD typical phenotype [140]

hsa_
circ_0068942

ADD1 miR- 
130a- 3p

TRPM3 N/A CAD typical phenotype [140]

hsa_
circ_0057576

HECW2 miR- 
130a- 3p

TRPM3 N/A CAD typical phenotype [140]

hsa_
circ_0054537

PSME4 miR- 
130a- 3p

TRPM3 N/A CAD typical phenotype [140]

hsa_
circ_0051172

AXL miR- 
130a- 3p

TRPM3 N/A CAD typical phenotype [140]

hsa_
circ_0032970

TC2N miR- 
130a- 3p

TRPM3 N/A CAD typical phenotype [140]

hsa_
circ_0006323

DPYD miR- 
130a- 3p

TRPM3 N/A CAD typical phenotype [140]
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in the loss of protection of CPCs ageing caused 
by melatonin through a ubiquitin-specific prote-
ase 10 (USP10) suppression mechanism [43].

In 2014, Wang and colleagues showed that 
lncRNA AK048451, named as cardiac hypertro-
phy related factor (CHRF) could function as 
miR-489 endogenous sponge that directly 
sequester this miRNA in a sequence-specific 
manner and decreases its regulatory activity. This 
sponging-activity was demonstrated through bio-
informatics, luciferase and RNA pull-down 

assays [44]. CHRF overexpression would pro-
mote cardiac hypertrophy, while CHRF inhibi-
tion could attenuate angiotensin II 
(AngII)-induced cardiac hypertrophic effects. 
These observations suggested that CHRF can 
serve as an upstream regulator of the miR-489/
Myd88 axis after hypertrophic stress [44].

LncRNA myocardial infarction-associated 
transcript (MIAT) is mostly expressed in heart 
and foetal brain tissues and it has been demon-
strated that deregulated expression of MIAT is 

Fig. 4.2 Regulatory networks in the lncRNA/miRNA/
mRNA and circRNA/miRNA/mRNA axis in cardiovascu-
lar diseases. miRNAs are depicted as triangles, circRNAs 
as open circles and lncRNAs as squares. Functional RNA- 

RNA interactions are represented by lines, whereas the 
genes leading to the production of specific circRNAs by 
back-splicing are connected by arrows with the corre-
sponding circRNA designation
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associated with cell proliferation, apoptosis, and 
migration in various diseases, including myocar-
dial infarction [45–49]. Early reports showed that 
MIAT was significantly up-regulated in 
 AngII- induced cardiac hypertrophy and could 
enhance the pathology by partly sponging miR-
150 [50]. In rat isolated cardiomyocytes, Li et al. 
proposed that MIAT could also act as a ceRNA 
for miR-93 [51]. In their recent study, the authors 
showed that MIAT was up-regulated and miR-93 
was down-regulated in AngII-treated cardiomyo-
cytes and validated MIAT as a molecular sponge 
of miR-93  in cardiomyocytes. Also, TLR4 was 
identified as a target of miR-93 and MIAT pro-
moted TLR4 expression by sponging miR-93. 
Additionally, enforced expression of TLR4 par-
tially reversed the protective effect of miR-93 
overexpression on AngII-induced cardiac hyper-
trophy [51].

The lncRNA ROR is also known to act as 
sponge of miRNAs, including miR-145, miR- 
205 and the let-7 family, and to be involved in the 
control of embryonic stem cells differentiation 
[9], and cancer cells proliferation, migration and 
invasion [52, 53]. In hypertrophic cardiomyo-
cytes, a reciprocal repression mechanism between 
ROR and miR-133 was first described by Jiang 
and co-workers, demonstrated by a reciprocal- 
correlation between ROR and miR-133 levels 
[36]. The down-regulation of ROR transcript was 
negatively correlated with the expression of miR- 
133, and miR-133 mimics reduced the expression 
of ROR [36].

Mitochondrial physiology is important for 
healthy heart function as cardiomyocytes are 
dependent on mitochondrial oxidative phosphor-
ylation to generate ATP for cardiac contraction 
[54]. In a recent study, Lv and colleagues found 
the lncRNA Plscr4 to be a negative regulator of 
cardiac hypertrophy in vivo and in vitro by regu-
lating the miR-214-Mfn2 axis [55]. Mitofusin 2 
(Mfn2) is a protein located at the mitochondrial 
outer membrane and with a key role in the main-
tenance of mitochondrial homeostasis [56]. The 
authors verified that Plscr4 was up-regulated in 
hypertrophic mice hearts and in AngII-treated 
cardiomyocytes. When inhibited, Plscr4 induced 
a hypertrophic response in cardiomyocytes. 

Conversely, the overexpression of Plscr4 attenu-
ated cardiac hypertrophy in  vitro and in  vivo 
models. The authors proposed that Plscr4 acted 
as an endogenous sponge of miR- 214 since an 
overexpression of Plscr4 was able to down-regu-
late miR-214 expression promoting Mfn2 and 
reducing the hypertrophic phenotype. In contrast, 
knockdown of Plscr4 led to up- regulation of 
miR-214 and induced cardiomyocyte hypertro-
phy [55].

HOTAIR was one of the first lncRNAs identi-
fied as a key regulator of the progression of can-
cers, and recently proposed as member of a 
ceRNA-centered regulatory network in CVDs 
[57, 58]. In mice, Lai et  al. detected the down- 
regulation of HOTAIR expression in pathological 
cardiac hypertrophy and in AngII-stimulated 
hypertrophic cultured cardiomyocytes [57]. 
Later, following bioinformatics analysis, induced 
overexpression and luciferase reporter assays the 
authors were able to demonstrate that HOTAIR 
could sponge miR-19. In addition, the levels of 
the phosphatase and tensin homologue gene 
(PTEN, a miR-19 target) in hypertrophic mouse 
hearts was reported to be positively correlated 
with HOTAIR.  These results indicate that 
HOTAIR function as a negative regulator of car-
diac hypertrophy via facilitating the expression 
of PTEN by competitively binding to miR-19 
[57].

Recent findings show that the lncRNA 
CASC15 can also facilitate cardiac hypertrophy 
by interacting with miR-432-5p [59]. Li and col-
leagues demonstrated that CASC15 was up- 
regulated in hypertrophic cardiomyocytes in vivo 
and stimulated hypertrophic responses in cardio-
myocytes treated with angiotensin II.  In this 
study, the transcription factor VDR appeared to 
up-regulate CASC15 expression to facilitate car-
diac hypertrophy. Furthermore, it was demon-
strated that the expression of CASC15 correlated 
negatively with the expression of miR-432-5p in 
a cardiac hypertrophy model. Luciferase assays 
validated the inhibitory function of miR-432-5p 
by CASC15. In conclusion, these results suggest 
that the up-regulation of CASC15 induced by 
VDR facilitates cardiac hypertrophy by modulat-
ing miR-432-5p [59].

4 Interactions Among Regulatory Non-coding RNAs Involved in Cardiovascular Diseases



88

X-inactive specific transcript (XIST) RNA is a 
17-kb lncRNA that regulates X-chromosome 
inactivation [60]. Recently, XIST was found to 
target miRNAs to regulate pathological process of 
several diseases including myocardial  infarction 
[61–63]. A recent study revealed that XIST was 
up-regulated in hypertrophic cardiac animal 
model and phenylephrine (PE)-treated cardiomy-
ocytes [64]. Silencing XIST induced a hypertro-
phic response of cardiomyocyte; in contrast 
overexpression of XIST attenuated cardiomyo-
cyte hypertrophy induced by PE.  Additionally, 
using bioinformatic tools and functional assays, 
the authors demonstrated that XIST regulated the 
hypertrophic response through directly binding to 
miR-330-3p. Also, miR-330-3p was found to tar-
get S100B, a Ca2+-binding protein that impacts on 
cardiac pathology [65]. The authors observed that 
XIST modulated S100B expression by sponging 
miR-330-3p, leading to a decrease in the hyper-
trophic response [64].

In another study, new evidences associate 
XIST expression with the regulation of cardiac 
hypertrophy by targeting a different miRNA [66]. 
I was reported the up-regulation of XIST, and 
down-regulation of miR-101, in hypertrophic 
mouse hearts and PE-treated cardiomyocytes 
[66]. The knockdown of XIST led to a reduction 
in PE-induced cardiomyocyte hypertrophy. On 
the other hand, overexpression of XIST aggra-
vated cardiac hypertrophy in the animal model. 
With the use of Luciferase reporter and RNA- 
binding protein immunoprecipitation (RIP) 
assays, the authors demonstrated that XIST could 
regulate cardiac hypertrophy by targeting miR- 
101. Furthermore, rescue assays confirmed that 
XIST supported the progression of cardiac hyper-
trophy by binding with miR-101 leading to an 
increase of the expression of TLR2, also a target 
of miR-101 [66].

3.2  Myocardial Infarction

Myocardial infarction (MI) occurs when the sup-
ply of blood to the heart is diminished (ischemia) 
for a long time. Heart ischemia is the main cause 

of hypoxia and can lead to serious tissue damage 
and functional complications [67].

The lncRNA MIAT was identified as risk fac-
tor for the development and progression of myo-
cardial infarction, through a large scale 
case-control association study [45]. Recently, Qu 
and colleagues investigated the role of MIAT 
interaction with miR-24 in the regulation of car-
diac fibrosis, in consequence of a MI event [68]. 
In a mouse model of MI, MIAT was abnormally 
up-regulated and accompanied by cardiac inter-
stitial fibrosis. MIAT up-regulation was also 
accompanied by a deregulation of fibrosis-related 
modulators, namely down-regulation of miR-24 
and up-regulation of Furin and TGF-β1. When 
the authors performed the knockdown of endog-
enous MIAT by siRNA it reduced cardiac fibrosis 
and improved cardiac function, also restoring the 
deregulated expression of the fibrosis-related 
regulators. In cardiac fibroblasts treated with 
serum or angiotensin II, similar up-regulation of 
MIAT and down-regulation of miR-24 were 
observed [68].

In 2015, Wang et  al., reported that one 
lncRNA, named autophagy promoting factor 
(APF), could regulate autophagic cell death by 
targeting miR-188-3p and ATG7 (autophagy 
associated gene), an enzyme of the autophagy 
system with a critical role in membrane elonga-
tion [69]. In this report, the authors showed that 
miR-188-3p contributed to the regulation of 
ATG7 expression, and inhibited autophagy and 
cell death in vitro and in vivo. Luciferase reporter 
assays revealed that APF was able to directly 
bind to miR-188-3p and regulate its activity.

The lncRNA metastasis-associated lung ade-
nocarcinoma transcript 1 (MALAT1) has been 
associated with the development of acute myo-
cardial infarction (AMI), specifically as a predic-
tor of left ventricular dysfunction [47]. 
Genome-wide miRNA profiles and transcrip-
tional analysis by microarrays showed that miR- 
320 was down-regulated in AMI patients [70]. 
Additionally, bioinformatics analyses revealed 
that MALAT1 and PTEN shared the same regula-
tory sites for miR-320. Based in these evidences, 
Hu and colleagues proposed that MALAT1 could 
function as ceRNA to control PTEN expression 
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through sponging miR-320, thus playing an 
important role in the progression of AMI [71]. To 
test this hypothesis, the expression levels of 
MALAT1, miR-320 and PTEN in a mouse model 
of AMI and sham-operated mice were  determined 
by quantitative PCR and western blotting, respec-
tively. MALAT1 and PTEN were highly 
expressed, while miR-320 expression was 
reduced in AMI group. By luciferase reporter 
assay, the authors confirmed that MALAT1 func-
tioned as a ceRNA of miR-320 to regulate PTEN 
in mouse cardiomyocytes. MALAT1 and PTEN 
expressions were up-regulated with time depen-
dent hypoxia treatment and miR-320 expression 
was reduced. Also, hypoxia stimulated the apop-
tosis of mouse cardiomyocytes. Additionally, the 
overexpression of miR-320 or the down- 
regulation of PTEN partly reversed the pro- 
apoptotic effect induced by MALAT1 
overexpression. These data suggested that 
MALAT1 could target miR-320 to promote the 
apoptosis of mouse cardiomyocytes through up- 
regulation of PTEN [71].

Other evidences show that MALAT1 may 
contribute to the development of MI, by interact-
ing with other miRNAs. Recently, Li et  al. 
showed that the expression of MALAT1 was 
markedly up-regulated in a CoCl2-induced 
hypoxia cardiac progenitor cells (CPCs) model 
[71]. CPCs play a key role in heart muscle regen-
eration in patients after myocardial infarction and 
MALAT1 down-regulation reduced CPC prolif-
eration under hypoxic conditions. Additionally, 
MALAT1 acted as a sponge for miR-125. 
Inhibition of miR-125 restored the proliferation 
potential of CPCs after a MALAT1 knockdown 
in hypoxia. Additional analyses demonstrated 
that JMJD6, a histone lysine demethylase, was a 
target of miR-125 and negatively regulated by 
this miRNA.  Moreover, JMJD6 knockdown 
blocked miR-125 inhibitor’s protective effect on 
CPC function in hypoxia [71].

In 2017, Gong and colleagues designed a 
study to assess the effects of lncRNA H19 on 
hypoxic rat H9c2 cells and mouse HL-1 cells 
[72]. In vitro, the authors verified the hypoxia- 
induced up-regulation of H19 as well as cell 
injury in H9c2 cells. Also, hypoxia-induced cell 

injury effect was exacerbated by knockdown of 
H19 but alleviated by overexpression of H19. 
When the miR-139 was suppressed they could 
reverse the effects of H19 knockdown. With the 
use of bioinformatics tools and functional experi-
ments the authors showed that transcription fac-
tor Sox8 was negatively regulated by miR-139. 
Moreover, Sox8 overexpression mitigated 
hypoxia-induced cell injury of H9c2 cells. These 
data suggested that H19 controlled hypoxia- 
induced myocardial injury through miR-139- 
mediated up-regulation of Sox8 axis [72].

Later and using a similar methodological 
approach, the same research group studied the 
role of lncRNA maternally expressed gene 3 
(MEG3) on hypoxic rat cardiomyocyte-derived 
H9c2 cells [73]. Their results depicted that 
hypoxia induced an increase of MEG3 expres-
sion and silencing MEG3 caused a decrease in 
hypoxia-induced injury in H9c2 cells. 
Additionally, the knockdown of MEG3 also 
increased miR-183 expression, which was identi-
fied as a target of MEG3. When silenced, the 
effects of MEG3 knockdown on the hypoxic cells 
were reversed. Next, the cyclin dependent kinase 
inhibitor p27 was identified as a target gene of 
miR-183, and its expression was negatively regu-
lated by miR-183. Together, these findings pro-
posed that knockdown of MEG3 diminished 
hypoxia-induced H9c2 cell injury by miR- 183- 
mediated suppression of p27 [73].

The hypernomic autophagy is a cellular pro-
cess associated with several cardiovascular dis-
eases, including myocardial infarction. The 
GATA1 activated lncRNA (Galont) was found to 
promote anoxia/reoxygenation-induced autoph-
agy and cell death in cardiomyocytes by targeting 
miR-338 [74]. In the Yin study, Galont interacted 
directly with miR-338 and promoted ATG5- 
mediated autophagic cell death in mouse cardio-
myocytes. Galont was up-regulated by anoxia/
reoxygenation (A/R) stimulus, and stimulated 
autophagy and cell death in cardiomyocytes 
exposed to A/R.  Also, miR-338 suppressed 
autophagy and cell death. These findings illus-
trate that Galont could play an important role in 
regulating autophagy in cardiomyocytes through 
Galont/miR-338/ATG5 axis.

4 Interactions Among Regulatory Non-coding RNAs Involved in Cardiovascular Diseases
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ZFAS1 is a cardiac-related lncRNA impli-
cated in the molecular mechanism of cardiomyo-
cyte apoptosis induced by MI by targeting 
miR-150 [75]. The relative expression of ZFAS1 
was significantly up-regulated and miR-150 was 
significantly down-regulated in MI-induced rats. 
RNA pull-down assays indicated that ZFAS1 
could interact directly with miR-150. C-reactive 
protein (CRP) was found to be regulated by 
ZFAS1/miR-150 axis and negatively targeted by 
miR-150. Also, knockdown of ZFAS1 or miR- 
150 overexpression effectively reduced induced 
myocardial infarction rats [75].

In an investigation of endogenous cardiomyo-
cyte (CM) regeneration to improve cardiac func-
tion and cardiac remodelling after MI, a screening 
of human foetal and adult hearts RNA-seq data 
identified a novel lncRNA (NONHSAG007671), 
later named cardiomyocyte regeneration-related 
lncRNA (CRRL) [76]. It was observed that the 
loss of CRRL reduced post-MI remodelling and 
protected cardiac function in adult rats. Also, 
CRRL knockdown promoted neonatal rat CM 
proliferation both in  vivo and in  vitro. CRRL 
operated as a ceRNA by directly binding to miR- 
199a- 3p and thereby increasing the expression of 
Hopx, a target gene of miR-199a-3p and a critical 
negative regulatory factor of CM proliferation.

3.3  Heart Failure

Heart failure is a widespread and complex clini-
cal syndrome that arises from functional and/or 
structural heart disorders and impairs ventricular 
ejection of the blood to the systemic circulation. 
Cardiomyocyte apoptosis or necrosis is a major 
cause of heart failure, though the underlying 
mechanism remains unknown [77].

Mitochondrial fission and fusion are one of 
the biological processes which are related with 
cardiomyocyte apoptosis [78]. The lncRNA 
AK017121, named cardiac apoptosis-related 
lncRNA (CARL), was identified as a functional 
sponge of miR-539 [79]. CARL overexpression 
inhibited mitochondrial fission, apoptosis and 
ischaemia/reperfusion (I/R) injury by directly 
suppressing miR-539 expression and subse-

quently up-regulating its target gene prohibitin 2 
(PHB2) [78].

The lncRNA AK009271, named mitochon-
drial dynamic related lncRNA (MDRL), is also 
involved in mitochondrial fission and fusion 
under stress condition. MDRL could directly 
interact with miR-361 suppressing the activity of 
miR-361, decreasing mitochondrial fission and 
apoptosis after anoxia/reoxygenation treatment. 
MiR-361 was found to base-paring with the pri-
mary transcript of miR-484, restricting the pro-
cessing of pri-miR-484 in the nucleus. The effects 
of MDRL overexpression over the counteracting 
miRNA were reverted when MDRL expression 
was knocked down [80].

The lncRNA H19 appears to be a crucial regu-
lator in this process as it was described to sup-
press miR-19b-Sox6 and miR-103/107-FADD 
(Fas-associated protein with death domain) cas-
cades inhibiting proliferation, promoting apopto-
sis in P19CL6 cells and preventing cardiomyocyte 
necrosis. In 2016, Han et al. revealed that during 
the late stage of cardiac differentiation of P19CL6 
cells, miR-19b was negatively regulated by H19, 
evidenced by luciferase assay and quantitative 
PCR. H19 overexpression would inhibit cell pro-
liferation and benefit cell apoptosis by regulating 
miR-19b and its target gene Sox6, whereas down- 
regulation of H19 reversed these effects [40]. In 
another study, H19 was found to contain three 
potential miR-103/107 binding sites and was 
implicated in cardiomyocyte necrosis by inhibit-
ing the expression levels of miR-103/107 and its 
target FADD, in response to H2O2 treatment [39]. 
Knockdown of miR-103/107 reduced necrosis in 
the cellular model and also MI in a mouse isch-
emia/reperfusion (I/R) model.

Another lncRNA, named necrosis-related fac-
tor (NRF), was associated to necrotic death of 
cardiomyocytes by sponging miR-873. Silencing 
of NRF resulted in an increase of miR-873 levels 
and a subsequent down-regulation of its cognate 
targets receptor-interacting serine/threonine pro-
tein kinase 1 (RIPK1) and RIPK3, leading to a 
severe reduction in myocardial necrosis [81].

Recently, new lncRNAs-miRNAs associations 
were proposed to be also playing a significant 
role in cardiomyocyte cell fate and development 
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of heart failure. In 2018, a novel FTX/miR-29b- 
1-5p/Bcl2l27 axis was suggested in the regula-
tion of cardiomyocyte apoptosis [82]. In the Long 
et al. study, authors found that FTX was signifi-
cantly down-regulated upon  ischemia/reperfu-
sion injury and H2O2 treatment. When enhanced, 
the expression of FTX inhibited cardiomyocyte 
apoptosis. Also, miR-29b-1-5p was found to 
interact with FTX and regulate the expression of 
BCL2-Like Protein 2 (Bcl2l2). Furthermore, 
inhibition of miR-29b-1-5p attenuated cardio-
myocyte apoptosis upon hydrogen peroxide 
treatment.

In another report, the lncRNA SNHG1 also 
seemed to regulate cardiomyocyte apoptosis by 
targeting miR-195 and modulating Bcl2l2 [83]. 
SNHG1 was found to limit cell apoptosis via 
regulating miR-195 and Bcl2l2 in human cardio-
myocytes (HCMs). Overexpression of SNHG1 
alleviated the effects of H2O2 on HCMs. Also, 
SNHG1 was found to sponge miR-195 in HCMs. 
The increase levels of miR-195 suppressed cell 
viability and induced apoptosis in HCMs, and 
miR-195 was found to negatively regulate the 
expression of Bcl2l2.

The high-throughput sequencing of foetal and 
adult human heart tissue was used to identify a 
novel lncRNA up-regulated in the adult heart and 
named splice variant of the AZIN2 gene 
(AZIN2-sv). The lncRNA AZIN2-sv inhibited 
endogenous cardiac regeneration in  vivo and 
in  vitro, while loss of AZIN2-sv attenuated 
adverse remodelling and improved cardiac func-
tion. It was found that AZIN2-sv mediated car-
diac regeneration involved a ceRNA sponging 
activity over miR-214 which is on the basis of the 
modulation of the PTEN-Akt signalling pathway 
[84].

3.4  Atrial Fibrillation

Atrial fibrillation (AF) is a the most prevalent of 
heart arrythmia, characterized by abnormal elec-
trical activities in the heart atrial tissues. The loss 
of electrical synchronization in the myocardium 
often contributes to cardiac remodelling, fibrosis 
and failure. The disease starts with an isolated 

fibrillation event that will evolve to a paroxysmal 
and later to a chronical and permanent condition. 
Underlying molecular mechanisms for the onset 
and transition to a permanent condition are still 
poorly understood.

The lncRNA expression profiles of right atria 
were investigated in AF and non-AF rabbit mod-
els by using RNA sequencing techniques and 
validated using quantitative PCR [85]. 
Bioinformatics analysis was conducted to predict 
the functions and interactions of the aberrantly 
expressed genes, and one lncRNA, 
TCONS_00075467, was selected to study its 
effects and mechanisms on electrical remodel-
ling. Knock-down of TCONS_00075467 led to 
reduced atrial effective refractory period in vivo 
and diminished L-type calcium current and action 
potential duration in vitro. Also, the expression of 
miR-328 was negatively correlated with 
TCONS_00075467. Additionally, 
TCONS_00075467 could target miR-328 in vitro 
and in  vivo to modulate CACNA1C, a calcium 
voltage-gated channel subunit alpha1 C protein. 
The expression of miR-328 was up-regulated and 
CACNA1C protein levels were reduced when 
TCONS_00075467 was silenced in  vivo and 
in  vitro, while miR-328 negatively modulates 
TCONS_00075467 [85].

3.5  Cardiac Fibrosis

Myocardial fibrosis represents an important 
health issue associated with almost all forms of 
heart disease. Cardiac fibroblasts are an essential 
cell type in the heart in charge of homeostasis of 
the extracellular matrix. However, after a stress 
stimuli or injury these cells can change to a myo-
fibroblast phenotype and progress to cardiac 
fibrosis. This transformation involves physio- 
pathological changes such as cardiomyocyte 
hypertrophy, chamber dilation and apoptosis, and 
eventually leads to the progression to heart fail-
ure [86]. In cardiac fibrosis, several ncRNAs, 
including lncRNAs and miRNAs, have been 
reported to play a pivotal role in the regulation of 
the fibrotic phenotype [4, 68].
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A key mechanism in the development of fibro-
sis is the fibroblast activation. In TGF-β1- 
activated cardiac fibroblasts (CFs), the lncRNA 
GAS5 was shown to be down-regulated, while 
the level of miR-21 was increased [87]. However, 
overexpression of GAS5 prevented the growth of 
CFs and inhibited the expressions levels of type I 
collagen protein (Col1A1) and smooth muscle 
alpha-action protein (α-SMA) by negatively reg-
ulating miR-21 and its target PTEN. These data 
suggested that the regulation of miR-21/PTEN 
by GAS5 could have a significant role in the 
development of cardiac fibrosis.

Also, the lncRNA H19 has been implicated in 
the development of cardiac fibrosis by regulating 
miR-455 [88]. In a report by Huang and col-
leagues, after miRNA microarray analysis, miR- 
455 was found to be significantly down-regulated 
in diabetic mouse myocardium and in Ang 
II-induced CFs. Loss and gain-of-function assays 
showed that miR-455 expression levels were neg-
atively correlated with collagen I and III expres-
sion in CFs. Also, bioinformatic analyses 
predicted that miR-455 targeted CTGF (connec-
tive tissue growth factor) and H19, which was 
validated by luciferase reporter assay. 
Furthermore, it was described that H19 knock-
down could increase the antifibrotic role of miR- 
455 by diminishing CTGF expression and 
fibrosis-associated protein synthesis.

Recently a novel lncRNA designated as a pro- 
fibrotic lncRNA (PFL) was found to be up- 
regulated in fibrotic CFs and in the hearts of mice 
in response to myocardial infarction (MI) [89]. 
PFL knockdown attenuated cardiac interstitial 
fibrosis and improved ejection fraction (EF) and 
fractional shortening (FS) in MI mice. Also, 
forced expression of PFL promoted proliferation, 
fibroblast-to-myofibroblast transition and fibro-
genesis in CFs by modulating let-7d, while inhi-
bition of PFL reduced TGF-β1-induced 
myofibroblast generation and fibrogenesis. 
Furthermore, PFL acted as a ceRNA of let-7d, as 
overexpression of PFL reduced the level and 
activity of let-7d.

Another example of the modulation of cardiac 
fibrosis in post-infarcted myocardium by 
lncRNA-miRNA association was documented by 

Wang and colleagues [90]. These authors 
described the role of the lncRNA n379519- 
miR- 30 axis as a negative regulator MI induced 
cardiac fibrosis and the associated cardiac dys-
function [90]. They observed that the expression 
of n379519 was up-regulated in the hearts of 
mice with MI and in the fibrotic CFs. Silencing of 
endogenous n379519 improved the heart func-
tion and reduced collagen deposition and the pro-
cess of cardiac fibrosis. Also, they showed the 
opposite tendency of expression between 
n379519 and miR-30. Bioinformatics analysis 
and luciferase reporter assay indicated that 
n379519 could directly bind to miR-30. 
Moreover, miR-30 inhibitor abolished the colla-
gen synthesis inhibition induced by n379519.

Recent data examine the role of lncRNA 
SRA1 in the activation of cardiac myofibroblasts 
in cardiac fibrosis. Results showed that SRA1 
was up-regulated followed by cardiac fibrosis in 
an abdominal aortic banding-treated rat model. 
Angiotensin-II treatment amplified the SRA1 
expression in cardiac myofibroblasts, while 
SRA1 silencing inhibited the proliferation, myo-
fibroblast conversion and collagen production of 
cardiac myofibroblasts. Furthermore miR-148b 
was predicted to be a targeted microRNA of 
SRA1. Sequence alignment, luciferase activity, 
and MS2 RNA immunoprecipitation were con-
ducted to detect the interaction between SRA1 
and miR-148b and suggested that SRA1 nega-
tively regulated miR-148b in cardiac myofibro-
blasts. Moreover, miR-148b knockdown 
stimulated cardiac myofibroblast activation, and 
miR-148b mediated promoting effect of SRA1 
on cardiac myofibroblast activation [91].

3.6  Atherosclerosis

Atherosclerosis is a major cause of cardiovascu-
lar disease characterized by a chronic inflamma-
tory response, with immune competent cells in 
lesions that produce mostly pro-inflammatory 
cytokines. Atherosclerosis is a very prevalent and 
important cardiac disease, involving the heart and 
brain.
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Growing data has exposed the positive regula-
tory relationship between lncRNA and miRNA 
that modulate the proliferation and hypertrophy 
of vascular smooth muscle cells (VSMCs), con-
tributing to the formation of atherosclerotic 
plaques. The lncRNA Ang362 was detected to be 
proximal to miR-221/222 gene and it was 
 co- transcribed with miR-221/222  in VSMCs. 
The levels of Ang362 and miR-221/222 were 
increased upon AngII treatment in a time- 
dependent manner. Down-regulation of Ang362 
reduced the expression of miR-221/222, as well 
as inhibited the proliferation of VSMCs. 
Evidences shown that lncRNA Ang362 exacer-
bated AngII-triggered vascular dysfunction via 
positive modulation of miR-221/222 [92].

In 2015, Tang and colleagues hypothesize that 
MALAT1 could regulate CXCR2 post- 
transcriptionally via ceRNA network in reaction 
to oxidized low-density lipoprotein (ox-LDL) 
induced endothelial dysfunction, that can lead to 
the development of atherosclerosis [93]. In 
patients with unstable angina MALAT1 was up- 
regulated and silencing of this lncRNA signifi-
cantly down-regulated the expression of the gene 
CXCR2, a target for miR-22-3p, resulting in the 
increase of ox-LDL-induced endothelial injury. 
The authors proposed MALAT1 as a protector of 
the endothelium from ox-LDL-induced endothe-
lial dysfunction by competing with miR-22-3p 
for endogenous RNA.

The lncRNA RP5-833A20.1 is located within 
intron 2 of the nuclear factor IA (NFIA) sequence, 
and its transcription direction is opposite to the 
host gene. NFIA expression was down-regulated 
in human acute monocytic leukemia macrophage- 
derived foam cells [94]. Also, it was demon-
strated that RP5-833A20.1 could decrease NFIA 
expression by inducing miR-382-5p expression. 
The RP5-833A20.1/miR-382-5p/NFIA pathway 
was depicted as essential to the regulation of cho-
lesterol homeostasis and inflammatory responses 
in human acute monocytic leukemia macro-
phages, although the gene relationship between 
RP5-833A20.1 and miR-382-5p remain barely 
explored and will need to be further 
investigated.

In 2016, miR-185-5p was identified as a nega-
tive regulator of the lncRNA retinal noncoding 
RNA3 (RNCR3) in the proliferation of endothe-
lial cells (ECs) and vascular smooth muscle cells 
(VSMCs) [95]. The expression level of RNCR3 
was found to be up-regulated in aortic atheroscle-
rotic lesions and silencing of RNCR3 reduced the 
proliferation of ECs and VSMCs. When overex-
pressed, miR-185-5p decreased the levels of 
RNCR3, and knockdown of miR-185-5p 
increased the viability and proliferation of 
HUVECs, whilst this was partially reversed by 
RNCR3 silencing. The Krüppel-like factor 2 
(KLF2) was detected as a target of miR-185-5p, 
regulated by RNCR3 as well. RNCR3 knock-
down decreased the expression level of KLF2 
and attenuated the viability and proliferation of 
HUVECs, while KLF2 overexpression compro-
mised these effects.

The lncRNA DIGIT (divergent to GSC 
induced by TGF-β family signalling) was found 
to accelerate tube formation of vascular endothe-
lial cells by targeting miR-134 [96]. The study by 
C.  Miao, described that DIGIT silencing could 
significantly reduce cell viability, migration, 
tube-like structures formation and induced apop-
tosis in HMEC-1 cells. Also, DIGIT was demon-
strated to be a sponge for miR-134, and the 
antigrowth, anti-migratory and anti-tube- 
formation functions of DIGIT silence on 
HMEC-1 cells were cancelled by miR-134 
suppression.

3.7  Diabetic Cardiomyopathy

Diabetic cardiomyopathy (DCM) is a common 
complication of diabetes and can cause heart fail-
ure, arrhythmia, even sudden death. The patho-
genesis of DCM includes altered metabolism, 
mitochondrial dysfunction, oxidative stress, 
inflammation, cardiac fibrosis, cell death and 
extracellular matrix remodelling [97].

In the research work by Zhou and colleagues, 
a rat model of DCM was established and the 
modulation by MIAT was characterized [98]. 
Later, they intended to determine the pathologic 
role of MIAT in the development of DCM. MIAT 
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down-regulation was found to reduce cardiomyo-
cyte apoptosis and improve left ventricular func-
tion in diabetic rats. The results of luciferase 
reporter and RNA immunoprecipitation assays 
revealed that MIAT targeted miR-22-3p. In addi-
tion, DAPK2 (death-associated protein kinase 2) 
a kinase involved in the regulation of cellular 
apoptosis, was characterized as a direct target of 
miR-22-3p. Also, MIAT overexpression counter-
acted the inhibitory effect of miR-22-3p on 
DAPK2. In addition, MIAT knockdown reduced 
DAPK2 expression and inhibit apoptosis in car-
diomyocytes exposed to high glucose.

In a recent report, the lncRNA Kcnq1ot1 was 
documented to mediate a type of programmed 
cell death related to inflammation, pyroptosis in 
DCM [99]. The expression of Kcnq1ot1 was 
increased in patients with diabetes, high glucose- 
induced cardiomyocytes and diabetic mouse car-
diac tissue. Knockdown of Kcnq1ot1 reduced 
pyroptosis by targeting miR-214-3p and caspase-
 1. In addition, inhibition of Kcnq1ot1 reduced 
cell death, cytoskeletal structure abnormalities 
and calcium overload in vitro and improved car-
diac function and morphology in vivo.

3.8  Aortic Valve Disease

Aortic valve disease is a disorder caused by the 
malfunction of the valve between the left ventri-
cle and aorta. Aortic valve disease may be a con-
dition present at birth such as congenital heart 
disease, or it may result from other causes.

MALAT1, a highly abundant and conserved 
lncRNA, has been implicated in many cardiovas-
cular diseases. Ectopic expression of MALAT1 
was observed in calcific valves and after osteo-
genic induction in human aortic valve interstitial 
cells (VICs). In vitro experiments revealed that 
MALAT1 acted as a positive regulator of osteo-
genic differentiation by repressing miR-204 
expression and activity and thereby promoting 
expression of osteoblast-specific markers, includ-
ing alkaline phosphatase, mineralized bone 
matrix formation and osteocalcin. Smad4, pro-
tein involved in signal transduction, was identi-
fied as a direct target of miR-204. Data showed 

that MALAT1 could interact with miR-204 and 
overexpression of miR-204 reversed the up- 
regulation of Smad4 induced by MALAT1. Thus, 
MALAT1 positively regulated the expression of 
Smad4 through sponging miR-204, and pro-
moted osteogenic differentiation of VICs [100].

4  circRNA–miRNA Interactions 
in Cardiovascular Diseases

Currently, circBase (www.circbase.org) registers 
92,375 human circRNAs and 1903 mouse cir-
cRNAs. These molecules have been described to 
play relevant roles not only in the development of 
organisms, but also during pathological processes 
such as cardiovascular, neuronal diseases, cancer 
and other diseases [18, 101–105]. Their func-
tional roles in specific biological contexts and 
their involvement in RNA-interaction networks 
are sources of further investigation.

4.1  Cardiac Hypertrophy 
and Heart Failure

The Heart-Related circRNA (HRCR) was dis-
covered as the first circRNA that protects the 
heart from hypertrophy and heart failure. In fact 
HRCR was also the first circRNA whose associa-
tion with pathological cardiac hypertrophy was 
observed [102]. This circRNA is transcribed 
from the Pwwp2a gene and is part of the HRCR/
miR-223/ARC axis. Since HRCR has 6 binding 
sites for the miR-223, it down-regulates its activ-
ity. MiR-223 is a miRNA that down-regulates the 
expression of the Apoptosis Repressor with 
CARD Domain (ARC), as a negative inhibitor. 
Using a mouse model, Wang and colleagues, 
2016, showed that the decreased levels of ARC in 
cardiomyocytes is responsible for hypertrophy 
and also found that HRCR has the ability to bind 
miR-223, repressing its function. The decreased 
availability of miR-223 is correlated with an 
increase in ARC protein production, which con-
tributes to a lower number of apoptotic cardio-
myocytes, therefore diminishing the effects of 
isoproterenol-induced cardiomyocyte hypertro-
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phy and of pathological cardiac hypertrophy and 
heart failure [102].

4.2  Myocardial Infarction

Myocardial infarction (MI) is a major cause of 
morbidity and mortality worldwide, despite 
 substantial improvements in diagnosis, prognosis 
and treatment over the past decades.

Among the relevant circRNAs involved in MI, 
Cdr1as was previously described as a miRNA 
sponge able to sequester miR-7 in neural cells by 
sequence complementarity [18, 33]. Geng et al. 
2016, also verified that Cdr1as has a significant 
capacity to bind to miR-7a in mouse myocardial 
cells, thus regulating MI [101]. It was previously 
demonstrated that miR-7a protects the heart from 
MI in hypoxic cardiomyocytes, by negatively 
regulating the Poly (ADP-ribose) polymerase 
(PARP) and Sp1 transcription factor, thus sup-
pressing ischemia/reperfusion-induced apoptosis 
[106]. PARP is a nuclear enzyme involved in 
many important cellular processes such as DNA 
damage repair and apoptosis, being the presence 
of cleaved PARP an indicator of apoptosis. 
During a cascade of apoptotic events, caspases 
3/7 are activated and gain the ability to use PARP 
as substrate, thus proceeding to its cleavage and 
decreasing its ability to repair DNA errors [101, 
106]. In ischemia/reperfusion (I/R) cardiomyo-
cytes, this process is responsible for programmed 
cell death, which may lead to MI. Sp1 is a zinc- 
finger transcription factor that was also shown to 
play a major role in MI [101, 107]. Thus, miR-7a 
silencing is responsible for programmed cell 
death and the development of an MI typical phe-
notype [101].

Being a contractile and very dynamic organ, 
the heart requires a large amount of energy that is 
only produced if O2 is profusely available. 
Myocardial mitochondria are very abundant, being 
major key players in the production of energy in 
the form of ATP by the electron transport chain 
[108]. Wang and colleagues found for the first time 
that circRNA molecules are also implied in the 
regulation of heart mitochondrial dynamics and 
consequent cardiomyocyte apoptosis. Recurring 

to anoxia-reoxygenation (A/R)-induced mouse 
cardiomyocytes and a model of ischemia-reperfu-
sion (I/R)-induced MI mice, they have shown that 
the mitochondrial fission and apoptosis-related 
circRNA (MFACR) is responsible for mitochon-
drial fission. MFACR is expressed in oxygen 
deprivation and it originates from the exon 5 of the 
SET and MYND domain- containing 4 (Smyd4) 
gene. The mitochondrial protein 18 (MTP18) is 
overexpressed in cardiomyocytes under conditions 
of A/R. MTP18 actively participates in MI, acti-
vating mitochondrial fission and cardiomyocyte 
apoptosis [7, 109, 110]. MiR-652-3p has the abil-
ity to suppress apoptosis by binding to the 3′-UTR 
region of the mRNA generated by transcription of 
the MTP18 gene, inhibiting its expression and 
reducing the number of apoptotic cells [7]. The 
circRNA MFACR has 15 MREs for miR-652-3p 
and it is able to competitively down-regulate miR-
652-3p [7]. In summary, MFACR is a pro-apop-
totic circRNA that indirectly and positively 
regulates the expression of MTP18, which 
increases mitochondrial fission and cardiomyo-
cyte apoptosis in ischemic hearts [7].

Moreover, Li and colleagues, 2018, recurring 
to in vitro methodologies, have demonstrated that 
circNCX1 is also associated with apoptosis in 
mouse cardiomyocytes. They have shown that an 
increase in the levels of circNCX1  in hydrogen 
peroxide-exposed stressed neonatal cardiomyo-
cytes and H9c2 cells and in a MI mouse model, 
leads to a drastic increase in cardiomyocyte 
apoptotic rate [111]. This circRNA is generated 
from the second exon of the sodium/calcium 
exchanger 1 (ncx1) gene. This circRNA’s up- 
regulation occurs as a result of exposure to reac-
tive oxygen species (ROS) and was shown to 
worsen the myocardial I/R damage effects. 
Increased circNCX1 synthesis leads to decreased 
levels of miR-133a-3p, a miRNA that was previ-
ously shown to be linked to hypertrophic cardio-
myopathy and heart failure [111, 112]. CircNCX1 
harbors 8 putative binding-sites that exhibit 
imperfect complementarity to miR-133a-3p. 
MiR-133a-3p targets the cell death-inducing 
p53-target protein 1 (CDIP1), a transducer that 
mediates some major steps of apoptotic events 
[113]. Thus, low levels of miR-133a-3p lead to 
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an increase in the number of apoptotic cardio-
myocytes. Li’s work was the first to demonstrate 
the relation of the circNCX1/miR-133a-3p/
CDIP1 axis with myocardial injury [111].

NcRNAs can be found in various body fluids 
and may function as disease biomarkers [114–
116]. Extracellular circRNA may be found 
encapsulated inside extracellular vesicles, like 
exosomes [117, 118]. The blood transcriptome 
is an excellent source of RNA biomarkers for 
many diseases: For instance circulating hsa_
circ_0001785 can be used to detect breast can-
cer [105] and circulating hsa_circ_0124644 can 
be detected as a biomarker of coronary artery 
disease (CAD) [119]. As circRNAs are very 
abundant in peripheral blood and resistant to 
exoribonuclease action, these molecules may 
be used as non-invasive biomarkers of heart 
disease [21, 22, 115, 116, 119, 120]. For exam-
ple Deng et  al. demonstrated  that cir-
cRNA_081881 is down-regulated in the plasma 
of Acute Myocardial Infarction (AMI) patients 
alongside with the Peroxisome proliferator-
activated receptor gamma (PPARγ), a transcrip-
tion factor. Knockdown of circRNA_081881 by 
siRNA had an impact on the decrease of PPARγ, 
which suggested that circRNA_081881 is 
directly related to PPARγ expression. 
Moreover, the group showed that this circRNA 
has 7 MREs for miR-548, being PPARγ one of 
its targets [114].

Additionally, the Myocardial Infarction- 
associated circular RNA (MICRA), a circRNA 
that is originated from the exon 1 of the zinc fin-
ger protein 609 (ZNF609) gene is down- 
regulated in the blood of MI patients. 
Salgado-Somoza et  al. reported that MICRA, 
may be used to diagnose left ventricular (LV) 
dysfunction risk and differentiate its severity in 
three different groups in patients that undergo 
through AMI at reperfusion time [116]. It was 
shown in colon tissue that a similar circular tran-
script (circZNF609) derived from the same gene 
locus, regulates miR-150-5p [121]. As miR-150 
is up-regulated in LV remodeling after AMI 
[122], it is predicted that MICRA is able to regu-
late miR-150 in MI [116].

4.3  Cardiac Fibrosis

Fibrosis is a condition characterized by myofibro-
blast activation and an increase of fibrotic protein 
synthesis. These proteins are actively secreted 
into the extracellular space, forming a collagen 
matrix that increases the myocardium stiffness. 
Cases of arrhythmia and heart failure may occur 
due to fibrosis in conditions such as diabetic car-
dio-myopathy (DCM) [103, 123, 124].

Tang et  al. 2017, studied the effect of cir-
cRNA_000203 on the development of DCM in a 
diabetic mice model. This circRNA is transcribed 
from the Myo9a gene and it contains the exons 
7–15 and respective flanking sequences of the 
introns 6 and 15. Two binding sites for miR- 
26b- 5p, a miRNA involved in the suppression of 
Col1a2 and CTGF expression, were reported 
within circRNA_000203 [103]. Col1a2 is a pep-
tide that can be found in type I collagen and 
CTGF is an extracellular growth factor protein 
responsible for the regeneration of damaged tis-
sue that can be found in fibrotic tissues as well 
[103, 125]. The circRNA_000203/miR-26b-5p 
interaction results in an overexpression of Col1a2 
and CTGF, which are the main cause for the 
appearance of a fibrotic phenotype in 
DCM.  Moreover, higher levels of cir-
cRNA_000203  in mouse diabetic myocardium 
and in Ang-II-induced cardiac fibroblasts are 
responsible, not only for the Col1a2 and CTGF 
up-regulation but they are also accompanied by 
an increase in Col3a1 and α-SMA levels. 
Therefore, an increased cardiac rigidity, arrhyth-
mias and decreased myocardial thickness may 
occur when circRNA_000203 is up-regulated 
[103].

In addition to circRNA_000203, cir-
cRNA_010567 has also been shown to be 
involved in diabetic cardiomyopathy in diabetic 
mouse myocardium and in Ang-II-induced car-
diac fibroblasts (CFs) [125]. Zhou and col-
leagues, 2017, recurring to in silico techniques, 
found that circRNA_010567 has miR-141 bind-
ing sites in its structure. MiR-141 negatively 
regulates the expression of the pivotal fibrosis 
protein TGF-β1, as demonstrated by a validation 
performed by dual-luciferase assay [125]. Since 
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TGF-β1 is a fibrotic protein, its overexpression is 
responsible for the fibrotic phenotype that is 
characteristic in DCM hearts. The down- 
regulation of circRNA_010567 is able to amelio-
rate the fibrotic condition and is also accompanied 
by decreased expression of Col1a2, Col3a1 and 
α-SMA, all of them fibrosis-associated proteins 
[125]. A better understanding of regulatory 
events involving these pro-fibrotic circRNAs 
(circRNA_000203 and circRNA_010567) it 
would be of great importance to derive new treat-
ments for DCM [103, 125].

4.4  Hypoxic Angiogenesis 
and Endothelial Disorders

ZNF609 locus may produce at least two different 
major circRNA isoforms: MICRA, which was 
discussed previously, and circZNF609 (Fig. 4.2). 
CircZNF609 was shown to be abundant in endo-
thelial cells of individuals that suffered from dia-
betes mellitus, hypertension and coronary artery 
disease (CAD), thus causing pathological angio-
genesis. CircZNF609 may act as a miRNA 
sponge by interacting with miR-615, which is a 
negative regulator of the Myocyte Enhancer 
Factor 2A (MEF2A), a protein that acts as a tran-
scription factor and is intricately associated with 
CAD and MI [126]. In hypoxic and high glucose 
content conditions, circZNF609 is up-regulated 
and may cause tube formation, migration of 
endothelial cells and even trigger programmed 
cell death. The silencing of circZNF609 dimin-
ishes the effects of endothelial damage [127, 
128]. Surprisingly, circZNF609 contains an small 
open reading frame in its sequence that could be 
translated, although further investigation is nec-
essary to understand the physiological role of the 
encoded micro-peptide sequence [129].

Other putative “sponge-effects” involving cir-
cRNA molecules were also described in knock-
down assays carried out on hypoxic conditions. 
For instance, hsa_circ_000595 can promote 
apoptosis in aortic smooth muscle cells. It was 
shown that the overexpression of this circRNA is 
accompanied by miR-19a down-regulation [130]. 
On the other hand, hsa_circ_0010729 was char-

acterized as a vascular cell apoptosis suppressor 
by inhibiting the activity of miR-186. This 
miRNA acts as a pro-apoptotic factor that down- 
regulates the activity of the hypoxia inducible 
factor 1 alpha (HIF-1α), an anti-stress protein 
involved in angiogenesis during hypoxic condi-
tions. It was verified that hsa_circ_0010729 
diminishes the effects of hypoxia by regulating 
the vascular endothelial cell proliferation [131].

4.5  Stroke

Stroke occurs when the supply of O2 that reaches 
the brain decreases dramatically, leading to seri-
ous tissue damage that worsens the normal func-
tion of the organ and can have severe consequences 
for patients. Most of the strokes are caused by 
ischemic events (ischemic stroke; IS), in which 
the blood flow decreases due to plaque forma-
tion. However with less frequency, vascular rup-
ture may also occur leading to hemorrhagic 
stroke [132–134].

Recurring to miRNA pull down assays and 
FISH (fluorescent in situ hybridization), Bai and 
her group revealed that circDLGAP4 is down- 
regulated in IS patients and in a transient middle 
cerebral artery occlusion (tMCAO) mouse model. 
CircDLGAP4 is back-spliced from exons 8–10 
of the DLGAP4 gene and has sponging activity 
over miR-143. High levels of miR-143 are 
responsible for a lower expression of tight junc-
tion proteins which leads to epithelial- 
mesenchymal transition. In fact miR-143 
negatively regulates the homologous to the 
E6-AP C-terminus domain E3 ubiquitin protein 
ligase 1 (HECTD1), whose down-regulation is 
responsible for increasing neurological deficits, 
an increase in the damage induced in the blood- 
brain barrier and ultimately IS [135].

Additionally, it was found in tMCAO, in 
human glioblastoma A172 cell line treated with 
oxygen glucose deprivation-reperfusion and in 
IS patients’ blood, that the same HECTD1 
locus is able to produce a circRNA that down-
regulates the expression of miR-142, called cir-
cHECTD1. CircHECTD1 contains the exons 23 
and 24 of the HECTD1 gene. The effect of this 
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interaction is responsible for astrocyte activa-
tion due to the expression of autophagic pro-
teins, thus leading to cerebral infarction. 
TCDD-inducible poly (ADP- ribose) poly-
merase (TIPARP) is a target of miR- 142 and 
participates in ischemic stroke. Down-
regulation of circHECTD1 is responsible for 
lower levels of TIPARP, which reduces the risk 
for brain infarction [136].

4.6  Atherosclerosis

Atherosclerosis is a consequence of plaque depo-
sition in arteries. In a worse case, atherosclerosis 
can lead to coronary artery disease (CAD), which 
is one of the major causes of cardiovascular dis-
eases in the world [137]. Carotid artery disease 
occurs during plaque deposition in the walls of 
the arteries of the same name.

Bazan and colleagues studied the relative 
abundance of hsa_circ_0000284 (which they 
refer as circR-284) and miR-221 in the plasma of 
patients that suffered from recent carotid-related 
cerebrovascular ischemic event and a control 
group. MiR-221 is able to down-regulate the 
expression of the cyclin-dependent kinase p27Kip1 
[138, 139]. This kinase blocks the cell cycle of 
vascular smooth muscle cells (VSMC). The 
down-regulation of this protein is able to promote 
carotid Intima-media thickness [138]. It was 
found that circR-284 levels were elevated in the 
patients that suffered carotid artery disease in the 
past 5 days, whilst miR-221 levels were down- 
regulated, in comparison with the control group. 
This suggested that circR-284 may inhibit miR- 
221 activity by sponging it. In fact, the same 
group reported one binding site in the circRNA 
molecule. Moreover, relative amounts of circR-
 284 and miR-221 constitute a biomarker to diag-
nose plaque rupture in the carotid artery, as in 
other arteries. Additionally, they claim that these 
molecules ratio can be considered as a prognostic 
biomarker for stroke risk [115].

4.7  Coronary Artery Disease

As already mentioned, CAD is a cardiovascular 
disease that presents high mortality and morbid-
ity [137]. Several research groups have focused 
on the study of circRNA and miRNA co- 
expression in CAD patients in order to find 
molecular biomarkers for this disease [140, 141]. 
In one of these studies, 24 circRNAs were dif-
ferentially expressed in the blood of individuals 
with CAD. Among these 24 circRNAs, 9 (hsa_
circ_0089378, hsa_circ_0083357, hsa_
c i r c _ 0 0 8 2 8 2 4 , 
hsa_circ_0068942, hsa_circ_0057576, hsa_
circ_0054537, hsa_circ_0051172, hsa_
circ_0032970 and hsa_circ_0006323) were 
up-regulated, along with the Transient Receptor 
Potential Cation Channel Subfamily M Member 
3 (TRPM3) [140]. TRPM3 is a channel protein 
able to regulate the calcium membrane gradient 
and it is responsible for the proliferation and con-
tractility of vascular smooth muscle cells [142]. 
This channel protein is regulated by miR-130a-3p 
and it is not expressed in individuals with 
CAD.  Using bioinformatics tools, Pan and his 
colleagues revealed that these 9 circRNAs have 
binding sites for miR-130a-3p. This study is 
merely prospective and requires validation of the 
in silico results by laboratorial methods [140].

5  Conclusion and Perspectives

Increasing evidence suggests that ncRNAs dis-
plays distinctive functions in the regulation of 
genomic output. Also, emerging data highlights 
the regulation of several molecular events under 
pathological circumstances through interactions 
between lncRNAs, circRNAs and miRNAs 
(Tables 4.1 and 4.2). These entangled networks 
of RNA regulatory and functional interactions 
appeared to be in the core of the delicate molecu-
lar balance that controls cell homeostasis. 
Understanding this RNA regulatory crosstalk 
may clarify the cell gene regulatory networks and 
can have new implications in the characterization 
of the molecular events that control cell physiol-
ogy and disease.
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In this chapter, we described that ncRNAs 
interactions can regulate multiple pathological 
processes in CVDs including myocardial hyper-
trophy, fibrosis, necrosis, apoptosis, autophagy as 
well as vascular cell apoptosis and proliferation. 
Additionally, the manipulation of ncRNAs 
expression levels by either inhibiting the up- 
regulated lncRNAs/circRNAs or increasing 
down-regulated lncRNAs/circRNAs illustrate 
future novel therapeutic strategies in cardiovas-
cular diseases.

In the future, development of high-throughput 
sequencing and new interfering technologies 
may lead to further identification of ncRNAs 
involved in the pathophysiology of cardiovascu-
lar diseases, and more meaningful translational 
studies will be needed.
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Abstract
Cardiovascular disease (CVD) is the leading 
cause of mortality as well as morbidity world-
wide. The disease has been reported to be 
chronic in nature and the symptoms of the dis-
ease worsen progressively over a long period 
of time. Inspite of noteworthy achievements 
have been made in the therapy of CVD yet the 
available drugs are associated with various 
undesirable factors including drug toxicity, 
complexity, resistance and many more. The 
versatility of RNAs makes them crucial thera-
peutics candidate for many human diseases. 
Deeper understanding of RNA biology, 
exploring new classes of RNA that possess 
therapeutic potential will help in its successful 
translation to the clinic. Understanding the 
mode of action of various RNAs such as 
miRNA, RNA binding proteins and siRNA in 
CVD will help in improved therapeutics 
among patients. Multiple strategies are being 
planned to determine the future potential of 
miRNAs to treat a disease. This review 
embodies the recent work done in the field of 

miRNA and its role in cardiovascular disease 
as diagnostic biomarker as well as therapeutic 
agents. In addition the review highlights the 
future of miRNAs as a potential therapeutic 
target and need of designing micronome that 
may reveal potential predictive targets of 
miRNA-mRNA interaction.

Keywords
Cardiovascular disease (CVD) · RNA Binding 
Proteins (RBPs) · Aptamer · microRNA

1  Introduction

Cardiovascular diseases (CVDs) have been found 
to be the leading cause of mortality around the 
globe. More than 80% of deaths are as a result of 
CVD, Ischemic heart disease and stroke. On an 
average, 235 per 100,000 deaths were reported to 
be due to the CVDs worldwide. In India the num-
ber is higher in comparison to other countries. 
The Global Burden of Disease has been estimated 
to be 272 per 100,000 population in India [1]. 
Among Indians, early disease onset, accelerated 
build-up and increased fatality have been 
observed. Numerous factors have been reported 
to be involved in the pathogenesis of the disease. 
These factors include both modifiable and 
 non- modifiable factors such as genetic factors, 
lifestyle, obesity, excessive tobacco use, low fruit 
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and vegetable intake etc. Moreover, optimal ther-
apy is not being received by the individuals from 
lower socioeconomic backgrounds frequently 
which have led to poorer outcomes. In the vicin-
ity of poorer outcomes, such epidemic diseases 
can be counteracted by developing the strategies 
that includes formulation and effective imple-
mentation of evidence-based policy, reinforce-
ment of health systems, as well as emphasis on 
prevention, early detection, along with treatment 
with the use of both conventional and innovative 
techniques. Most of such strategies are being 
tested in undergoing community-based studies. 
Among these studies, non-coding RNAs such as 
miRNA, aptamers and RNA binding proteins 
(RBPs) are also being explored for early detec-
tion of disease and good outcome among patients 
with cardiovascular disease [2].

The eukaryotic genome is comprised of both 
protein coding and non-protein coding 
DNA. Although there has been much agreement 
that a small fraction of these genomes has impor-
tant biological functions, but it is still debatable 
that how the rest of the genome is contributing to 
the body. Hangauer et  al. [3] demonstrated the 
fact that 85% of the human genome is actively 
transcribed into non-coding RNAs [3]. Due to the 
ambiguity, much of the speculation is centred 
that low level of DNA is transcribed into actual 
coding RNA yet the other non-coding RNA is 
arbitrarily assigned with various names such as 
micro RNA, silencing RNA, Long non coding 
RNA etc. RNA has become a spotlight of atten-
tion for developing novel therapeutic schemes 
and hence variety of therapeutic strategies is 
being coming into the picture that includes RNA 
interference, use of aptamers and  role of 
microRNA (miRNA) that can alter the complex 
gene expression patterns [4]. The versatility of 
RNAs makes them crucial therapeutics candidate 
for many human diseases. Deeper understanding 
of RNA biology, exploring new classes of RNA 
that possess therapeutic potential will help in its 
successful translation to the clinic. Understanding 
the mode of action of various RNAs including 
long non-coding RNAs (lncRNAs), miRNA, 

siRNA, etc. in CVD will help in improved thera-
peutics among patients [5].

It is due to the fact that RNA offers various 
advantages in disease management as it can be 
edited and modified in its various forms such as 
secondary and tertiary structures. Although sci-
entists are in process of manufacturing RNA- 
targeting therapies using variety of endogenous 
gene silencing regulators, Small interfering 
RNAs (Si RNAs), aptamers and microRNA for 
cardiovascular diseases yet the development of a 
novel, risk free therapeutic strategy is a major 
challenge and need of the hour in cardiovascular 
medicine [6]. Moreover, it has been observed that 
multiple cell types are being comprised by car-
diovascular system which helps to amend the 
phenotypic response to any acute or chronic 
injury. The cellular phenotypic changes are con-
trolled by various proteins such as RNA binding 
proteins (RBPs) and non coding RNAs such as 
miRNA etc. [7] which ultimately determine car-
diovascular health and disease. While performing 
phenotypic conversions, RBPs are known to 
establish an impact on mRNA fates which is fur-
ther responsible for mediating transcriptional/
post-transcriptional modification. Similarly, it is 
well documented that an individual non coding 
RNA has capability to influence hundreds of 
transcripts and ultimately to affect complex pro-
grams of gene expression and thereby affecting 
the overall genotypic or phenotypic expressions 
of a cell [8, 9]. Moreover, it has been predicted 
that miRNA is a key player in regulating various 
cellular processes including cardiovascular 
development. It is pertinent to mention that in 
recent years RNA therapeutic strategies such as 
RNA binding proteins, miRNA, aptamers etc. are 
upcoming and witnessing huge progress in the 
field of cardiovascular diseases [10, 11]. The 
present manuscript has been compiled to summa-
rize various approaches of RNA binding proteins 
and non-coding RNA in prognosis, diagnosis and 
therapeutics of cardiovascular diseases.

P. Bansal and M. Arora



107

2  RNA and Its World 
of Therapeutics

Non coding DNA accounts for 98.5% of human 
genome. This non-coding DNA is transcribed to 
a wide range of functional RNA species widely 
called non coding RNAs [12]. These are classi-
fied into three different classes called small 
around19–25 nucleotides, intermediate-sized 
around 20–200 nucleotides and long around 200 
nucleotides. It has been observed that the actual 
number of the non-coding RNA within the 
genome is unknown but the structure as well as 
function of them is being revealed using various 
bioinformatics software [13]. Many of the non- 
coding RNAs are not validated for their function 
and considered to be product of spurious tran-
scription but as per current studies these are 
found to be highly potential biomarkers for 
CVD.  In addition these so called spurious tran-
scripts are emerging as next frontiers in the drug 
discovery.

According to the central dogma, different 
types of RNA passively convert the information 
encoded in the DNA to polypeptides via replica-
tion followed by transcription and translation 
respectively [14]. For such functions, RNA is not 
alone rather different types of RNA associate 
them with diversity of proteins from the site of 
transcription i.e. nucleus to the outreaches i.e. 
cytoplasm. These proteins are classified under 
the category of RNA binding proteins that are 
helpful in performing various tasks such as trans-
port, localization, translation and stability of 
mRNAs or other types of RNAs. In addition, 
these are the key factors to play important role in 
communication of crucial information to the 
translation machinery for critical surveillance of 
any kind of mutations. Hence RBPs possess the 
entire responsibility to shape the gene expression 
of a cell at multiple centres. In addition, it is well 
known fact that RBPs are keen factors in devel-
opment, in various physical and chemical changes 
as well in context to development of heart. 
According to different studies, it has been dem-
onstrated that RBPs have been placed in some 
specific stages of heart development and are 
involved in almost all stages of cardiogenesis 

such as formation, morphogenesis and matura-
tion of heart [15]. The deeper insights into the 
function of RBPs may give rise to some specific 
targets that may provide attractive, novel targets 
for the prognosis, diagnosis and treatment of var-
ious heart diseases.

3  RNA Binding Proteins 
and Their Characteristics

RNA-binding proteins (RBPs) are very important 
interaction partners for all cellular RNAs. These 
proteins have been reported to regulate RNA pro-
cessing at numerous levels including alternative 
splicing, mRNA stability, mRNA localisation 
and translation efficiency. The activities of RBPs 
in nucleus and cytoplasm are regulated through 
their cellular compartmentalisation. In the 
nuclear compartment, they function as splicing 
regulators often during development. In the cyto-
plasm, RBPs function in the regulation of mRNA 
localisation, mRNA stability and regulates the 
translational efficiency of mRNA. RNAs associ-
ate with RBPs to form dynamic ribonucleopro-
tein particles (RNPs) for execution of RNA 
function [16, 17]. Nascent pre-mRNA are cov-
ered with myriad of RBPs that collectively form 
RNPs. Previously, it has been reported that 
human genome encodes more than 700 RBPs. 
These proteins interact with the target mRNAs at 
3′- and 5′- untranslated regions, intronic and 
exonic regions. Numerous sequencing-based 
RBP foot-printing studies have reported intricate 
and combinatorial interactions between RNA and 
RBPs [18]. Some of the general feature of RNA 
binding proteins are compiled and shown in 
Fig. 5.1.

4  RNA Binding Proteins 
in Cardiovascular Diseases

The function of RBPs can be disrupted in the dis-
ease. The competition for access of target mRNA 
by RBPs is determined by their expression level 
in a healthy and diseased individual. These can 
be either primary cause of the disease or a 

5 RNA Binding Proteins and Non-coding RNA’s in Cardiovascular Diseases
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 consequence. RBPs including quaking, HuR, 
muscle blind and SRSF1 have been found to be 
the major key players in cardiovascular disease. 
Homozygous alterations in these RBPs are 
reported to be associated with cardiac and vascu-
lar complications. These are crucial for maintain-
ing mRNA transcript abundance and its 
translation into mature proteins.

Various studies have demonstrated the impor-
tance and co-ordinating role for RBPs in foetal, 
juvenile, and adult hearts. In addition, these stud-
ies have also demonstrated that how altered RBP 
levels can impact cardiac function in health and 
disease. During diseased conditions the expres-
sion of RBPs is varied that leads to defective 
splicing and causes translation of defective pro-
tein. Splicing defects can lead to heart dysfunc-
tion. Major RBPs that are associated with 
spliceosome and cardiovascular disease risk 
include Troponin T, SERCA2a/b and CETP [19, 
20]. In addition, it as been observed that Celf1 

and Muscleblind1 (MBNL) are associated with 
postnatal splicing for the effective organization 
of transverse tubules and calcium handling. 
However, Serine/Arginine rich splicing factor 
(SRSF1) has been found to guide the splicing 
pattern for maintaining electrical conductivity 
among cardiomyocytes during juvenile to adult 
transition. Another RBP of interest is RBM20 
which is highly expressed in human heart. Even 
single nucleotide polymorphism (SNP) in exonic 
region of RBM20 results in increased risk of 
DCM due to altered expression of this RBP.  It 
affects ion homeostasis, sarcomere organization 
and diastolic function including titin, tropomyo-
sin I, PDZ and LIM domain 5. A variety of RNA 
binding proteins are engaged in different role and 
are helpful in the alleviation of CVD [21]. The 
availability of various RNA binding proteins and 
their role in CVD is compiled in Table 5.1.

RBPs have been reported to associate in repair 
of damaged vessels during vascular injury. For 

RNA BINDING 
PROTEINS

(RBPs)

Bind to ssRNA strands

play role in 
polyadenylation, 

stabilization, 
localization and 

translation.

Evolutionarily and  
deeply conserved, 
structural domains 

that diversified 
early in evolution

Most abundant 
proteins and 
ubiquitously 

expressed

Central and 
conserved role in 
gene regulation

Generally found in 
the cytoplasm and 

nucleus

Fig. 5.1 Schematic 
representation of 
characteristics of RNA 
binding proteins
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the initiation of repair, RBPs co-ordinate impor-
tant splicing events of mRNA of SM-myosin 
heavy chain, myosin light chain kinase, smooth-
elin, tropomyosin, metavinculin, calponin, 
and  caldesmon. The actual procedure of repair 
used by these RBPs is largely unknown. 
Moreover, the impact of other RBPs has been 
found on expression of eNOS, enzyme involved 
in the synthesis of Nitric oxide (NO) by endothe-
lial cells (EC) which triggers vasoconstriction. 
Experimental studies have been carried out to 
investigate the function of RBPs in human ECs. 
RBPs impact eNOS biology through hnRNP L, a 
protein that co-ordinates eNOS pre-mRNA alter-
native splicing that results in generation of a trun-
cated, dominant negative eNOS isoform [26, 27]. 
Although evidences indicate that these alterna-
tive truncated eNOS isoforms affect NO produc-
tion but the pathophysiological relevance in 
context with EC function in patients with CVD is 
unknown till date.

In addition, RNA-binding proteins have also 
been implicated in the posttranscriptional regula-
tion of various other vital EC-derived factors, 
including VEGF, endoglin and HIF1a [28]. An 
isoform of RBP76/DRBP76/NF90 interacts with 
the 30 UTR of the VEGF mRNA and enhances 
VEGF production by human ECs whereas altera-
tions in SRSF1 levels in senescent ECs alters 

splicing of VEGF and endoglin pre-mRNA [29, 
30].

5  Micro RNAs and Its 
Biogenesis and General 
Properties

miRNA are considered to be potential post- 
transcriptional regulators and plays a vital role in 
gene expression. On an average, nearly 1000 
miRNAs are encoded in the human genome and 
these are originated from various non-coding 
DNA/RNA regions. Depending upon the genomic 
location as well as gene structure, miRNA are 
classified as intergenic, intronic and exonic 
miRNA. According to this, more than 50% of the 
miRNA are located in the intergenic regions. The 
intergenic miRNA may exist either as single gene 
or may be as cluster of genes under the control of 
one promoter whereas intronic miRNA are 
located in introns of annotated genes that may be 
encoded from coding or non-coding genes. 
Exonic RNAs are originated from the overlap-
ping region across an exon or intron of non- 
coding genes.

The biogenesis of miRNA involves various 
steps that convert a pre mature pre-miRNA to a 
mature miRNA. There is involvement of various 

Table 5.1 Various RNA binding proteins and their role in CVD

RBPs Disease Diagnostic criteria
Muscleblind1 
(MBNL1)

Cardiomyocytes Regulation of voltage gated channels responsible for cellular 
expression and splicing of the SCN5A, a voltage-gated sodium 
channel [22]

Poly (rc) binding 
protein (PCBP2)

Hypertrophy of 
cardiomyocytes

Inhibit hypertrophy of cardiomyocytes which is induced due to 
angiotensin II as it is responsible for degradation of GPR56 mRNA 
degradation [23, 24]

CIRP Cardiac diseases Enhances the translation of essential ion channel subunits
Loss of CIRP results in defective voltage-gated potassium channel 
function and diminished bioelectric activity in mammalian hearts 
[25].

SRSF2 Cardiomyopathy Extensive fibrosis, myofibril disarray, dilated cardiomyopathy 
evident after 5 weeks, decreased ventricle muscle contractility due 
to loss of this RBPs

5 RNA Binding Proteins and Non-coding RNA’s in Cardiovascular Diseases
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RNAs, RNA binding proteins and enzymes as 
well. The step by step process of miRNA biogen-
esis is shown in Fig. 5.2.

Structurally, miRNA are endogeneous, a class 
of highly abundant RNAs and are short nucleo-
tides of length 19–22 nucleotides approximately. 
miRNA are endogenous but an exogenous 
miRNA can also be introduced into a cell by a 
viral vector that encodes pre-miRNA or by other 
synthetic vehicle carrying synthetic pre-miRNA 
or miRNA [31, 32]. The general properties of the 
miRNA are shown in Table 5.2.

6  miRNA in Cardiovascular 
Diseases

Recent advances in the field of miRNA have 
revealed its importance in numerous human dis-
eases including coronary heart disease [33]. 
Deletion of specific region of dgcr8 gene, 
required of miRNA production in cardiomycotes 
results in ventricular malfunction and premature 

lethality [34]. Another miRNA, miRNA-21 
(miR-21) has been found to be involved in patho-

microRNA
maturation and

Function

6.
mature miRNA

formation
transcribed by

RNA
PolymeraseII.

1.
The Primary-

miRNA
recognized and

cleaved by
ribonuclease III

(RNase III)
endonuclease

2.
Precursor miRNA
transported from
the nucleus to the

cytoplasm by
nuclear export

factors

3.
in cytoplasm

further cleaved and
micro RNA duplex

is loaded onto
particular

Argonaute (AGO)
proteins

4.
Mature miRNA
(also known as

guide RNA
strand)is formed

5.
The RISC

assembly carrying
the singlr-

stranded guide
miRNA attaches to

its target
nucleotide

Fig. 5.2 Representation 
of biogenesis of miRNA

Table 5.2 Representation of general properties of 
miRNA

Features Property of miRNA
Prior to 
processing

Originated from a precursor 
miRNA (pre-miRNA) that 
contains 70–100 nucleotides with 
hairp in structure

Structure 19–25 nucleotide RNA duplex 
with 2 nucleotides 3′ overhang

Complementary Partially complementary to 
mRNA, typically targets the 
untranslated mRNA regions at 3′ 
end

mRNA target Multiple targets varying from 
1–100 at a same time

Mechanism of 
gene regulation

Translational repression of 
mRNA, rarely endonucleolytic 
cleavage of mRNA, degradation 
of mRNA, mRNA de-adenylation 
and mRNA sequestration

Clinical 
applications

Potential biomarkers, diagnostic 
tools, therapeutic agent and drug 
target
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genesis of cardiac fibrosis by upregulating the 
ERK-MAP kinase signalling pathway in cardiac 
fibroblasts [35]. Repression of miR21 signifi-
cantly improves cardiac outcome. In addition, 
miRNA has also been reported to be involved in 
cardiac fibrosis [36]. Increased levels of miR21 
have been found to mitigate fibrosis as they 
reduce collagen production. Similarly, decreased 
levels of miR-29 after MI induced production 
and deposition of collagen fibers. miRNAs are 
crucial for other regenerative processes in the 
heart [37]. Collectively, miRNA or anti-miR 
delivery has great therapeutic potential for a vari-
ety of diseases [38]. miRNAs based therapeutics 
in cardiovascular diseases can be used via 
 different strategies. A reverse association of some 
miRNA and good outcome has been detected in 
patients with cardiovascular disease. It has been 
found that a decoy against miR-24 to reverse its 
inhibition on angiogenesis improves cardiac 
function in a mouse MI model [39]. Embryonic 
stem cells that overexpress miR-1 (ESCs) 
improved stem cell differentiation into cardio-
myocytes and reduced levels of apoptosis follow-
ing injection in the infarcted heart. miR-126 is 
expressed in mesenchymal stem cells and it 
improves angiogenesis and overall cardiac func-
tion in infracted myocardium. Further, treatment 
of infarcted heart cells with lentiviruses encoding 
miR-1/133/208/499 enables direct in  vivo con-
version of cardiac fibroblasts into cardiomyocyte- 
like cells in the infarcted heart [10]. A variety of 
miRNA are engaged in different role and are 
helpful in the alleviation of CVD either acting as 
diagnostic biomarker, therapeutic agents or as 
drug targets. The availability of various miRNA 
as biomarker reported in various studies is com-
piled in Table 5.3.

7  Commonly Expressed miRNA 
in Cardiovascular Diseases

miR-21 is first mammalian RNA identified and is 
one of the most commonly studied miRNA in a 
CVD. It is abundant in vessel wall and differen-
tially expressed upon shear and mechanical stress 
to the vessel. Among humans, it is expressed in 

podocytes, dendritic cells and CD14+ monocytes 
[47] of normal cells rather highly expressed in 
various cancers and CVD [48] and human athero-
sclerotic plaque [49]. It is dynamically regulated 
in various pathological processes i.e. cell sur-

Table 5.3 Role of various miRNA as biomarker in car-
diovascular diseases

miRNA Disease Diagnostic criteria
miR-122 Hyperlipidemia Serves as a primary 

regulator of lipid 
biosynthesis. 
Aberrant levels is an 
indication of 
coronary artery 
disease (CAD) [40, 
41]

miR-126, 
miR-9

Hypertension, 
CHF (cardiac 
heart failure), 
stroke

Regulation in 
vascular integrity and 
angiogenesis 
indicates disease [42, 
43]

miR- 
143/145

Hypertension, 
CAD, stroke

Macrophage 
differentiation and 
polarized activation 
processes indicates 
disease [10]

miR- 
1254, 
miR-423, 
miR-30d

Chronic heart 
failure (CHF)

Increased level of 
miR-1254 represents 
the disease whereas 
miR-423 and 
miR-30d levels are 
decreased in CHF

miR-21, 
miR-210, 
miR-423, 
miR-1, 
miR-26b

Heart failure 
(HF)

Increased level of 
miR-21, 210, 423,1 
and 26b represents 
the heart failure.

miR- 
1306, 
miR-30d, 
miR-126, 
miR-423, 
miR-18a

Acute heart 
failure (AHF)

Increased level of 
miR-1306 and 
mi-30d represents the 
disease whereas 
miR-126, miR-423 
and miR-18a levels 
are decreased in acute 
heart failure

miR-30c, 
miR-146a

Heart failure 
with preserved 
ejection fraction

Decreased level of 
miR-1306 and 
mi-30d represents the 
heart failure with 
preserved ejection 
fraction disease

miR-26a Cardiovascular 
repair; acute 
coronary 
syndromes

Up regulation in the 
patients’ plasma [44]

(continued)
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vival, apoptosis and cell invasiveness [50]. 
Studies have reported that overexpression of 
miRNA21 in endothelial cells inhibits the expres-
sion of Peroxisome Proliferator-Activated 
Receptor-alpha (PPARα) that further results in 
increased expressions of VCAM-1 and MCP-1 
[51]. Hydrogen peroxide and lipopolysaccha-
rides alter the expression of various miRNAs, 
including miRNA21 in endothelial cells [52].

In addition, miR-155 is a “immuno-miR,” 
with a pivotal role in both innate and adaptive 
immunity. It is second most commonly studied 
miRNA in atherosclerosis and hypertension. It is 
significantly expressed in hematopoietic stem 
cells and promotes B cell-related immunoglobu-
lin production, T cell proliferation in response to 
antigen as well as cytokine production [53]. 
Various studies confirm that mineralocorticoid 
plays an important role in stimulation of hyper-
tension. It has been observed that high serum lev-
els of miR-155 in response to mineralocorticoid 
are available in the patient exhibiting greater 
reduction in systolic blood pressure. In contrast, 
levels of miR-155 were detected to be dramati-
cally low in aorta of aged white mouse. In a cross 
sectional study of 932 Chinese patients, a nega-
tive co-relation was observed among plasma lev-
els of miR-155 and severity of coronary 
atherosclerosis [54]. Moreover, miR-155 is found 
to be pro-inflammatory and predictive of worst 
outcome in patients with atherosclerosis.

miR-146 is another “immuno-miR” that pri-
marily functions in innate immunity and nega-

tively regulate the production of pro-inflammatory 
cytokines (Perry et al. 2008). As per a study of 50 
patients, elevated expression of miR-146a, miR- 
146b and miR-21 was observed in plaque boarded 
arteries in comparison to normal vessels [50]. 
Moreover, it acts a potential mediator through 
which Apo E suppresses myeloid cell inflamma-
tion i.e. NF- κB activation [55]. Apo E is associ-
ated with normal physiologic removal of 
circulating triglyceride-rich particles e.g., 
VLDL.  A strong anti-inflammatory and athero- 
protective role of miR-146 family has been evi-
denced in various studies.

miR-143 and miR-145 form a classical cluster 
on chromosome 5 as these two are present in 
close proximity. Although miR-143 and miR-145 
are available as cluster but expression level of 
miR-143 was found to be more than miR-145 due 
to an unknown mechanism. In a cohort (cohort 
that exhibited hyper-homocysteinemia (Hhcy) 
without carotid atherosclerosis, Hhcy with 
carotid atherosclerosis, and carotid atherosclero-
sis (without Hhcy) study, higher expression of 
miR143/145 was observed in patients with Hhcy 
in comparison with healthy controls [33]. 
Moreover, as per Santovito et al. 2013, miR-145 
was up-regulated in carotid atheromas from 
hypertensive patients in comparison of carotid 
atherosclerosis without hypertension [56].

Another prototypical immune miR i.e. miR- 
223 is highly expressed in myeloid cells. Down- 
regulation of this miR is required for 
monocyte-to-macrophage differentiation [57] but 
miR-223 was found to be elevated in the visceral 
adipose of obese humans in the absence of hyper-
lipidemia and hypertension [57, 58]. A positive 
correlation was observed in increased miR-223 
levels and the incidence of acute ischemic stroke 
[58]. Increased expression of miR-223 maybe 
because of hypomethylation of the miR-223 pro-
moter and an increased hypomethylation of pro-
moter region of miR223 was observed in 
atherosclerotic cerebral infarction patients. Apart 
above explained examples, a variety of miRNA 
are engaged in in the alleviation of CVD either as 
therapeutic agents or as drug targets. The avail-
ability of various miRNA as therapeutic agents 
and drug targets are compiled in Table 5.4.

Table 5.3 (continued)

miRNA Disease Diagnostic criteria
miR-16, 
miR-27a, 
miR-101, 
and 
miR-150

Left ventricular 
contractility 
(LV)

Downregulation of 
miR-101 or miR-150 
and upregulation of 
miR-16 or miR-27a 
correlate with higher 
risk of impaired LV 
contractility [45]

miR-1, 
miR-134, 
miR-186, 
miR-208, 
miR-223, 
and 
miR-499

Angina pectoris Up regulation in 
serum samples [46]
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8  Ongoing Clinical Trials 
in the Field of miRNA 
as Their Potential Role 
in CVD

Micro RNAs are considered as potential bio-
markers, drug targets and novel therapeutic 
agents in cardiovascular disease. Their diagnostic 
value has been evaluated in various studies and 
hence these are emerging as novel drug targets, 
therapeutic targets with respect to coronary artery 
disease (CAD) and myocardial infarction (MI). 
As per current state of art, a number of clinical 
trials are being conducted on variety of miRNA 
of potential use. The first promising in  vitro 
results are raising hope for future clinical appli-
cation. A list of ongoing clinical trials in the field 
of cardiovascular diseases using various miRNA 
targets has been compiled in Table 5.5.

9  FDA Approved miRNA Drugs

Though the field of miRNA and its role in various 
diseases is not yet fully unfolded but the research-
ers are desperate and making critical steps for 
seeking approval for newly manufactured/to be 
manufactured new miRNA based medicines from 

Table 5.4 Role of various miRNA as therapeutic agent 
in cardiovascular diseases

miRNA Therapeutic agent Mechanism of action
miR- 
121

Hyperlipidemia Reduces plasma 
cholesterol levels by
1. Repressing mRNA 
targets by binding to other 
regions including 5′ 
UTRs or protein-coding 
exons
2. Imperfect base pairing 
to the 3′ untranslated 
regions (3′ UTR) of 
messenger RNAs 
(mRNAs) thereby 
inducing repression of the 
target mRNA [59, 60]

miR- 
33

Atherosclerosis Raised HDL and induced 
regression of 
atherosclerotic plaques by 
using 2′ F/MOE-modified 
anti-sense 
oligonucleotide; 
anti-miR-33 lentivirus 
[61, 62]

miR- 
34a

Myocardial 
infarction

Improve systolic pressure 
and increase angiogenesis 
and Akt activity with the 
use of 
LNA-anti-miR-34a [63]

miR- 
208

Obesity, 
diabetes, 
metabolic 
syndrome

Provides resistance to 
high-fat diet-induced 
obesity, improves 
systemic insulin 
sensitivity and glucose 
tolerance by imperfect 
base paring with the use 
of MGN-9103 (LNA 
modified anti-sense 
oligonucleotide) [64]

miR- 
29

Atrial 
fibrillation

Deregulation of miR-29 
followed by targeting of 
mRNAs encoding 
fibrosis-promoting 
proteins by regulating 
genes involved in cardiac 
fibrosis and apoptosis [65]

miR- 
133 
miR- 
30

Cardiac fibrosis Direct interaction of both′ 
UTR of CTGF and 
down-regulate its 
expression followed by 
decreased production of 
collagen

(continued)

Table 5.4 (continued)

miRNA Therapeutic agent Mechanism of action
miR- 
30

Myocardial 
infraction

Increased expression in 
MI and decreased 
expression in cardiac 
hypertrophy. In MI, it 
regulates several ion 
channel genes including 
gap junction protein alpha 
1 (GJA1) that encode 
connexin 43, calcium 
channel beta-2 
(CACNB2) etc.

miR- 
195

Cardiac 
hypertrophy

Up-regulated during 
cardiac hypertrophy. It 
regulates sodium channel 
(SCN)5A that encodes 
cardiac Na+ channel etc.

5 RNA Binding Proteins and Non-coding RNA’s in Cardiovascular Diseases
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US Food and Drug Administration (FDA). 
MiRNA has already made its way in the treat-
ment of number of diseases and due to the posi-
tive outcomes various miRNA based drugs are 
entering to the market after seeking FDA 
approval. First anti-cancer miRNA-based drug, 
MRX-34 (a liposome-based miR-34 mimic) 
developed by Mirna Therapeutics came to the 
clinic in 2013 for the treatment of hepatocellular 
carcinoma (mirnarx.com; NCT01829971). The 
FDA approval for few of the miRNA has led the 
field to the new heights and it seems more prom-
ising that miRNA may contribute the disease 
alleviation by acting as a diagnostic as well as 
therapeutic modality. Few of such FDA approved 
drugs are enlisted in Table 5.6.

10  Future Prospects

miRNA and RNA binding proteins are two com-
plex components of gene expression. Discovery 
of novel miRNAs and their utility in disease diag-
nosis and prognosis is highly appreciable that has 
been resulted as component of large and simulta-
neous research work of various branches such as 
molecular biology, biotechnology, bioinformat-
ics, clinical-trial design, epidemiology, statistics 

as well as health-care economics. A number of 
miRNA biomarkers have been presented in vari-
ous studies and these are emerging due to their 
attractive advantages over other molecular thera-
peutics such as small size along with conserved 
sequences and their stability in the body fluids. 
Such advantages and current achievements in the 
field of RNA are portraying a promising future 
for miRNA-based therapeutics in disease diagno-
sis and disease prevention as well. Although a 
huge amount of data has been gathered and evi-
dencing the use of RNA in therapeutics but still 
the scientists has scratched the surface of the 
complex gene expression. Much more is yet to be 
done in the future with respect to miRNA and 
elucidating its potential. For implementation of 
this approach few new strategies needs to be 
designed for their effective delivery as well as 
several obstacles including their stability, renal 
clearance, off-target effects, inefficient endocyto-
sis by target cells or the immunogenicity of deliv-
ery vehicles, need to be overcome. The RNA 
therapeutics have been depicted using various 
preclinical studies involving small animals rather 
involvement of large animals and patients will 
further explore their efficacy in future. In addi-
tion, development and improvement of RNA- 
based therapeutics requires robust design of the 

Table 5.6 List of miRNA based FDA approved drugs to be used for cardiovascular diseases

miRNA Disease Detection approach References
miRNA -208a/b, miR-499 Acute myocardial infarction (AMI) 

and myocardial injury
Microarray and real 
time PCR

[66]

miRNA423-5p Heart failure Microarray and real 
time PCR

[67]

miR-328 Atrial fibrillation (adverse electrical 
remodelling)

Microarray and real 
time PCR

[68]

miR-1 AMI Real time PCR [69]
miR-26a Cardiovascular repair, acute coronary 

syndromes
Real time PCR [70]

miR-16, miR-27a, miR-101 and 
miR-150

Left ventricular contractility Real time PCR [5]

miR- 133 AMI and coronary artery stenosis Real time PCR [42]
miR-126, miR-17/ miR-92a, miR-155 Coronary artery disease Microarray and real 

time PCR
[71]

miR-126 Congestive heart failure Real time PCR [46]
miR-203, miR-223, miR-499, miR-1, 
miR-134, miR-186

AMI and angina pectons Deep sequencing [48]

miR-21/590-5p family, miR-126, 
miR-451

Coronary artery disease Microarray and real 
time PCR

[72]
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RNA agents to avoid adverse effects and optimal 
delivery strategies to maximize their benefits.

Moreover, miRNA is targeting the mRNA 
which is structure specific as well as sequence 
specific. According to various bioinformatics 
based software, multiple databases are there 
which stores predicted microRNA to mRNA tar-
get relationships. These relationships are com-
puted using diverse algorithms. Prediction 
databases generally compare the in vitro data to 
the data generated by bioinformatics tools which 
ultimately results in microRNA to mRNA tran-
script interactome generally referred as micro-
nome. Now a days, micronome is developed to 
study the involvement of miRNA in well known 
signalling pathways and its role in diseases as 
well. The development of miRNA based micro-
nome in Cardiovascular diseases will  significantly 
improve the understanding of their involvement 
and the generation of novel therapeutic as well as 
drug targets in the field of RNA therapeutics in 
cardiovascular diseases.
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Abstract
Cardiovascular Diseases (CVDs) as a leading 
cause of death worldwide inflict major stress 
on morbidity and societal costs. Though the 
studies pertaining to pathophysiology and 
genetics of CVDs have helped in prevention, 
diagnosis and treatment of diseases, there are 
still lacunas in our knowledge. So, novel tools 
that can define genomic regulation under dif-
ferent conditions are needed to bridge this 
gap. ‘Epigenetic’ mechanism helps the cells to 
quickly respond to ever changing environment 
by molecular mechanisms like methylation, 
histone modifications, nc-RNAs. These mech-
anisms act as a new layer of regulation in 
CVDs. The role of epigenetics as a key regula-
tory player in prevention, diagnosis and treat-
ment of CVDs is emerging. Thus, the focus of 
present chapter is to decipher the role of epi-
genetics in CVDs and its potential to be used 
in risk assessment or as biomarkers in devis-
ing and deploying better diagnosis and treat-
ment for different CVDs.

Keywords
Epigenetics · Non-coding RNAs · DNA 
methylation · Cardiovascular diseases 
(CVDs) · Histone modifications

1  Background

Cardiovascular system responsible for transpor-
tation of nutrients as well as cellular waste 
products comprises of the heart, blood and 
blood vessels. The term cardiovascular diseases 
(CVDs) refer to any disease of cardiovascular 
system. CVDs inflict major burden on mortality 
worldwide making it global epidemic even after 
the advances made in their prevention and man-
agement. CVDs are not only public health issue 
but also accounts for massive societal costs as 
healthcare expenditure. They as a group of mul-
tifactorial disorders are associated with various 
genetic and acquired risk factors. But the known 
genetic and environmental influences cannot 
fully explain the variability in CVD risk among 
different populations contributing to the major 
road blocks in its treatment and prevention. 
Though thorough studies pertaining to patho-
physiology, epidemiology, gene polymorphism, 
genetic linkage maps and various environmental 
stresses have paved a way for better diagnosis 
and treatment of cardiovascular medicine, but 
still there is lacuna in our understanding of 
interaction between environment and genome, 
in development of CVD. As inherited genome 
contribute to only a part of individual’s risk pro-
file, ‘epi’genomics has emerged as a promising 
area of interest that can bridge gaps in our 
understanding pathophysiology to therapeutics 
of diseases. Epigenetic changes or modifica-
tions are the ‘heritable changes in the genome 
that does not include changes in DNA sequences’ 
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which includes various mechanisms like DNA 
methylation, demethylation, histone modifica-
tions, RNA mediated alterations (microRNAs, 
circulatory RNAs, long non-coding RNAs) etc. 
Epigenetic mechanisms collectively empower 
the cell to quickly respond to environmental 
changes. Various established risk factors for 
CVD such as stress, pollution, smoking, nutri-
tion, circadian rhythm, hypoxia etc. are associ-
ated with modifications in epigenetic markers. 
Therefore, the examination of these markers as 
regulators in CVD may emerge as early preven-
tive and novel therapeutic approach. This book 
chapter therefore focuses on acquainting the 
vascular biology community with the advent 
filed of epigenetics and its role in cardiovascular 
medicine. The chapter consists of a brief intro-
duction of cardiovascular disease, epigenetic 
mechanisms and evidences linking various epi-
genetic mechanisms with CVD.  The main 
emphasize of this chapter would be on epigene-
tic regulator of CVDs to understand their trans-
lational potential and clinical reality in 
cardiovascular medicine.

2  Cardiovascular Diseases 
(CVDs)

CVDs are wide spectrum of disorders that com-
prises of abnormalities related to heart and blood 
vasculature. They include: Coronary artery dis-
eases (CAD) like angina and myocardial infarc-
tion (heart attack), stroke, heart failure, coronary 
heart disease, cerebrovascular disease, peripheral 
arterial disease, rheumatic heart disease cardio-
myopathy, heart arrhythmia, congenital heart dis-
ease, congenital heart disease, thromboembolic 
disorders and thrombosis. The underlying molec-
ular mechanism pertaining to different CVDs 
vary considerably as majority of CVDs are regu-
lated by multiple factors. For example, CAD and 
stroke involve atherosclerosis and rheumatic 
heart disease involves damage to heart muscle 
and valves caused by streptococcal bacteria. 

Even with different molecular mechanisms, nev-
ertheless, most CVDs share common risk factors 
that are, high blood pressure, high blood choles-
terol, diabetes mellitus, smoking, obesity, lack of 
exercise, alcohol consumption, hypoxia, to name 
a few.

CVDs are the leading cause of death globally 
accounting for most of annual mortality as com-
pared to any other disease [1]. Over the period of 
last 100  years the prevalence of CVDs has 
increased tremendously and for the coming two 
decades it is likely to remain a major health issue 
even with sophisticated techniques and improved 
medical care [2–4]. The deaths caused by CVDs 
have increased over the course of time from 12.3 
million (25.8%) in 1990 to 17.9 million (32.1%) 
in 2015 [5, 6]. In 2016, 31% of the global deaths 
that reached up to 17.9 million people were due 
to Different CVDs. Heart attack and stroke con-
tributed to 85% of these deaths [7]. Studies esti-
mate that 90% of the CVDs may be preventable 
[8, 9] by improving the known risk factors like 
hypertension, diabetes, smoking, alcohol con-
sumption by healthy eating, avoidance of smoke 
and alcohol, exercise and appropriate medical 
counselling [10]. Thus, people who are at high 
cardiovascular risk need early detection and man-
agement in order to prevent the occurrence of 
disease.

The CVDs appeared as a huge public health 
hazard during 1940s, that triggered the research 
associated with the factors that influence occur-
rence of the disease. The research programmes 
like Framingham Heart Study were initiated to 
find out common genetic, biochemical, environ-
mental and life style related factors that lead to 
occurrence or predisposition to various CVDs 
[11]. This resulted in identification of several 
conditions like obesity, hypertension and diabe-
tes to detect individuals at risk of CVD and their 
early treatment. It in turn lead to significant 
decline in CVD mortality in USA and Western 
Europe over the past 3 decades. Therefore, it is 
important to understand the risk factors associ-
ated with CVDs.
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2.1  Types of Cardiovascular 
Diseases

CVDs are group of disorders involving heart, 
blood vessels or both. Thus, they are character-
ised either as vascular diseases that majorly 
affects blood vasculature or heart diseases that 
majorly affects heart.

2.1.1  Vascular Diseases
The common vascular diseases are coronary 
artery disease, peripheral arterial disease, cere-
brovascular disease, renal artery stenosis, aortic 
aneurysm, stroke, thrombosis.

2.1.2  Heart Diseases
The common CVDs affecting heart are cardio-
myopathy, hypertensive heart disease, heart fail-
ure, pulmonary heart disease, cardiac 
dysrhythmias, inflammatory heart disease, valvu-
lar heart disease, congenital heart disease, rheu-
matic heart disease.

2.2  The Risk Factors Associated 
with CVDs

The most contributing risk factors for stroke and 
heart disease are genetic predisposition, 
unhealthy diet, age, sex, excessive use of alcohol, 
obesity, hypertension, diabetes, hyperlipidemia, 
stress, air pollution etc. Though it is very difficult 
to access the individual contribution of each risk 
factor among different ethnic group or popula-
tions, but the overall impact of these risk factors 
is quite consistent [12].

2.2.1  Genetic Predisposition
Most CVDs are multifactorial in nature i.e. there 
are several genes or genetic factors that contrib-
ute to development and progression of the dis-
ease. There are many identified single nucleotide 
polymorphisms (SNPs) make individual suscep-
tible to the disease [13, 14]. Even with the sophis-
ticated techniques the contribution of all genetic 
factors and their influence of vascular diseases is 
poorly understood.

2.2.2  Age
Age is one of the most important contributing 
risk factors towards the development of heart dis-
eases, with each passing decade it triples the risk 
of disease [15]. The case studies show that 82% 
coronary heart patients that die are either of 
65 years or older [15]. Similarly, the risk of death 
by stroke doubles after every 10 passing years 
after the age of 55 [17]. There are multiple theo-
ries that explain the influence of age on CVDs, 
one relates to increased serum cholesterol level 
with age [18] other with the changes in vascular 
wall [15]. Age decreases the arterial elasticity 
and reduced arterial compliance that subse-
quently causes coronary artery disease.

2.2.3  Sex
Gender influences the prevalence of heart dis-
eases. Men are more susceptible than pre- 
menopausal women [16]. Middle aged men are at 
2–5 times higher risk of coronary heart diseases 
at compare to women [19]. A study by World 
Health Organisation (WHO) reveals that sex con-
tributes to roughly 40% difference in the mortal-
ity rate caused by coronary heart diseases [20]. 
The influence of gender in CVDs may be due to 
hormonal differences between men and women 
[20].

2.2.4  Excessive Use of Alcohol
The effect of alcohol consumption on CVDs is 
complex and depends largely on the quantity of 
alcohol consumed. The high level of drinking is 
directly related to susceptibility to the disease [21].

2.2.5  Obesity
Another risk factor for developing CVDs is being 
overweight or obesity. An unhealthy diet and 
physical inactivity lead to high body mass index 
(BMI), that falls outside the normal range mak-
ing a person obese. This may lead to diseases like 
coronary heart disease and congestive heart fail-
ure [22].

2.2.6  Hypertension
High blood pressure or hypertension cause stress 
on blood vasculature making them weak or cause 
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them to clog. It is a potent risk factor that can lead 
to atherosclerosis as it causes narrowing of blood 
vessels which make them more prone to be 
blocked by blood clots or fatty deposits [23].

2.2.7  Diabetes
High blood glucose levels as experienced in dia-
betes make individual more vulnerable for devel-
oping CVDs. The high levels of glucose have 
damaging effect on arterial walls and more likely 
cause the build-up of fat deposits called ather-
oma. These fat depositions if occur in coronary 
arteries may lead to coronary heart disease and 
heart attacks [24].

2.2.8  Hyperlipidemia
Hyperlipidemia is presence of abnormal level of 
lipids (fats) in blood stream and is one of the 
major contributory risk factors for CVDs. The 
high levels of “bad cholesterol” i.e. low-density 
lipoprotein (LDL) cholesterol is associated with 
range of heart diseases as it results in fatty sub-
stance deposition on the vasculature leading to 
various complications [23].

2.2.9  Diet
Diet plays a crucial role in prevention and devel-
opment of CVDs. A diet rich in saturated fatty 
acids increases the risk of stroke and heart dis-
eases. It is estimated that 11% of stroke and 31% 
of coronary heart diseases worldwide are caused 
by high dietary saturated fatty acids [23].

2.2.10  Air Pollution
The effect of particulate matter present in the air 
for its short- and long-term exposure on CVDs 
has been accessed. It was found in recent studies 
that the long-term exposure of PM2.5 results in 
increased 8–18% CVD mortality risk [24].

The majority of above-mentioned CVD risk 
factors are manageable and can be reduced by 
opting alternative lifestyle. For example, reduc-
tion of alcohol consumption, fatty food, salt, 
regular physical exercise, consumption of vegeta-
bles and fruits reduce the risk of CVDs drasti-
cally. In addition, the treatment of hypertension, 
diabetes and hyperlipidemia is essential for 
reducing the risk of heart diseases. Thus, there 

are choices by which people can adopt and sus-
tain healthy way of living, but we need health 
policies and conducive environments that can 
make these choices affordable and available to 
masses. The other major forces driving occur-
rence of CVDs are stress, poverty, urbanization, 
socio-economic and cultural changes. With all 
the knowledge on contributing factors and 
advancement of genomic era, we still fail to 
answer the variability in CVD risk, role of indi-
vidual risk factors, their cumulative effect. Also, 
the clinical utility of identified genetic markers 
has been limited in both prevention and predic-
tion of diseases [25].With the translational disap-
pointment of genomics field, the vascular 
community is now exploiting epigenomics as 
new avenue for assessing risk stratification, pre-
ventive measures and treatment. Epigenetics is 
the heritable changes in the genome that are not 
coded by the DNA sequence [26]. There are three 
broad mechanisms that define epigenetic changes: 
DNA methylation, post- translational histone 
modifications and RNA based mechanisms 
(microRNAs, circular RNAs and non-coding 
RNAs) [27]. DNA methylation is the most com-
mon epigenetic modification in the mammalian 
genome [28, 29]. The recent studies though sug-
gest that all the three epigenetic modifications 
contribute to the pathogenesis of CVDs [30]. The 
international projects like Human Epigenome 
Project (HEP) and International Human 
Epigenome Consortium (IHEC) have been initi-
ated to study and catalogue human epigenome 
along with correlation of its pathophysiology 
with several diseases including CVDs [31].The 
focus of this chapter is epigenetics in CVDs, and 
will be discussed under the following sections.

3  Leads from Genetics

Almost three decades ago the research on the 
genetic factors and genes that predispose an indi-
vidual to CVDs has started. It was thought that 
the SNPs and mutations in the genome could be 
analogous to already known CVD risk factors. It 
was anticipated that they could be included in 
risk assessment model like Framingham score 
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[30] in order to calculate and determine the risk 
of an individual to develop CVD and adopt apt 
preventive therapeutic approaches. The tradi-
tional approach was to study the role of candidate 
gene as risk factor, but now the genome-wide 
association studies grouped with availability of 
large patient cohorts are used to uncover the 
novel genes and genetic factors that act like risk 
factors for various CVDs [31]. The genetic 
research has enabled the cardiovascular commu-
nity to better understand the disease origin and its 
pathophysiology. It has progressively also helped 
in the risk stratification, direct and indirect diag-
nosis and therapeutic interventions. The novel 
GWAS has widened the understanding of patho-
physiology of various CVDs. The genetic studies 
have also led to discovery of new drug targets 
that may considerably improve the current thera-
peutic approaches for CVDs. The genotyping 
studies have been used for diagnostic and prog-
nostic assessment by clinicians. But still genetic 
studies are unable to find the “holy grail” for 
diagnosis of CVDs. So, there is a need of more 
profound knowledge that can answer dynamics 
of disease. ‘Epi’genetics promises to deepen the 
present insights as it can well explain the influ-
ence of environment on the genome. It can unveil 
the interaction between the genetic variants and 
environment changes; thus, can elucidate the 
clinical drug responsiveness and patient 
outcome.

4  Epigenetic Revolutions – 
Genomics 
to Post-Genomic Era

Epigenetics has emerged as a post genomic era 
that can reveal the lacuna in our understanding of 
inheritance of common traits. It provides the link 
between environment and its effect on genome, 
thus deciphering the mechanism by which cells 
are able to respond quickly to environmental 
stimuli. The phenotypic variations seen in 
humans that cannot be solely defined by geno-
type, can be better explained in the light of 
epigenetic modifications [32]. Epigenetic mech-
anisms are stable cellular memory, which let the 

propagation of gene activities generation after 
generation without the changes in the DNA 
sequence. There are three broad mechanisms that 
define epigenetic changes: DNA methylation, 
post- translational histone modifications and 
RNA based mechanisms (microRNAs, circular 
RNAs and long non-coding RNAs). The simple 
and static evaluation of the genetic code has lim-
ited the understanding of genetic influence on 
CVDs. In this respect, epigenetics as a dynamic 
mechanism can explain and modify the genome’s 
functionality under the influence of exogenous 
stimuli or environment condition. This would in 
turn help in identification of novel targets and 
mechanism of gene regulation with considerable 
acquisitions in CVD knowledge related to genetic 
risk and pathophysiology [33–35]. The environ-
mental changes like pollution, diet, stress etc. 
leads to epigenetic modifications and impact the 
susceptibility to CVD (Fig. 6.1). There are reports 
that validate the role of epigenetic in various pro-
cesses underlying CVDs like hypertension, 
inflammation and atherosclerosis [35].

The following sections of the chapters will 
deal with different epigenetic modifications and 
their role in progression, prevention, treatment 
and diagnosis of CVDs.

4.1  DNA Methylation

DNA methylation is the addition of the methyl 
group at the cytosine bases of the dinucleotide 
CpGs of eukaryotic DNA.  As a result they are 
converted to 5-methylycytosine by de novo 
DNA methyltransferase (DNMT) enzymes such 
as DNMT1, DNMT3A and DNMT3B. In mam-
mals, methylation is found sparsely but globally 
with the exception of CpG islands. Vertebrate 
CpG islands are short interspersed DNA 
sequences (>500  bp) generally found in the 5′ 
end of the gene that deviate significantly from the 
average genomic pattern by being GC-rich 
(G + C percentage greater than 55%), CpG rich 
(observed CpG/expected CpG of 0.65) and pre-
dominantly non-methylated [36].

Out of the several ways, the methylation of 
DNA is one of the most common ways of 
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 regulating gene expressions in eukaryotes [37]. 
It has emerged as an important process in numer-
ous cellular processes like genomic imprinting, 
embryonic development, X-chromosome inacti-
vation and many more. The first clue of the role 
of methylation in gene expression was provided 
by 5-azacytidine experiments in mouse studies 
[38]. The integration of 5-azacytidine in the 
growing strand of DNA severely inhibited the 
actions of DNMT enzymes to normally methyl-
ate DNA. Therefore, the comparisons of the cells 
before and after the treatment of 5-azacytidine 
allowed to see the impact of loss of methylation 
on gene expression [39]. The exact role of meth-
ylation in gene expression is unknown, perhaps 
it play a crucial role in repressing gene expres-
sion by blocking the promoters at which activat-
ing transcription factors bind. Approximately, 
70% of annotated gene promoters are associated 

with CpG islands, making it the most common 
promoter type in the genome [36]. Not all CpG 
islands found are associated with the promoter. 
Recent works have found a large class of islands 
that are remote from the transcription start sites 
(TSSs) but still show evidence for the promoter 
function. The lack of CpG dinucleotides in the 
vertebrate genome except the CpG island is 
thought to be due to the loss of genomic CpGs 
due to deamination of methylated sequences 
[39].

Given the critical role of DNA methylation in 
gene expression and cell differentiation, it seems 
obvious that the errors in methylation could give 
rise to a number of devastating consequences, 
including various diseases. As a result, a growing 
number of human diseases have been found to be 
associated with aberrant DNA methylation [40]. 
The methylation of the promoter region bearing 

Fig. 6.1 Epigenetic modifications: The figure depicts the 
three most common epigenetic modifications that occur in 
mammalian genome namely, histone modification and 
chromatin remodelling, DNA methylation and modifica-
tions mediated by non-coding RNA (ncRNA) family like 
miRNA, circRNA and lncRNA.  All these modifications 
are interlinked and enable cells to quickly respond to 

changing environment. The established risk factors of 
CVD like stress, pollution, age, diet, pollution etc. can act 
as environmental stimuli and triggers epigenetic modifica-
tions resulting in release of various regulatory molecules 
that can be used as biomarkers. The changes also influ-
ence the CVD outcomes
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transcriptional start sites of many genes encoding 
tumor suppressors such as tumor protein p53, 
retinoblastoma-associated protein 1, tumor pro-
tein p16, breast cancer 1 and many more resulting 
in the reduced expression of these genes have 
been found in a large number of cancers like reti-
noblastoma, colon, lung and ovarian [40, 41]. 
5-methylcytosine (5-mC) is spontaneously con-
verted to thymine by deamination and is thought 
to be responsible for about one-third of all 
disease- causing mutations in the germline [39]. 
The mechanisms for establishing, maintaining 
and removing the methyl group are dependent on 
nucleosomal DNA and the histone modifications 
within the nucleosome [39]. Global methylation 
studies are the first ever epigenetics studies in the 
area of CVD research. The outcome of these 
studies though were conflicting as some studies 
highlighted decreased global DNA methylations 
with CVDs [40] while some associated increased 
global methylations with these disorders [41, 42]. 
Coronary heart disease have been associated with 
elevated homocystein and increased methylations 
[43]. DNA methylation studies include investiga-
tion of repetitive sequences across the genome 
such as Alu elements and long interspersed 
nucleotide element-1 (LINE)-1. Hypomethylation 
of LINE-1 was associated with cardiovascular 
risk factors such as higher serum vascular cell 
adhesion molecule [44] and higher low-density 
lipoprotein (LDL) and lower high-density lipo-
protein (HDL) cholesterol [47]. LINE-1 hypo-
methylation has also been associated with higher 
prevalence of metabolic syndrome, and therefore 
elevated risk for CVD [48]. There are several 
genes responsible for DNA methylation and 
investigation of these candidate genes demon-
strated some interesting results. Fat mass and 
obesity-associated protein (FTO), a prominent 
obesity-associated gene has been linked to levels 
of DNA methylation [49] and CVD risk indepen-
dently of its effect on body mass index [50].
Similarly, other candidate genes such as F2R 
Like Thrombin Or Trypsin Receptor 3, Insulin, 
GNAS Antisense RNA 1, Phospholipase A2 Group 
VII, Insulin Like Growth Factor 2, to name a few 

has been associated with various CVDs [51–54]. 
With the advent of whole epigenome array sev-
eral markers and novel distinct patterns of DNA 
methylations have been identified in the context 
of CVDs [55–58]. The outcome of all these 
studies could result in the novel therapeutic inter-
ventions in cardiovascular diseases.

4.2  Post-translation Histone 
Modifications and Chromatin 
Remodelling

Histone modification is a covalent post- 
translational modification, which includes 
methylation, phosphorylation, acetylation, 
sumoylation and ubiquitylation, to histone pro-
teins. These modifications are known to play an 
important role in replication, transcription, het-
erochromatin formation, chromatin compaction, 
and DNA damage repair. Investigation of histone 
modifications in CVDs reveals the crucial role of 
histone deacetylases (HDACs). It is the most 
extensively studied family of histone-modifying 
enzymes in the cardiovascular system [59]. 
Studies have demonstrated the effect of its inhibi-
tion in attenuating hypertension [60] and in pre-
vention of proliferation of vascular smooth 
muscle cells [61, 62]. Class III HDACs also 
known as sirtuins have been shown to participate 
in cardiac hypertrophy and myocardial ischemia 
[63]. The other class of enzyme, histone acetyl 
transferase has been associated in the settings of 
atherosclerosis through regulation of genes that 
inhibit endothelial cell inflammation [64]. 
Similarly, the loss-of-function studies of histone 
methyltransferase in the adult heart showed 
hypertrophy, dilation, and derepression of some 
cardiac disease genes [65]. The polycomb repres-
sive complex, one of the best-studied gene silenc-
ing complexes, has been implicated in a wide 
variety of phenotypes in the cardiovascular sys-
tem. They have been shown to be differentially 
involved in cardiac development and regenera-
tion [66].
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4.3  RNA Based Modifications 
(miRNAs, circRNAs, lncRNAs)

The RNA based modifications include microR-
NAs (miRNAs), circular RNAs (circRNAs) and 
recently discovered long non-coding RNAs 
(lncRNAs). They all are non-coding endogenous 
RNAs that regulate the genome without being 
translated into proteins. The recent studies show 
the implication of these non-coding RNAs in 
CVD pathophysiology. There is large number of 
growing evidences that show role of miRNAs 
and lncRNAs in both animal and cellular models 
of CVD.  In the following sections, we will be 
studying the role of these non-coding RNAs in 
CVDs and how they can be used as either bio-
marker or for treatment in CVDs.

4.3.1  miRNAs in CVD Scenario
miRNAs are class of endogenous interfering 
RNAs that are coded by human genome. Mature 
miRNAs are 20–25 nucleotide long RNA 
sequence that are synthesised in canonical path-
way from a large RNA precursor, pri-miRNA. In 
the nucleus pri-miRNA is transcribed and 
matured by RNA polymerase II. It is then subse-
quently cleaved by RNase III Drosha and associ-
ated protein, giving a 60–70 nucleotide long 
pre-miRNA, which is released into the cyto-
plasm. In cytoplasm it is cleaved by RNaseIII 
Dicer resulting in 21–25 nucleotide long double 
stranded miRNA/miRNA∗ duplex. This duplex is 
unwounded by RNA induced-silencing complex 
(RISC), which carries mature single stranded 
miRNA to target messenger RNA causing subse-
quent gene silencing. Thus, miRNAs decrease 
the expression of gene by binding to them and 
causing translational repression [67]. Non-coding 
RNAs like miRNAs have emerged as prime can-
didates for discovering novel biomarkers for 
CVDs. As there is correlation between the pathol-
ogies and blood miRNA levels, miRNAscan be 
great tool for being non-invasive biomarkers. The 
general hypothesis is that miRNAs would be dif-
ferentially expressed in people having CVD and 
are at risk of CVD and in normal population. So, 
plasma miRNA levels can be promising avenue 
for evaluating early CVD risk and patient out-

come, along with assessing individual patient 
response towards various surgical procedures or 
treatment. The pioneering work in this field is 
done by Dimmeler et  al., they highlighted the 
change in serum miRNA levels of CAD patients 
Vs. control [42]. There are other studies that have 
shown miRNAs as potential biomarkers to pre-
dict CVD outcome. For instance, the work done 
by Seronde et al. has shown that low serum levels 
of miR-423-5p are associated with a poor long- 
term outcome in acute heart failure patients, 
emphasising the role of miR-423-5p as a prog-
nostic biomarker for predicting acute heart fail-
ure [43]. The cardiovascular deaths caused by 
acute coronary syndrome were precisely pre-
dicted by the sericlevels of miR-132, miR- 
140- 3p, and miR-210 in the study consisting of 
1114 patients [44]. Several miRNAs are very sen-
sitive to even small exogenous stimuli like 
changes in blood pressure that can be predictive 
of circulatory stress or hypertension (established 
risk factor for CVD) [45]. miR-22 is a potential 
biomarker candidate for predicting CVD in 
elderly patients asmiR-22 regulates cardiac 
autophagy specially in myocardium of elderly 
patients thus circulating levels this miRNA gives 
prognostic clue on eventual progression of dis-
ease ultimately leading to heart failure in elderly 
[46]. Regular exercise can reduce the outcomes 
of CVDs and several miRNAs have been pro-
posed as biomarkers to monitor physiological 
effect of regular exercise in different populations. 
For example, decreased level of miR-146a and-
miR- 221, and increased level of miR-149 are 
seen after acute exercise [47]. Whereas the altered 
level of expression of miR-1, miR-133, and miR- 
206 is seen after the endurance exercise [48]. A 
recent study has highlighted the role of miR- 
145 in impeding the thrombus formation in vivo 
by targeting tissue factor in the case of venous 
thrombosis [49].

4.3.2  circRNAs in CVD Scenario
circular RNAs are single stranded RNAs that 
form a covalently closed continuous loop. They 
are expressed in mammalian tissues as transcrip-
tional and translational regulators [50]. Just like 
miRNAs, circRNAs are stable and detectable in 
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blood stream, making it possible to use them as 
non-invasive biomarker. It is seen that in aged 
human hearts the level of circAmotl1decreases 
dramatically [51]. The risk of atherosclerotic 
vascular diseases is correlated with the expres-
sion of the increased expression circANRILin 
CAD patients [52]. The diagnostic biomarkers 
for various CVDs identified in peripheral blood 
mononuclearcells (PBMCs) are Hsa_
circ_0005836, hsa_circRNA_025016, andhsa_
circ_0124644 [53, 54].

4.3.3  Long Non-coding (lnc)-RNAs 
in CVD Scenario

lncRNAs are the RNA sequences that exceed 
more than 200 nucleotides and don’t code for 
any functional transcript. They differ from other 
non- coding RNAs like miRNAs as they are 
poorly conserved across the species also, they 
regulate gene expression at both transcription 
and post- transcriptional level. They allow 
microRNAs’ target mRNA escape degradation 
as they act as decoy for microRNA [55]. The 
advancement in sequencing techniques like deep 
sequencing has made it possible to study the 
lncRNA profiles in different CVDs as well as 
normal healthy population. And it is found that 
lncRNAs regulate multiple biological pathways 
in aging and cardiac development [56]. The 9 
lncRNAs namely CDKN2BAS1/ANRIL, RMRP, 
RNY5, SOX2-OT, SRA1 EGOT, H19, HOTAIR, 
and LOC285194/TUSC7 were significantly 
modulated in non-ischemic myocardial biopsies 
of patients suffering from heart failure and 
dilated ischemic cardiomyopathy. Also, in mouse 
model the expression level of RMRP, H19, and 
HOTAIRlncRNAs were upregulated when mea-
sured in hypertrophic heart sample [57]. MIAT 
(myocardial infarction-associated transcript) and 
SENCR (smooth muscle and endothelial cell 
enriched migration/differentiation-associated 
lncRNA), are other lncRNA markers that are 
associated with dysfunction and myocardial 
infarction [58, 59]. Nodal lncRNAs act as key 
regulators of cardiomyocte cell cycle as revealed 
by the data of single cardiomyocyte nuclear tran-
scriptome analysis of normal and failing heart 
[60]. Interestingly, the severity of fibrosis in 

human diseased heart is directly correlated with 
a cardiac fibroblast enriched lncRNA- Wisper 
(Wisp2 super enhancer-associated RNA) [61]. 
Growing evidences show that majority of 
lncRNAs are localised in nucleus and are capa-
ble of triggering chromatin remodelling by 
recruitment of various epigenetic factors, thereby 
causing activation or repression of genes. The 
genes involved in cardiac hypertrophy are regu-
lated by a cardiac-enriched lncRNA via its direct 
interaction with catalytic subunit of PRC2 caus-
ing inhibition of methylation of histone H3 
lysine 27 [62].

At last we can conclude that non-coding 
RNAs play a role in controlling gene expression 
and shaping genome organisation. With increas-
ingly more functions and roles of non-coding 
RNAs being discovered, we need to use better 
biochemical approaches along with deep 
sequencing analysis coupled with novel bioinfor-
matics strategies so that a comprehensive under-
standing of their role in CVDs can be provided.

5  Perspective

The role of epigenetic alterations in the capacity 
of DNA methylation, chromatin remodelling and 
non coding-RNAs has been emerging in the 
development of CVDs. However, the results of 
epigenetic studies are inconsistent and contradic-
tory. Epigenetic phenomenon, as we know, is not 
a stable or heritable event. It is dynamic in the 
sense that it gets altered by environmental factors 
and can vary with time. These all features have to 
be taken into considerations while designing the 
studies for any type of epigenetics research. Not 
just the nature of samples and the conditions they 
are exposed to are important but the numbers of 
times the samples are taken are equally critical. 
There are various upcoming combinatorial tech-
nologies through which researchers can explore 
epigenetic landscapes. Bisulfite-sequencing 
combined to ChIP, de novo methylation simulta-
neously examining nucleosome occupancy and 
CpG methylation can be utilized for studying 
multiple epigenetic marks simultaneously. 
Research in epigenetics is a relatively new 
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approach but it has a remarkable potential to 
identify new biomarkers in the CVD field. These 
biomarkers would not be just helpful in CVD 
diagnosis, outcome, prognosis and treatment but 
could lead us to new avenues for novel targeted 
CVD therapies. However, more epigenomic stud-
ies are warranted that will help to decipher the 
complex link between genetics, epigenetics, and 
CVDs.

Competing Financial Interests The authors declare no 
competing financial interests.

References

 1. Murray C, Lopez A. Alternative projections of mor-
tality and disability by cause1990–2020: global bur-
den of disease study. Lancet. 1997;349:1498–504.

 2. Mathers CD, Loncar D. Projections of global mortal-
ity and burden of disease from 2002 to 2030. PLoS 
Med. 2006;3:e442.

 3. MacKinnon AU. The origin of the modern epidemic 
of coronary artery disease in England. J R Coll Gen 
Pract. 1987;37:174–6.

 4. Azambuja MI, Levins R.  Coronary heart disease 
(CHD)—one or several diseases? Changes in the 
prevalence and features of CHD. Perspect Biol Med. 
2007;50:228–42.

 5. GBD.  Mortality and causes of death collaborators 
(2014) Global, regional, and national age-sex spe-
cific all-cause and cause-specific mortality for 240 
causes of death, 1990–2013: a systematic analysis for 
the Global Burden of Disease Study 2013. Lancet. 
2013;385(9963):117–71.

 6. GBD.  Mortality and Causes of Death Collaborators 
(2017) Global, regional, and national life expectancy, 
all-cause mortality, and cause-specific mortality for 
249 causes of death, 1980–2015: a systematic analy-
sis for the Global Burden of Disease Study 2015. 
Lancet. 2015;388(10053):1459–544.

 7. McGill HC, McMahan CA, Gidding SS. Preventing 
heart disease in the 21st century: implica-
tions of the Pathobiological Determinants of 
Atherosclerosis in Youth (PDAY) study. Circulation. 
2008;117(9):1216–27.

 8. O’Donnell MJ, Chin SL. Global and regional effects 
of potentially modifiable risk factors associated with 
acute stroke in 32 countries (INTERSTROKE): a 
case-control study. Lancet. 2016;388(10046):761–75.

 9. Mendis S, Puska P, Norrving B, editors. Global atlas 
on cardiovascular disease prevention and control. 
Geneva: World Health Organization/World Heart 
Federation/World Stroke Organization; 2011.

 10. GBD.  Mortality and causes of death collaborators 
(2016) Global, regional, and national life expectancy, 

all-cause mortality, and cause-specific mortality for 
249 causes of death, 1980–2015: a systematic analy-
sis for the Global Burden of Disease Study 2015. 
Lancet. 2015;388(10053):1459–544.

 11. Yusuf S, Hawken S, Ounpuu S, Dans T, Avezum A, 
Lanas F, Mc Queen M, Budaj A, Pais P, Varigos J, 
Lisheng L, INTERHEART Study Investigators. 
Effect of potentially modifiable risk factors associ-
ated with myocardial infarction in 52 countries (the 
INTERHEART study): case-control study. Lancet. 
2004;364(9438):937–52.

 12. Nikpay M, Goel A, Won H, Hall LM, Willenborg C, 
Kanoni S, Saleheen D, Kyriakou T, Nelson CP.  A 
comprehensive 1000 Genomes–based genome-wide 
association meta-analysis of coronary artery disease. 
Nat Genet. 2015;47(10):1121–30.

 13. MacRae CA, Vasan RS.  The future of genetics and 
genomics: closing the phenotype gap in precision 
medicine. Circulation. 2016;133(25):2634–9.

 14. Finegold JA, Asaria P, Francis DP.  Mortality from 
ischaemic heart disease by country, region, and age: 
statistics from World Health Organisation and United 
Nations. Int J Cardiol. 2012;168(2):934–45.

 15. World Health Organization. The atlas of heart disease 
and stroke/Judith Mackay and George Mensah with 
Shanthi Mendis and Kurt Greenland. World Health 
Organization. 2004.

 16. Jousilahti P, Vartiainen E, Tuomilehto J, Puska P. Sex, 
age, cardiovascular risk factors, and coronary heart 
disease. Circulation. 1999;99(9):1165–72.

 17. Jani B, Rajkumar C.  Ageing and vascular ageing. 
Postgrad Med J. 2006;82(968):357–62.

 18. Mukamal KJ, Chen CM, Rao SR, Breslow 
RA.  Alcohol consumption and cardiovascular mor-
tality among U.S. Adults, 1987 to 2002. J Am Coll 
Cardiol. 2010;55(13):1328–35.

 19. Hubert HB, Feinleib M, McNamara PM, Castelli 
WP.  Obesity as an independent risk factor for car-
diovascular disease: a 26-year follow-up of partici-
pants in the Framingham Heart Study. Circulation. 
1983;67(5):968–77.

 20. Anderson KM, Odell PM, Wilson PW, Kannel 
WB. Cardiovascular disease risk profiles. Am Heart J. 
1991;121:293–8.

 21. Kannel WB, McGee DL. Diabetes and cardiovascu-
lar disease. the Framingham study. J Am Med Assoc. 
1979;241(19):2035–8.

 22. Finks SW, Airee A, Chow SL, Macaulay TE, 
Moranville MP, Rogers KC, Trujillo TC.  Key 
articles of dietary interventions that influence 
cardiovascular mortality. Pharmacotherapy. 
2012;32(4):e54–87.

 23. Khallaf M.  The impact of air pollution on 
health, economy, environment and agricultural 
sources. Rijeka: InTech; 2011. p.  69–92. ISBN 
978-953-307-528-0

 24. Di Angelantonio E, Butterworth AS.  Clinical utility 
of genetic variants for cardiovascular risk prediction: 
a futile exercise or insufficient data? Circ Cardiovasc 
Genet. 2012;5:387–90.

S. Sharma et al.



131

 25. Egger G, Liang G, Aparicio A, Jones PA. Epigenetics 
in human disease and prospects for epigenetic ther-
apy. Nature. 2004;429:457–63.

 26. Kaikkonen MU, Lam MT, Glass CK.  Non-coding 
RNAs as regulators of gene expression and epi-
genetics. Cardiovasc Res. 2011;90:430–40.

 27. Udali S, Guarini P, Moruzzi S, Choi SW, Friso 
S.  Cardiovascular epigenetics: from DNA methyla-
tion to microRNAs. Mol Asp Med. 2013;34:883–901.

 28. Abbott A.  Project set to map marks ongenome. 
Nature. 2010;463:596–7.

 29. Wilson PW, D’Agostino RB, Levy D, Belanger AM, 
Silbershatz H, Kannel WB.  Prediction of coronary 
heart disease using risk factor categories. Circulation. 
1998;97:1837–47.

 30. Evans A, Salomaa V, Kulathinal S, Asplund K, 
Cambien F, Ferrario M, Perola M, Peltonen L, Shields 
D, Tunstall-Pedoe H, Kuulasmaa K. MORGAM (an 
international pooling of cardiovascular cohorts). Int J 
Epidemiol. 2005;34:21–7.

 31. Turan N, Katari S, Coutifaris C, Sapienza C. Explaining 
inter-individual variability in phenotype:is epigenetics 
up to the challenge? Epigenetics. 2010;5:16–9.

 32. Khalil CA.  The emerging role of epigenetics in 
cardiovascular disease. Ther Adv Chronic Dis. 
2014;5(4):178–87.

 33. Webster AL, Yan MS, Marsden PA.  Epigenetics 
andcardiovascular disease. Can J Cardiol. 
2013;29(1):46–57.

 34. Muka T, Koromani F, Portilla E, O'Connor A, Bramer 
WM, Troup J, Chowdhury R, Dehghan A, Franco 
OH.  The role of epigeneticmodifications in cardio-
vascular disease: a systematic review. Int J Cardiol. 
2016;212:174–83.

 35. Bird A.  CpG-rich islands and the function of DNA 
methylation. Nature. 1986;321:209–13.

 36. Deaton AM, Bird A. CpG islands and the regulation 
of transcription. Genes Dev. 2011;25(10):1010–22.

 37. McGhee JD, Ginder GD. Specific DNA methylation 
sites in the vicinity of the chicken beta-globin genes. 
Nature. 1979;280:419–20.

 38. Han L, Su B, Li WH, Zhao Z. CpG island density and 
its correlations with genomic features in mammalian 
genomes. Genome Biol. 2008;9(5):R79.

 39. Robertson KD. DNA methylation and human disease. 
Nat Rev Genet. 2005;6(8):597–610.

 40. Gopalakrishnan S, Van Emburgh BO, Robertson 
KD. DNA methylation in development and human dis-
ease. Mutat Res. 2008;647(1–2):30–8.

 41. Handy DE, Castro R, Loscalzo J. Epigenetic modifi-
cations: basic mechanisms and role in cardiovascular 
disease. Circulation. 2011;123:2145–56.

 42. Huh I, Zeng J, Park T, Yi SV.  DNA methylation 
and transcriptional noise. Epigenetics Chromatin. 
2013;6(1):9.

 43. Hsiung DT, Marsit CJ, Houseman EA, Eddy K, 
Furniss CS, McClean MD, Kelsey KT. Global DNA 
methylation level in whole blood as a biomarker in 
head and neck squamous cell carcinoma. Cancer 
Epidemiol Biomark Prev. 2007;16:108–14.

 44. Sharma P, Kumar J, Garg G, Kumar A, Patowary A, 
Karthikeyan G, Ramakrishnan L, Brahmachari V, 
Sengupta S. Detection of altered global DNA meth-
ylation in coronary artery disease patients. DNA Cell 
Biol. 2008;27:357–65.

 45. Baccarelli A, Tarantini L, Wright RO, Bollati V, 
Litonjua AA, Zanobetti A, Sparrow D, Vokonas PS, 
Schwartz J.  Repetitive element DNA methylation 
and circulating endothelial and inflammation mark-
ers in the VA normative aging study. Epigenetics. 
2010;5(3):222–8.

 46. Cash HL, McGarvey ST, Houseman EA, Marsit CJ, 
Hawley NL, Lambert-Messerlian GM, Viali S, Tuitele 
J, Kelsey KT. Cardiovascular disease risk factors and 
DNA methylation at the LINE-1 repeat region in 
peripheral blood from Samoan Islanders. Epigenetics. 
2011;6:1257–64.

 47. Turcot V, Tchernof A, Deshaies Y, Pérusse L, Bélisle 
A, Marceau S, Biron S, Lescelleur O, Biertho L, Vohl 
MC. LINE-1 methylation in visceral adipose tissue of 
severely obese individuals is associated with meta-
bolic syndrome status and related phenotypes. Clin 
Epigenetics. 2012;4:10.

 48. Bell CG, Finer S, Lindgren CM, Wilson GA, Rakyan 
VK, Teschendorff AE, Akan P, Stupka E, Down 
TA, Prokopenko I, Morison IM, Mill J, Pidsley 
R, International Type 2 Diabetes 1q Consortium, 
Deloukas P, Frayling TM, Hattersley AT, MI MC, 
Beck S, Hitman GA.  Integrated genetic and epigen-
etic analysis identifies haplotype-specific methylation 
in the FTO type 2 diabetes and obesity susceptibility 
locus. PLoS One. 2010;5:e14040.

 49. Liu C, Mou S, Pan C. The FTO gene rs9939609 poly-
morphism predicts risk of cardiovascular disease: 
a systematic review and meta-analysis. PLoS One. 
2013;8:e71901.

 50. Breitling LP, Salzmann K, Rothenbacher D, 
Burwinkel B, Brenner H. Smoking, F2RL3 methyla-
tion, and prognosis in stable coronary heart disease. 
Eur Heart J. 2012;33:2841–8.

 51. Talens RP, Jukema JW, Trompet S, Kremer D, 
Westendorp RG, Lumey LH, Sattar N, Putter H, 
Slagboom PE, Heijmans BT, PROSPER Group. 
Hypermethylation at loci sensitive to the prena-
tal environment is associated with increased inci-
dence of myocardial infarction. Int J Epidemiol. 
2012;41:106–15.

 52. Jiang D, Zheng D, Wang L, Huang Y, Liu H, Xu 
L, Liao Q, Liu P, Shi X, Wang Z, Sun L, Zhou Q, 
Li N, Xu L, Le Y, Ye M, Shao G, Duan S. Elevated 
PLA2G7 gene promoter methylation as a gender-
specific marker of aging increases the risk of 
coronary heart disease in females. PLoS One. 
2013;8:e59752.

 53. Perkins E, Murphy SK, Murtha AP, Schildkraut 
J, Jirtle RL, Demark-Wahnefried W, Forman MR, 
Kurtzberg J, Overcash F, Huang Z, Hoyo C. Insulin- 
like growth factor 2/H19 methylation at birth and 
risk of overweight and obesity in children. J Pediatr. 
2012;161:31–9.

6 Involvement of Epigenetic Control and Non-coding RNAs in Cardiovascular System



132

 54. Irvin MR, Zhi D, Joehanes R, Mendelson M, 
Aslibekyan S, Claas SA, Thibeault KS, Patel 
N, Day K, Jones LW, Liang L, Chen BH, Yao C, 
Tiwari HK, Ordovas JM, Levy D, Absher D, Arnett 
DK.  Epigenome-wide association study of fast-
ing blood lipids in the genetics of lipid lower-
ing drugs and diet network study. Circulation. 
2014;130(7):565–72.

 55. Guay SP, Voisin G, Brisson D, Munger J, Lamarche 
B, Gaudet D, Bouchard L. Epigenome-wide analysis 
in familial hypercholesterolemia identified new loci 
associated with high-density lipoprotein cholesterol 
concentration. Epigenomics. 2012;4:623–39.

 56. Haas J, Frese KS, Park YJ, Keller A, Vogel B, Lindroth 
AM, Weichenhan D, Franke J, Fischer S, Bauer A, 
Marquart S, Sedaghat-Hamedani F, Kayvanpour E, 
Köhler D, Wolf NM, Hassel S, Nietsch R, Wieland 
T, Ehlermann P, Schultz JH, Dösch A, Mereles D, 
Hardt S, Backs J, Hoheisel JD, Plass C, Katus HA, 
Meder B.  Alterations in cardiac DNA methylation 
in human dilated cardiomyopathy. EMBO Mol Med. 
2013;5:413–29.

 57. Movassagh M, Choy MK, Knowles DA, Cordeddu 
L, Haider S, Down T, Siggens L, Vujic A, Simeoni 
I, Penkett C, Goddard M, Lio P, Bennett MR, Foo 
RS. Distinct epigenomic features in end-stage failing 
human hearts. Circulation. 2011;124:2411–22.

 58. Han P, Hang CT, Yang J, Chang CP, Bruneau 
B. Chromatin remodeling in cardiovascular develop-
ment and physiology. Circ Res. 2011;108:378–96.

 59. Cardinale JP, Sriramula S, Pariaut R, Guggilam A, 
Mariappan N, Elks CM, Francis J. HDAC inhibition 
attenuates inflammatory, hypertrophic, and hyperten-
sive responses in spontaneously hypertensive rats. 
Hypertension. 2010;56:437–44.

 60. Okamoto H, Fujioka Y, Takahashi A, Takahashi T, 
Taniguchi T, Ishikawa Y, Yokoyama M. Trichostatin 
A, an inhibitor of histone deacetylase, inhibits smooth 
muscle cell proliferation via induction of p21(WAF1). 
J Atheroscler Thromb. 2006;13:183–91.

 61. Kong X, Fang M, Li P, Fang F, Xu Y. HDAC2 deacet-
ylates class II transactivator and suppresses its activity 
in macrophages and smooth muscle cells. J Mol Cell 
Cardiol. 2009;46:292–9.

 62. Matsushima S, Sadoshima J.  The role of sirtuins in 
cardiac disease. Am J Physiol Heart Circ Physiol. 
2015;309:H1375–89.

 63. Zhang Y, Qiu J, Wang X, Zhang Y, Xia M.  AMP- 
activated protein kinase suppresses endothelial cell 
inflammation through phosphorylation of transcrip-
tional coactivator p300. Arterioscler Thromb Vasc 
Biol. 2011;31:2897–908.

 64. Franklin S, Kimball T, Rasmussen TL, Rosa-Garrido 
M, Chen H, Tran T, Miller MR, Gray R, Jiang S, 
Ren S, Wang Y, Tucker HO, Vondriska TM.  The 
chromatin- binding protein Smyd1 restricts adult 
mammalian heart growth. Am J Physiol Heart Circ 
Physiol. 2016;311:H1234–47.

 65. Ai S, Yu X, Li Y, Peng Y, Li C, Yue Y, Tao G, Li C, 
Pu WT, He A.  Divergent requirements for EZH1  in 
heart development versus regeneration. Circ Res. 
2017;121:106–12.

 66. Guo H, Ingolia NT, Weissman JS, Bartel 
DP.  Mammalian microRNAs predominantly 
act to decrease target mRNA levels. Nature. 
2010;466(7308):835–40.

 67. Fichtlscherer S, Zeiher AM, Dimmeler S. Circulating 
microRNAs: biomarkers or mediators of cardio-
vascular diseases? Arterioscler Thromb Vasc Biol. 
2011;31(11):2383–90.

S. Sharma et al.



133© Springer Nature Singapore Pte Ltd. 2020 
J. Xiao (ed.), Non-coding RNAs in Cardiovascular Diseases, Advances in Experimental Medicine 
and Biology 1229, https://doi.org/10.1007/978-981-15-1671-9_7

Non-coding RNAs as Epigenetic 
Gene Regulators in Cardiovascular 
Diseases

Wanlin Jiang, Devendra K. Agrawal, 
and Chandra Shekhar Boosani

Abstract
Epigenetic gene regulations can be considered 
as de-novo initiation of abnormal molecular 
signaling events whose regulation is otherwise 
required during normal or specific develop-
mental stages of the organisms. Primarily, 
three different mechanisms have been identi-
fied to participate in epigenetic gene regula-
tions which include, DNA methylation, 
non-coding RNA species (microRNAs 
[miRNA], and long non-coding RNAs [LNC-
RNA]) and histone modifications. These de-
novo epigenetic mechanisms have been 
associated with altered normal cellular func-
tions which eventually facilitate normal cells 
to transition into an abnormal phenotype. 
Among the three modes of regulation, RNA 
species which are usually considered to be 
less stable, can be speculated to initiate instant 
alterations in gene expression compared to 
DNA methylation or histone modifications. 
However, LNC-RNAs appear to be more sta-
ble in the cells than the other RNA species. 
Moreover, there is increasing literature which 
clearly suggests that a single specific LNC-
RNA can regulate multiple mechanisms and 
disease phenotypes. With specific focus on 

cardiovascular diseases, here we attempt to 
provide UpToDate information on the func-
tional role of miRNAs and LNC-RNAs. Here 
we discuss the role of these epigenetic media-
tors in different components of cardiovascular 
disease which include physiopathological 
heart development, athersclerosis, retenosis, 
diabetic hearts, myocardial infarction, isch-
emia-reperfusion, heart valve disease, aortic 
aneurysm, osteogenesis, angiogenesis and 
hypoxia in the heart. While there is abundant 
literature support that shows the involvement 
of many LNC-RNAs and miRNAs in cardio-
vascular diseases, very few RNA species have 
been identified which regulate epigenetic 
mechanisms which is the current focus in this 
article. Understanding the role of these RNA 
species in regulating epigenetic mechanisms 
in different cell types causing cardiovascular 
disease, would advance the field and promote 
disease prevention approaches that are aimed 
to target epigenetic mechanisms.
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1  Introduction

Several historical events in science have indicated 
the significance of epigenesis in gene regulation. 
Dr. Conrad Waddington’s quest “How genotypes 
give rise to phenotypes during development”, envi-
sions the role of epigenetics in developmental 
stages. The study on mitotically and/or meiotically 
heritable changes in gene function by Dr. Arthur 
Riggs, could not explain the effects of non-herita-
ble modifications on DNA. Maybe the most appro-
priate indications that can assign Epigenetics as an 
independent field of study came from Dr. Adrian 
Bird who defined epigenesis as “the structural 
adaptation of chromosomal regions so as to regis-
ter, signal or perpetuate altered activity states” [1]. 
The current definitions of Epigenetics hold a much 
broader field of study which explores induced 
molecular expressions/modifications and their 
associations with normal and abnormal physiology 
in different cells.

Non-coding RNAs have contributed to a dra-
matic improvement in our understanding on disease 
progression and prevention. Based on the transcipt 
size, all non-coding RNAs can be divided as small 
non-coding RNAs which are less than 200  bp 
(includes miRNA, piRNA, tiRNAs, TSSa-RNAs, 
PROMPTs and snacRNA) and large non-coding 
RNAs which are more than 200 bp (LNC-RNAs, 
lincRNAs and T-UCRs) [2]. An exception to this 
would be the small nucleolar RNAs (snoRNAs) 
which are usually about 300 bp. Among these RNA 
species, miRNAs and LNC-RNAs have been identi-
fied to play an important role in epigenetic gene 
regulation through histone modifications and DNA 
methylation in addition to silencing or co- 
transcription of other miRNAs [3].

2  DNMTs and DNA Methylation

Specific methylation of the paired CG dinucleotide 
sequences (CpG) present on both strands of 
genomic DNA is strongly associated with gene 
silencing [4]. As a consequence, the cytosine resi-
dues get methylated (C5-methylcytosine, 5mC).
This DNA methylation pattern is widely seen in 
eukaryotic genomes. The cystine methylation is 

mediated by specific group of enzymes called DNA 
methyltransferases (DNMTs), and in humans’ dif-
ferent isoforms of these enzymes were identified 
which included DNMT1, DNMT2, DNMT3A, 
DNMT3B, and DNMT3L. Among these isoforms, 
DNMT1, which is often referred to as maintenance 
methylase, has the most significant role in regulat-
ing gene expression in normal conditions. Its unan-
ticipated activity has been identified as the causative 
factor for the onset of disease phenotype in many 
proliferative diseases/disorders. The two isoforms 
DNMT3A and DNMT3B, are recognized as the 
next potent DNA methylases which have specific 
genomic targets and tissue or developmental spe-
cific functions [5]. The catalytic activity of other 
isoforms has been reported or speculated to be inter-
regulatory or inter- dependent on other DNA meth-
ylases [6].

2.1  LNC-RNAs and miRNAs 
Regulate DNA Methylation

The LNC-RNA uc.4, regulates DNA methylation 
by targeting the Rap1 promoter and affects its 
down-stream signaling. In addition, it was also 
found to regulate gonadotropin-releasing hor-
mone signaling pathway and Calcium signaling 
pathway during heart development [7]. Further, 
over expression of LNC-RNA uc.167 was found 
to decrease cellular levels of cardiac markers 
cTnT, MEF2C, and NKX2.5, and prevents the 
differentiation of P19 mouse teratocarcinoma 
epithelial cells. Notably, over expression of LNC-
RNA uc.167 caused promoter hypermethylation 
at Opcm1, Mmp2, and Hspa13 genomic loci, and 
at the same time hypomethylation at the promoter 
regions of MEF2C, Strap, and Sufu was also 
noted[8, 9]. These studies indicate that the LNC-
RNA uc.167 suppresses cellular differentiation 
into cardiomyocytes in which MEF2C plays a 
major role.

Intracellular levels of the microRNA miR-29, 
were found to increase during aging. In the tur-
quoise killifish model, reduced levels of colla-
gens and DNMTs were found associated with 
increased expression of the microRNA miR- 29. 
In the transgenic zebrafish, knockdown of miR-
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29 was identified to induce cardiac abnormalities 
which paralleled with impaired oxygen depen-
dent pathways resulting in upregulation of sev-
eral hypoxic markers such as lactate 
dehydrogenase, hypoxia inducible factor 1 alpha, 
hexokinase 2, erythropoietin A, heme oxygenase 
1a and p27 [10]. Moreover, studies on the role of 
miR- 29 in regulating DNA methylation in older 
mice aorta suggests another molecular regulatory 
mechanism of miR-29 that is associated with 
suppression of DNA demethylase activity which 
is mediated through down regulating Ten-Eleven 
Translocation (TET) family of proteins and 
Thymine DNA glycosylase [11].

2.2  miRNAs Regulating DNA 
Methylation During 
Progression of Atherosclerosis

In human aortic smooth muscle cells (HASMC) 
that were cultured in presence of oxidized low- 
density lipoprotein (oxLDL), elevated levels of 
the microRNA miR-29b that targets the 3′UTR 
of DNMT3b transcript was reported. As a result, 
the DNMT3b protein levels were lowered which 
subsequently induced MMP-2/MMP-9 HASMC 
cell migration [12]. In another report, the 
microRNA miR-152 was identified to play a pro-
tective role against atherosclerosis by inhibiting 
the expression of DNMT1. The reduced expres-
sion of DNMT1 restored athero-protective func-
tions of ERα gene in HASMCs. Interesting was 
the SHXXT drug which is a traditional Chinese 
medicine, reported to restore the expression lev-
els of miR-152  in HASMCs that were treated 
with LPS and also in the high fat diet-fed SD rats 
[13]. Further, migration of HASMCs was found 
to be affected in presence of the microRNA miR-
210. The SPRED2 gene (sprouty-related EVH1 
domain 2) was identified as a direct target for 
miR-210 in patients having carotid artery athero-
sclerosis and stroke. The oxLDL was reported as 
the inducer of miR-210 expression, and this 
induced expression of miR-210 occurs due to 
binding of the HiF-1α to the R2 region in the pro-
moter of miR-210 which remained in an unmeth-
ylated state [14].

Connexin 43 (Cx43) is an important cell junc-
tion protein that controls proliferation and migra-
tions of vascular SMCs. The microRNA 
miR-1298 was identified to prevent proliferation 
and migration of SMCs by targeting the 3′UTR 
of Cx43 [15]. We have recently reported that in 
presence of the microRNA miR-1264, prolifera-
tion of SMCs was facilitated. The important epi-
genetic mediator DNMT1 was identified as a 
direct target for miR-1264. Further, in presence 
of TNF-α and IGF-1, the expression of this 
microRNA was found to be drastically reduced 
[16].

Homocysteine (Hcy) was found to lower the 
expression of miR-125b. In ApoE null mice, the 
expression of DNMT3b was affected in presence 
of Hcy in vascular SMCs. In absence of the 
microRNA miR-125, DNMT3b was found to 
promote hypermethylation in the promoter region 
of p53 [17]. This resulted in the proliferation of 
vascular SMCs due to inhibition of p53. Another 
mechanism of Hcy mediated cell proliferation 
was reported to be mediated through the 
microRNA miR-143 where Hcy was found to 
induce the expression of DNMT3a. Subsequently, 
due to the activity of DNMT3a on the promoter 
region of the microRNA mir-143, its expression 
was found to be greatly reduced [18].

In Table 7.1, we summarized the list of miR-
NAs that have been reported to regulate expres-
sion of different genes which either promote or 
inhibit vascular SMCs proliferation and/or 
migration.

2.3  miRNAs Regulating 
Pulmonary Hypertension

Pulmonary hypertension results primarily due to 
vasoconstriction caused by pulmonary artery 
smooth muscle cells (PASMCs). PASMC prolif-
eration was directly influenced by the microRNA 
miR-328, which prevents cell proliferation and 
migration by targeting the Ser/Thr-protein 
kinase-1 (PIM-1). In PDGFBB treated PASMCs, 
the levels of miR-328 were reported to be 
decreased. Further, an inverse correlation 
between the levels of miR-328 and DNMT1 was 
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deciphered which suggests the possibility of 
DNA methylation in the promoter region of miR-
328 [19]. In the SD rat model for PAH disease, 
reduced levels of the microRNA miR-126 was 
reported. This was correlated with increased 
DNA methylation at the miR-126 locus in 
patients with uncompensated right ventricle fail-
ure. The reduced levels of miR-126 was attrib-
uted as a causative factor for the uncompensated 
RV failure resulting due to blocking of RAF 
phosphorylation regulated through MAPK and 
VEGF pathway [20].

2.4  DNA Methylation 
and Osteogenic 
Differentiation in Cardiac Cells

The LNC-RNA H19, was reported to induce 
osteogenic phenotype by inhibiting NOTCH1 
pathway and by suppressing binding of p53 to its 
effector promoters. Consequently, upregulation 
of the osteogenesis promoting genes RUNX2 and 
BMP2 was observed in the heart valve interstitial 
cells. DNA hypomethylation at the promoter 
region of LNC-RNA H19 was identified as the 
causative factor that contributes to the elevated 
expression of LNC-RNA H19 in the mineralized 
aortic valves [20].

DNMT3a mediated DNA methylation 
appears to lower the cellular levels of the 
microRNA miR-204. This miR-204/DNMT3a 

regulatory circuit is required for osteoblastic dif-
ferentiation of vascular SMCs [21]. This was 
further proved in uremia patients and in mice 
with calcified arteries, where the miR-204/
DNMT3a mediated regulatory pathway was 
associated with osteogenic differentiation poten-
tial in vascular SMCs.

2.5  Regulating DNA Methylation 
in Endothelial Cells by Non- 
coding RNAs

In HUVEC cells, differential methylation at the 
LNC-RNA MEG3 locus was attributed to 
enriched presence of LNC-RNA MEG3. This 
was interpreted from the observation that in pres-
ence of DNMT inhibitors, no significant improve-
ment in the expression levels of LNC-RNA 
MEG3 was noted. However, HIF-1α was found 
to upregulate the expression of LNC-RNA MEG3 
and its downstream effector VEGFR2, which 
caused endothelial cell migration and angiogen-
esis [22]. Differential methylation at MEG3 locus 
may also have impacted the expression of the 
LNC- RNA MEG9, which was specifically 
induced by ionizing radiation. The ionizing radi-
ation was shown to affect DNMTs by decreasing 
their protein expression levels at the treated site. 
Due to this, demethylation in the DLK1-DIO 
non- coding RNA cluster was noted in endothelial 
cells. This hypomethylation further led to induced 

Table 7.1 MicroRNAs that are associated with methylation dependent gene regulation in vascular SMCs

Methylation status
Associated 
miRNA Genes regulated Effect

Hypermethylation miR-1298 cx43 Mitigates VSMCs proliferation and 
migration

Hypomethylation miR-210 SPRED2 Prevents VSMCs migration
Hypermethylation miR-143 DNMT3a Prevents VSMCs proliferation
Hypermethylation miR-328 PIM-1 Prevents VSMCs proliferation and 

migration
Hypermethylation miR-126 Phosphorylation of RAF/

MAPK
Improves microvessel density and RV 
function

Hypermethylation miR-204 DNMT3a Inhibits osteoblastic differentiation of 
VSMCs

Hypomethylation miR-29b MMP2/MMP9 Inducing VSMCs migration
Hypomethylation miR-152 ERα Protective role in atherosclerosis

Hypomethylation miR-125b p53 Inhibits VSMCs proliferation
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expression of the LNC-RNA MEG9 originating 
from the DLK1-DIO3 cluster. As a result, the 
anti-apoptotic effects in endothelial cells was 
seen, indicating a direct correlation between the 
expression of LNC-RNA MEG9 and protection 
to the endothelial cells resulting due to inhibition 
of DNMTs [23].

Two specific miRNAs, miR-152 and miR-30a 
were found to promote differentiation of stem cells 
into endothelial cells, and these two miRNAs target 
two different isoforms of DNMTs. The miRNA 
miR-152 targets and affects DNMT1 expression 
while miR-30a targets and prevents the expression 
of DNMT3a. In human mesenchymal stem cells 
that were subjected to differentiation into endothe-
lial cells, elevated levels of miR-152 and miR-30a 
were reported. Due to the inhibition of DNMT1 and 
DNMT3a by these two miRNAs, the transcription 
factor E2F1 was able to induce the expression of 
endothelial-specific genes (KDR, eNOS, and 
VE-cadherin) in addition to the arterial markers 
(Hey2, EphrinB2, and Dll4) [24].

2.6  Non-coding RNAs Regulate 
DNA Methylation 
in Cardiomyocytes 
and Myofibroblasts

The normal QT rhythm in the heart if affected 
can lead to atrial fibrillation. Several deleterious 
mutations in the ion channels have been detected. 
To fix these mutations, gene therapy approach 
has shown a promising path to address the associ-
ated postoperative sudden cardiac events [25, 
26]. Differential methylation in the promoter 
region of the LNC-RNA KCNQ1OT1 and pro-
moter polymorphism detected with an SNP 
rs11023840 which represents the AA genotype 
was observed in patients having symptomatic 
long QT rhythm [27] The study establishes a 
strong correlation between the DNA methylation 
events at the LNC-RNA KCNQ1OT1 locus and 
its resulting effects on the observed prolonged 
QT rhythm.

Phenanthrene treatment was shown to cause 
cardiac hypertrophy by inducing DNMTs which 
cause genomic DNA methylation at the miR- 

133a locus in rat heart tissues[28]. Due to the 
treatment with Phenanthrene, expression of 
CdC42 and RhoA were increased in H9C2 rat 
cardiomyoblast cells which suggests that CdC42 
and RhoA are a direct targets of miR-133a. Of 
note, in diabetic hearts of Ins2 +/− Akita mouse 
model, decreased levels of DNMT1 and DNMT3b 
were observed, and at the same time, upregulated 
expression of DNMT3a and miR-133a were also 
noted. These studies suggest that in high glucose 
treated cardiomyocytes, DNMT1 prevents the 
expression of miR-133a to cause cardiac hyper-
trophy [29]. Two other microRNAs, miR-29 and 
miR-30 were found reduced due to the increased 
activity of DNMT3a in HL-1 cells and also in- 
vivo in a rat model of myocardial infarction and 
ischemia-reperfusion [30] In another study, the 
expression of the microRNA miR-29a was 
reported to be decreased in cardiac myofibro-
blasts of SD rats suggesting a direct role of miR- 
29a in cardiac fibrosis occurring possibly due to 
increased expression of DNMT3a [31].

2.7  Non-coding RNAs Regulating 
DNA Methylation in PBMCs

In PBMCs isolated from patients with carotid 
artery atherosclerosis, the endogenous levels of 
LNC-RNA NKILA was reported to be decreased. 
The LNC-RNA NKILA appears to confer a 
reduced inflammation by lowering the activity of 
NF-κB, which is a well know enhancer of cellular 
inflammation that functions by repressing the 
expression of KLF4. This mechanism apparently 
was found to be mediated through induced 
expression of DNMT3a and its DNA methylating 
effects on the KLF4 promoter sequence [32].

DNA hypomethylation at the promoter region 
of miR-223 locus was found to hold a strong 
association in patients who were diagnosed with 
atherosclerotic cerebral infarction (ACI) or were 
having atherosclerosis in carotid arteries. The 
genomic DNA isolated from the PBMCs of over 
23 patients and 32 healthy subjects when sub-
jected to bisulphite sequencing and real time 
PCR analysis enabled identification of 9 CpG 
dimers in the miR-223 promoter region. DNA 
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hypomethylation observed in these patients was 
found to positively correlate with the total circu-
lating cholesterol levels [33]. It would be inter-
esting to see if SNPs or genetic polymorphisms 
exist at this locus in the disease patients and in 
healthy individuals from different ethnic groups. 
In addition, more detailed studies are required to 
analyze variations in the expression of the down-
stream targets.

3  Histone Modifications

Histone proteins coil DNA sequences and most 
modifications on the amino acid sequences on 
histones have been reported to either induce or 
inhibit transcription of the corresponding genes. 
Modifications on histone proteins are covalent in 
nature, and many different modifications have 
been described in the literature. Most post-trans-
lational modifications observed on histone pro-
teins include methylation, phosphorylation, 
acetylation, ubiquitylation, and sumoylation on 
lysine, arginine, serine, threonine, and tyrosine. 
Among these, histone acetylation/deacetylation 
and histone methylation/demethylation are well 
characterized and their associations in different 
disease conditions have been widely studied. A 
class of enzymes called histone acetyltransfer-
ases (HATs) which include GNAT1, MYST, 
TAFII250, P300/CBP, and ACTR, add an acetyl 
group to the lysine residues on the histone pro-
teins. Also, the group of enzymes called histone 
deacetylases (HDACs) which are classified into 
Class I, Class II and Class III, act by removing 
the acetyl groups from lysine residues on the his-
tones. Similarly, the enzymes histone methyl-
transferases (HMTs), which add methyl groups 
to the lysine or arginine residues on histones have 
been described. These group of enzymes include 
G9a, SUV39-h1, SUV39-h2, SETDB1. In most 
of the methylation events, the methyl group was 
derived from S-adenosyl-L-methionine which is 
widely known as methyl group donor [34]. 
Proteins containing Jumonji C domains were 
found to participate in histone demethylation 
processes by directly removing methyl groups 
from the histones [35].

3.1  Non-coding RNAs Regulating 
Histone Modifications 
in Cardiac Stem Cells

Cellular reprograming to dedifferentiate fibro-
blasts into cardiomyocytes has received great 
attention, and gene therapy with stemness asso-
ciated genes appears to be a promising approach 
[36–38]. The LNC-RNA HAND2 plays an 
important role in reprograming fibroblasts into 
cardiomyocytes during right ventricle develop-
ment. Also, the LNC-RNA “upperhand” was 
speculated in sustaining the expression of 
HAND2 by inducing GATA4 expression [39]. 
Further, the expression of HAND2 was found to 
be dependent on upstream enhancer elements 
and are strongly influenced by H3K27 acetyla-
tion at this locus, as observed in the HAND2 
deleted mice embryos [40]. The LNC-RNA 
“Fendrr” was reported to act as a dsDNA/RNA 
triplex to enable cardiac mesoderm differentia-
tion via binding to PRC2 and TrxG/MLL 
Histone-Modifying Complexes. Loss of Fendrr 
was shown to reduce K27 trimethylation on 
Histone H3 which is bound to the promoter 
region of Foxf resulting in the expression of 
Foxf1. Also, K4 trimethylation on Histone 3 
protein was reported to induce the exression of 
Gata6 and Nkx2-5 genes [41].

PDGF-BB and TGF-β mediated expression 
of microRNA miR-22, was found to target 
Methyl CpG– binding protein 2 (MECP2) and 
prevent its expression. Inhibition of MECP2 
was found to promote differentiation of embry-
onic stem cells in the adventitia into SMCs, and 
this coincides with increased lysine methylation 
on Histone 3 (H3K9) which is at the promoter 
binding region of MECP2 [42]. Also, the 
microRNA miR-1, has been shown to induce 
cardiomyocyte progenitor cell differentiation 
into cardiomyocytes by inhibiting the expres-
sion of histone deacetylase 4 [43]. Further, both 
miR-1 and miR-133 were reported to be ele-
vated in spontaneous myocardial differentiation 
in the mouse embryonic stem cells by prevent-
ing cyclin-dependent kinase-9 (Cdk9). This was 
 further confirmed by the treatment with 
Trichostatin A, a histone deacetylase inhibitor, 
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which favored myocardial differentiation [44]. 
In normal developmental and physiological 
conditions, miR-34a expression was found 
increased at one-week post-natal stage. On the 
contrary, after 7 days of myocardial infarction, 
miR-34a, which mediates cell cycle and cell 
death through inhibition of Sirt1, was reported 
to be increased in adult hearts [45].

3.2  Non-coding RNAs Regulate 
Histone Modification 
in Vascular SMCs During 
Atherosclerosis

In ApoE null mice, the LNC-RNA LincRNA-p21, 
notably decreased in the atherosclerotic plaques 
of patients with coronary artery disease. 
Knockdown of LincRNA-p21 was shown to 
induce proliferation of vascular SMCs. In the 
same mice, the interaction between mouse dou-
ble minute 2 (MDM2), an E3 ubiquitin-protein 
ligase and p53 was reported. Blocking p300/p53 
interaction led to reduced levels of the target 
genes p53 Puma, Bax, and Noxa. Also, 
LincRNA-p21 is a known transcriptional target 
of p53. Thus, blocking the interaction between 
p300 and p53 may have caused decreased 
expression of LincRNA-p21 [46]. In internal 
mammary arteries, the LNC- RNA LincRNA-p21 
showed about seven-fold decrease in the coro-
nary artery plaques. Further, the LNC-RNA 

FENDRR presented approximately two-fold 
decrease in expression in the coronary artery 
plaques. FENDRR also was found to stimulate 
Histone H3 Lysine 27 trimethylation in complex 
with PRC2. Therefore, it was presumed that the 
decrease in the expression of FENDRR may 
have led to the reduced levels of H3K27Me3, 
eventually contributing to VSMC cell prolifera-
tion and atherosclerotic plaque development 
[47].

The histone lysine methyltransferase enzyme, 
Suv39h1 causes H3K9 trimethylation on the 
inflammatory genes such as MCP-1, IL-6 and 
maintains normal state of the cells. A specific 
microRNA miR-125b was identified to inhibit 
the expression of Suv39h1 by targeting its 
3′UTR, and this was found to induce proinflam-
matory signaling in diabetic vascular SMCs [48]. 
Also, oxLDL was identified to enhance the 
expression levels of microRNA- 29b and at the 
same time, it also led to a significant decrease in 
HDAC1 expression by activating c-Fos and 
lysine acetylation at Lys9/Lys18 residues on H3 
histone, in addition to methylation at Lys4, and 
subsequently inhibiting methylation at Lys9/
Lys27 on histone H3 [49].

In Table 7.2, we summarized some of the non- 
coding RNAs that were reported to be associated 
with histone modifications in regulating gene 
expression during atherosclerosis.

Table 7.2 Non-coding RNAs that regulate specific gene expression through histone modifications in vascular SMCs

Non-coding 
RNA

Histone modifications and 
target gene Genes regulated Effect

miR-125b H3K9me3; Suv39H1 MCP-1, IL-6 Inhibits monocyte binding and 
inflammatory

LincRNA-21 p300 (HAT)/p53 interaction; 
MDM2/p53 interaction

p53, Puma, Bax, 
Noxa

Inhibits VSMCs proliferation

FENDRR H3K27Me3 - Inhibits VSMCs proliferation and 
atherosclerotic plaque development

Giver H3K27me3; Ccl2, Tnf, and 
Nox1

Ccl2, Tnf, and 
Nox1

Induces expression of inflammatory 
markers and oxidative markers

miR-2861 HDAC5 RunX2 Induces VSMCs osteogenic 
transdifferentiation

TUG1 EZH2 F-actin Induces VSMCs phenotypic switch
miR-22 HDAC4; MECP2 and EVI1 PCNA, SMαA and 

SM-myh11
Inhibits VSMCs proliferation and 
phenotype switching
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3.3  Non-coding RNAs Regulating 
Restenosis in Smooth Muscle 
Cells

The LNC-RNA TUG1, by forming TUG1/
EZH2/α-actin complex, induces EZH2-
mediated methylation of α-actin which is criti-
cal for F-actin polymerization. By modulating 
actin polymerization, the LNC-RNA promotes 
phenotype switch in vascular SMCs which 
exhibit phenotypic shift from contractile to syn-
thetic type [50]. The above discussed LNC-
RNA MEG3 and IRF-1 were shown to be 
decreased in the PDGFBB treated vascular 
SMCs, however at the same time, the expression 
of miR-125a-5p and HDAC4 was found 
increased which depicts an inverse correlation 
between these important targets of restenosis. 
The miR- 125- 5p inhibitor was shown to upregu-
late IRF-1 expression. Also, knockdown of 
HDAC4 was shown to promote MEG3 levels. In 
both these cases, the net effect was on vascular 
SMCs whose proliferation and migration got 
affected. These results establish an active 
MEG3/miR-125a-5p/HDAC4/IRF1 axis that 
plays a critical role in the development of neo-
intimal hyperplasia and restenosis [51].

3.4  Non-coding RNA Regulating 
Aortic Aneurysm

Both PRC2 and EZH2 coordination is required 
for inducing H3-lysine 27 trimethylation to reg-
ulate smoothelin-1 (SMTN1), calponin (CNN1), 
vinculin (VCL1), and transgelin (SM22α) in 
vascular SMCs. Inhibition of these contractile 
proteins in human aortic vascular SMCs that 
were transfected with TGFR2G357W and 
ACTA2R179H lentiviral expression vectors, 
presented two aggressive genotypes of heredi-
tary Thoracic aortic aneurysm. Knockdown of 
either MALAT1 or HDAC9 was shown to 
improve the expression of these contractile pro-
teins in Fbn1C1039G/+ (Marfan) mice in which 
the phosphorylation of Smad2 and ERK was 
affected [52]. These results establish direct regu-

lation of HDAC9–MALAT1–BRG1 complex in 
aortic aneurysm.

3.5  Non-coding RNAs Regulating 
Histone Modification 
in Endothelial Cells

Interaction of the LNC-RNA MANTIS with 
BRG1, which is chromatin-remodeling complex, 
assists in restoring the ATPase activity of BRG1 
which is essential for transcription of critical genes 
such as SOX18, SMAD6, and COUPTFII in endo-
thelial cells. In monkeys that were fed with high 
fat diet, simultaneous decrease in the expression of 
H3K4 lysine-specific demethylase 5B (JARID1B) 
and elevated expression of MANTIS was observed 
during atherosclerosis regression in carotid arter-
ies [53]. These results show one of the many ben-
efits of the LNC-RNA MANTIS in regressing the 
net atherosclerotic events. The Anti-Sense LNC-
RNA of GATA6 (GATA6-AS), promotes the TGF-
β2 induced endothelial to mesenchymal transition 
under hypoxic conditions, and this was negatively 
correlated with lysyl oxidase-like 2 protein. 
Further, the GATA6-AS affected trimethylation of 
lysine 4 of histone H3 (H3K4me3) by mobilizing 
LOXL2 onto the proinflammatory loci of cyclo-
oxygenase-2 gene and favors inhibition of the pro-
angiogenic genes [54, 55]. Treatment with the 
trypsin inhibitor, Ulinastatin was found to confer 
an anti-apoptotic effect and also decrease endothe-
lial cell permeability in cardiac microvascular 
endothelial cells. In presence of induced sepsis 
conditions by treatment with lipopolysaccharide 
(LPS), Ulinastatin was reported to affect the 
expression of several apoptotic genes such as 
EZH2, ROS, caspase-3 and Bax. At the same time, 
it also promoted increased expression levels of 
MALAT1 and Bcl-2. Knockdown of MALAT1 
was also found to inhibit the interaction of EZH2 
and H3K27me3 with DAB2IP and Brachyury, 
which suggests that both DAB2IP and Brachyury 
are targets of EZH2 [55].

In HUVECs derived from the gestational 
diabetes patients, the precursor miRNA pre-
miR-101 reduced the expression of EZH2 and 
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also histone trimethylation at H3K27me3. 
Interesting was when the anti-miR anti-
miR-101 was transfected into these cells, only 
the expression of EZH2 was found to be 
restored without affecting H3K27me3 [56]. 
The target microRNA of GATA6, miR-10a nor-
mally prevents the expression of VCAM-1  in 
endothelial cells. Under oscillatory shear stress 
(OS) conditions, HDAC-3/5/7–RARα hetero-
repressor complex, was shown to prevent the 
binding of RARα with RARE to induce the 
expression of miR-10a [57]. In studying the 
role of gut microbiome in high fat diet supple-
mented mouse model of atherosclerosis, the 
expression of the microRNA miR-204 was 
found to hold an inverse correlation with Sirt1. 
When mice were treated with broad spectrum 
antibiotics to kill the gut microbiome, an 
increase in the expression of Sirt1 and Nitric 
oxide was observed which promoted vasorelax-
ation. The damage to the endothelium was 
restored when the anti-miR for miR-204 was 
used. These reports suggest a prominent role of 
gut microbiome in endothelial dysfunction 
under high fat diet supplementation [58]. In 
Table  7.3, we summarized specific miRNAs 
and LNC-RNAs that regulate cellular functions 
in endothelial cells during atherosclerosis.

3.6  Non-coding RNAs Regulating 
Histone Modifications 
in Cardiomyocytes 
and Cardio-Myofibroblasts

In the mouse model of transaortic constriction 
(TAC) that occurs in the heart due to pressure- 
overload, the LNC-RNA MyHEART (Myosin 
Heavy Chain Associated RNA Transcripts) not 
only was found to be decreased but along with it 
the other isoforms of myosin chains Myh6/7 
were reduced, which is characteristic of cardio-
myopathy. During TAC complex formation 
between Brg1, Hdac2/9 and Parp1 and its recruit-
ment at the MyHEART locus was found to get 
affected. Moreover, MyHEART was found to 
interact with Brg1 and the helicase domain, to 
prevent Brg1 from binding to the chromatin 
bound DNA through competitive inhibition. This 
is considered as a supportive mechanism to pro-
tect the heart from hypertrophy and failure [59]. 
In the mouse model of transverse aortic constric-
tion (TAC) with cardiac hypertrophy, the LNC- 
RNA TINCR was reportedly decreased. In 
addition, along with TINCR, Angiotensin II 
(Ang-II) was also reduced substantially in the 
cultured neonatal cardiomyocytes. In Ang-II 
induced cellular hypertrophy, Ca2+/calmodulin- 

Table 7.3 Non-coding RNAs regulating histone dependent gene expression in vascular endothelial cells

Non-coding 
RNA Role of Histone proteins Genes affected Effect
Pre-miR-101 Reduces EZH2 and downstream 

H3K27me3
miR-101 Impairs fetal endothelial cell 

functions
miR-34a Directly inhibits the expression 

of Sirt1
miR-34a Causes senescence in endothelial 

cells
miR-217 Directly reduces the expression 

of Sirt1
Upregulates FoxO1 
acetylation

Promotes endothelial senescence

miR-204 Directly reduces the expression 
of sirt1

Downregulates eNOS 
signaling

Impairs endothelium-dependent 
vasorelaxation

GATA6-AS Inhibits H3K4me3 PTGS2, POSTN Inhibits proangiogenic factors
miR-10a Promotes HDAC-3/5/7-RARα 

complex to prevent RARα 
binding to RARE

HDAC-3/5/7 Inhibits VCAM-1 in endothelial 
cells

MANTIS H3K4me3 H3K4 lysine-specific 
demethylase 5B, 
JARID1B

Promotes angiogenesis

MALAT1 H3K27me3 EZH2 Inducing apoptosis and increasing 
the permeability of cardiac 
microvascular ECs.
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dependent protein kinase II (CaMKII) expression 
was reported to be elevated. The LNC-RNA 
TINCR appears to mitigate myocardial hypertro-
phy. The underlying molecular mechanism 
appears to be mediated through recruitment of 
EZH2 stimulated trimethylated histones 
H3K27me3 onto the genomic regions of CaMKII, 
resulting in its inhibition during cellular hyper-
trophy [60]. Another LNC-RNA CHAER was 
reported in the cardiac hypertrophy model. By 
interacting with PRC2 complex, CHAER restricts 
H3K27me3 by EZH2. As a consequence, the 
expression of hypertrophy associated genes 
Myh7, Acta1 and Anf was enhanced. Further, this 
interaction was also reported to be triggered by 
mTORC1. In addition, treating the rat ventricular 
myocytes with Phenylephrine was shown to be a 
representative in-vitro model for TAC [61]. Lack 
of expression of the histone acetyl transferase 
p300 was paralleled with the reduced expression 
of LNC-RNA ANRIL.  Further, when ANRIL- 
knockout mice were treated with streptozotocin 
to induce diabetes, both functional and structural 
improvements in diabetic nephropathy (DN) and 
diabetic cardiomyopathy (DCM) was observed. 
Suppression of p300 and EZH2 have contributed 
to inhibition of the growth promoting factor 
VEGF.  Interestingly, p300 reduction was found 
to affect the transcription of ANRIL [62].

In the heart tissues of diabetic rats and neona-
tal rat cardiomyocytes, high glucose stimulated 
the expression of PKCβ2, and at the same time 
also caused a significant decrease in the expres-
sion of miR-150. In these cells, it was reported 
that the expression of miR-150 attenuates 
glucose- induced cardiomyocyte hypertrophy, 
and this was mediated through induction of his-
tone acetyl transferase p300 which also acts as a 
transcriptional co-activator [63]. Also, in the car-
diomyocytes of mice with miR-128 deleted, 
increased proliferation of neonatal cardiomyo-
cytes was reported. On the contrary, overexpres-
sion of miR-128 affected the ability of the 
cardiomyocytes to proliferate. The induced cell 
proliferation observed in the miR-128 deleted 
cells can be attributed to the enhanced expression 

of SUZ12. The mechanism associated with this 
enhanced cell proliferation is by apparent inhibi-
tion of p27 by SUZ12, as a result, the cell cycle 
regulators Cyclin E and CDK2 were found acti-
vated [64].

Variations in the expression of different 
microRNAs was studied in the Transverse aortic 
constriction (TAC) mouse model. In these mice, 
cardiac hypertrophy and heart failure resulted 
due to pressure overload. The microRNA miR-
208, was found to elevate β-MHC as well as 
reduce α-MHC gene expression which enhanced 
ventricular hypertrophy in mice [65]. In trans-
genic mice that overexpress microRNA miR-
208a, arrhythmia and cardiac hypertrophy was 
observed. The indirect mechanism observed in 
these mice was HDAC2 mediated inhibition of 
the serum response factor [66]. By activating cal-
cineurin, the microRNA miR-155 promoted cel-
lular hypertrophy in cardiomyocytes and heart 
remodeling through inhibition of histone demeth-
ylase Jarid2/jumonji [67].

Three different microRNAs miR-133a, miR- 
21- 3p and miR-22 were found to prevent the 
occurrence of cardiac hypertrophy. In CD1, 
after performing TAC and treatment with 
HDAC inhibitors, it was identified that the 
microRNA miR-133a expression was downreg-
ulated. Further, chromatin immunoprecipita-
tion studies revealed that both the HDAC1 and 
HDAC2 were bound to the enhancer regions of 
miR-133a which clearly indicates the inter-
dependence of HDACs and miR-133a in regu-
lating cardiac hypertrophy [68]. Also, the 
microRNA miR- 21- 3p was found to prevent 
cardiac hypertrophy in mice after TAC and 
infusion of angiotensin (Ang II) in an HDAC8 
dependent manner regulating the Akt/Gsk3β 
pathway [69]. Loss of miR-22 led to reduction 
in cardiac hypertrophy. The direct targets of 
microRNA miR-22 were Sirt1 and HDAC4 and 
this gene regulation is required to prevent car-
diac hypertrophy [70].

In Table 7.4, we show microRNAs and LNC-
RNAs that regulate histone modifications in car-
diomyocytes during cardiac hypertrophy.
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4  LNC-RNAs Sequester miRNAs 
as Natural Sponges

Recent reports have identified additional roles of 
LNC-RNAs and suggests that they can also func-
tion as decoy microRNAs and compete for 
microRNA binding sites on the target transcripts 
[71]. The below described reports suggest a novel 
approach of using miRNA sponges for the pre-
vention and treatment of atherosclerosis [72].

LNC-RNAs have also been reported to co-
transcribe with miRNAs during disease develop-
ment [73]. In knock-down experiments using 
lncRNA-AK131850 (miRNA sponge) in the 
osteoclasts from both newborn and mature sub-
jects, induced expression of VEGFa was noted 
which stimulated proliferation, differentiation, 
migration and tube formation in endothelial pro-
genitor cells. These reports identify that seques-
tering miR-93-5p using synthetic miRNA 
sponges promotes angiogenesis [74]. As dis-
cussed earlier, the SIRT1 antisense LNC-RNA 
(AS lncRNA) acts as a natural sponge for the 
microRNA miR-22, and increased Sirt1 expres-
sion stimulates proliferation and migration of the 
endothelial progenitor cells.

In endothelial cells, the LNC-RNA p21 was 
noted to act as a natural sponge for miR-130b and 

conferred reduced expression of miR-130b, 
which was evidenced through inhibition of cell 
proliferation and induction of apoptosis [75]. 
Also, the LNC-RNA HULC, prevented apoptosis 
by inducing TNF-α expression in endothelial 
cells. The underlying mechanism was primarily 
through down regulation of miR-9 mediated by 
DNA methylation activity of DNMTs [76]. 
Another similar report also suggests that the 
LNC-RNA, TCONS00024652 increases TNF-α 
and stimulates proliferation and angiogenesis in 
endothelial cells by sponging miR-21 [77]. In 
hypoxic conditions, increased expression of the 
LNC-RNA LINC00305 participates as an endog-
enous sponge for miR-136 and promotes apopto-
sis in endothelial cells [78, 79].

4.1  Interactions Between LNC- 
RNAs and miRNAs 
in Cardiovascular Diseases

Under chronic hypoxia, the LNC-RNA TUG1 
was reported to interact with miR-29c to induce 
fibroblast to myofibroblast transformation. These 
observations were supported by simultaneous 
expression of myofibroblast markers collagen I 
and α-SMA [79]. In a mice ischemia and reperfu-

Table 7.4 Non-coding RNAs regulating target gene expression in cardiomyocytes

Non-coding 
RNA

Target genes of 
modified histones Associated gene regulations Effect

Pri-miR- 
208b

EZH2 Elevated levels of β-MHC and reduced 
levels of α-MHC

Promotes the expression of 
hypertrophic and fibrotic genes

miR-155 Jarid2/jumonji Jarid2/jumonji inhibition of cyclin D1 Induces cardiac cell proliferation
miR-21-3p HDAC8 Prevents activation of Akt/Gsk3β 

pathway
Prevents cardiac hypertrophy

miR-208a HDAC2 Maintains the expression of hop; inhibits 
transcription of serum response factor

Induces cardiac hypertrophy

miR-214 EZH2 EZH2 repressed Six1 levels Promotes cardiac hypertrophy
miR-22 Sirt1 and HDAC4 Inhibits MEF2C Induces cardiac hypertrophy and 

remodeling
TINCR EZH2 Inhibits CaMKII expression Prevents cardiac hypertrophy
Chaer EZH2 and PRC2 

catalytic subunit
Induces Myh7, Acta1, Anf, and 
stimulates mTORC1 dependent pathway

Induces cardiac hypertrophy

miR-150 p300 Inhibits p300 Attenuates glucose-induced 
cardiomyocyte hypertrophy

ANRIL Stimulates p300 Initiates VEGF signaling Induces diabetic cardiomyopathy
miR-128 SUZ12and EZH2 Prevents the expression of p27 Impairs cardiomyocyte 

proliferation and cardiac function

7 Non-coding RNAs as Epigenetic Gene Regulators in Cardiovascular Diseases



144

sion model, decreased expression of the LNC-
RNA CARL was found to restore the levels of 
miR-539 which CARL sequestered naturally. One 
of the main targets for miR-539 is Prohibitin 2 
(PHB2) whose expression prevents mitochondrial 
fission and apoptosis in cardiomyocytes during 
myocardial infarction [80]. In the mouse model 
for myocardial infarction and cardiac fibrosis, 
the  LNC- RNA PFL (NONMMUT022555) was 
reported to enhance fibrosis. Increased expres-
sion of PFL was found to lower the levels of 
microRNA miR-let-7d, which led to inhibition of 
platelet- activating factor receptor. The LNC-
RNA PFL is a competitive target of let-7d. This 
endogenous target competition between PFL and 
let-7d promotes increased cell proliferation, 
fibroblast to myofibroblast transition and fibrosis 
[81]. In the rat model of diabetic cardiomyopathy 
(DCM) the LNC-RNA H19, which was down-
regulated, affected cardiac structure and func-
tion, and alleviated inflammation and oxidative 
stress. The LNC-RNA H19 acts as a precursor for 
miR-675 and directly targets the pro- apoptotic 
gene “voltage-dependent anion channel 1” 
(VDAC1) to inhibit apoptosis in high glucose 
treated cardiomyocytes [82]. These studies 
describe additional novel biological functions of 
LNC-RNAs and their role in regulating different 
aspects of cardiovascular disease.

5  Conclusions

Epigenetically induced mechanisms have been 
described in many human diseases. Although the 
associated molecular mechanisms may have been 
normal at some developmental stage or specific 
to certain cell type or growth phase, their induced 
expression in disease conditions identifies them 
as potential targets for disease prevention. 
Primarily, these de-novo induced epigenetic 
mechanisms can be due to modifications to the 
genomic DNA, development of new RNA spe-
cies and modifications to the expressed proteins. 
The end result normally caused by these epigen-
etic events is exacerbated disease progression. To 
identify such events, several high through-put 
and array-based platforms have been developed 

to unravel the varied expression of proteins which 
alter normal functions in the cells. The ever-
increasing literature support that identifies new 
and additional intracellular regulations, sup-
ported by the development of improved and 
advanced analytical methods appears to be very 
favoring in understanding the disease progres-
sion. It is anticipated that with the technology 
advancements, a more comprehensive and deeper 
understanding of the molecular regulations can 
be perceived, and the future in identifying the 
disease and finding the appropriate target for dis-
ease prevention appears very promising.
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Non-coding RNAs in Physiological 
Cardiac Hypertrophy

Lijun Wang, Jiaqi Wang, Guoping Li, 
and Junjie Xiao

Abstract
Non-coding RNA (ncRNA) is a class of RNAs 
that are not act as translational protein tem-
plates. They are involved in the regulation of 
gene transcription, RNA maturation and pro-
tein translation, participating in a variety of 
physiological and physiological processes. 
NcRNAs have important functions, and are 
recently one of the hotspots in biomedical 
research. Cardiac hypertrophy is classified 
into physiological cardiac hypertrophy and 
pathological cardiac hypertrophy. Different  
from pathological cardiac hypertrophy, physi-
ological cardiac hypertrophy usually devel-
oped during exercise, pregnancy, normal 
postnatal growth, accompanied with preserva-
tion or improvement of systolic function, 
while no cardiac fibrosis. In this chapter, we 
will briefly introduce the definition, character-
istics, and functions of ncRNAs, including 
miRNAs, lncRNAs, and circRNAs, as well as 
a summary of the existing bioinformatics 
online databases which commonly used in the 

study of ncRNAs. Specially, this chapter will 
be focused on the characteristics and the 
underlying mechanisms about physiological 
cardiac hypertrophy. Furthermore, the regula-
tory mechanism of ncRNAs in physiological 
hypertrophy and the latest research progress 
will be summarized. Taken together, exploring 
physiologic cardiac hypertrophy-specific 
ncRNAs might be a unique research perspec-
tive that provides new point of view for inter-
ventions in heart failure and other 
cardiovascular diseases.

Keywords
Physiological cardiac hypertrophy · NcRNAs 
· MiRNAs · LncRNAs · CircRNAs

1  Introduction

Non-coding RNAs (ncRNAs) are a class of RNAs 
that are not act as a template for translation pro-
teins. They are involved in the regulation of 
mRNA translation, RNA splicing, DNA replica-
tion repair, gene transcription, development, and 
cell differentiation [1, 2]. Besides, it is closely 
related to the occurrence, development, progres-
sion, treatment, and diagnosis of various diseases 
[3–5]. NcRNAs can be divided into two broad 
categories depending on their biological functions: 
house keeping non-coding RNAs and regulatory 
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non-coding RNAs. Among them, house keeping 
non-coding RNAs include ribosomal RNAs 
(rRNAs), transfer RNAs (tRNAs), small nuclear 
RNAs (snRNAs), and small nucleolar RNAs 
(snoRNAs). Non-coding RNAs with regulatory 
effects can be divided into two subclasses (short 
non-coding RNAs and long non-coding RNAs) 
according to the length of the transcription prod-
uct. Short non-coding RNAs include piRNAs, 
microRNAs (miRNAs, miRs), siRNAs, and 
among them, miRNAs are the most widely stud-
ied. Long non-coding RNA (lncRNA) refers to a 
class of non-coding RNAs that lack an >100 
amino acids open reading frame and larger than 
200 nucleotides, and their structure and function 
are diverse and complex [3]. In addition, linear 
products (miRNAs, lncRNAs) and circular RNA 
(circRNAs) can be classified according to the lin-
earity or circularity of the transcription product. 
A large number of non-coding RNAs are detected 
in tissues and body fluids. In the cardiovascular 
system, ncRNAs are also key regulators involved 
in regulation of cardiac-related gene expression, 
and significantly affecting cardiac homeostasis 
maintenance and heart function [6–10].

Cardiac hypertrophy is classified as physio-
logical cardiac hypertrophy and pathological car-
diac hypertrophy [11]. Pathological cardiac 
hypertrophy is an injury response that occurs 
when the heart is overloaded, mainly due to 
increased myocardial cell volume, interstitial and 
perivascular fibrosis, loss of cardiomyocytes, 
increased collagen, and myofibroblasts activa-
tion. Eventually lead to myocardial structure 
disorder, reduced contractility, myocardial con-
traction and diastolic dysfunction. Pathological 
cardiac hypertrophy is considered to be an inde-
pendent risk factor for increased morbidity and 
mortality of cardiovascular disease [12]. Different 
from pathological cardiac hypertrophy, physio-
logical cardiac hypertrophy does not cause path-
ological changes such as loss of cardiomyocytes, 
decline of cardiac function, and aggravation of 
cardiac fibrosis [13, 14]. On the contrary, physi-
ological cardiac hypertrophy is a protective 
response, which refers to the heart under the 
action of various physiological factors, such as 
regular exercise training and pregnancy [15]. 

During the progression of physiological hyper-
trophy, the area of cadiomyocytes, the volume of 
the heart, and the weight of the heart are increas-
ing. In the meantime, the contractility function of 
heart also improved, however, there was no pro-
cess of fibrosis. Previous studies have shown that 
physiological cardiac hypertrophy factors are 
resistant to persistent pathological stimuli, can 
inhibit ventricular remodeling and ameliorate 
heart failure [16–18]. Therefore, exploring the 
key regulatory factors of physiological cardiac 
hypertrophy is of great significance for the pre-
vention and treatment of heart failure [15, 19].

2  Non-coding RNAs

2.1  MicroRNAs

MicroRNAs (miRNAs, miRs) are a class of 
ncRNAs of about 22 nucleotides in length that 
bind to messenger RNA via complementary or 
partial complementary base pairing. Degradation 
of mRNA, inhibition of mRNA translation is 
involved in the regulation of gene expression. 
MiRNAs need to undergo post-transcriptional 
modification [20]. The primary miRNAs (pri- 
miRNAs) transcribed by RNA polymerase II are 
processed to produce precursor miRNAs (pre- 
miRNAs), which are finally cleaved into mature 
miRNAs by RNase III enzyme DICER in the 
cytoplasm [21, 22]. MiRNAs can form RNA- 
induced silencing complexes (RISCs) with some 
proteins such as Argonaute protein family AGO2. 
Generally, the function of miRNAs is mainly 
determined by the function of their target genes. 
Different miRNAs can have different functions in 
the same tissue, and the same miRNA can also 
perform different functions in different tissues 
[4, 23, 24].

In cardiovascular system, miRNAs are 
involved in the cardiovascular development and 
the occurrence and development of cardiovascu-
lar diseases [7, 25, 26]. MiRNAs have been 
reported being involved in the regulation of 
almost all cardiovascular-related cells, such as 
endothelial cells, cardiomyocytes, smooth muscle 
cells, fibroblasts, etc., which play important regu-
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latory roles in various cardiovascular diseases 
[27–29]. For example, miR-1, miR-133, miR-
145, and miR-34 have been reported to nega-
tively regulate the pathological hypertrophy of 
cardiomyocytes [30–36]. In contrast, miR-208a, 
miR-155, miR-199a have a pro-effect on the 
development pathological hypertrophy [37–41]. 
Besides, miRNAs can target specific transcrip-
tion factors to indirectly regulate the expression 
of channel genes, thereby modulating cardiomy-
ocytes excitability. MiR-122 can regulate the 
metabolism of NO by regulating its target gene 
L-arginine transporter 1 (SLC7A1), which leads 
to endothelial cells dysfunction [42]. MiR-122, 
as well as miR-33 may participate in the modula-
tion of lipid homeostasis in vivo, and thus 
involved in the regulation of atherosclerosis [43, 
44]. In addition, circulating miRNAs have been 
intensively studied as biomarkers in the cardio-
vascular system [6, 45]. Collectively, as potential 
biomarkers and therapeutic targets, miRNAs 
have prospective applications for cardiovascular 
diseases diagnosis and prognosis.

2.2  Long Non-coding RNAs

Long non-coding RNAs (LncRNAs) refer to a 
class of non-coding RNAs that are transcribed 
over 200 nucleotides in length. Similar to miR-
NAs, lncRNAs usually do not encoding proteins. 
LncRNAs are mostly transcribed by RNA poly-
merase II, can be spliced, and have 5′-terminal 
capped structure and 3′-terminal poly-A tail. 
Some lncRNAs also have splicing processes sim-
ilar to mRNA biogenesis. The expression of 
lncRNAs are different among different tissues. 
Moreover, the same tissue or organ at different 
developmental stages, the expression of lncRNAs 
can also be different. Therefore, lncRNAs exhibit 
obvious tissue specificity and space-time speci-
ficity. Recent years, various functions of lncRNA 
have been discovered, which play an important 
role in gene transcription, protein translation, 
protein localization, stem cell pluripotency and 
modulation the progression of human diseases. It 
is valuable for diagnosis, treatment and prognosis 
evaluation of diseases [46]. Interestingly, recent 

studies have found that some lncRNAs can 
encode small peptides and exhibit their mode of 
action through translated products [47, 48].

In the cardiovascular system, lncRNAs have 
been reported to be involved in the occurrence 
and development of various diseases [10, 49–51]. 
For example, lncRNA Chaer was found to be 
enriched in the heart, and directly interacting 
with the catalytic subunit of PRC2, disrupting the 
PRC2-targeted genome site, thereby inhibiting 
histone H3K27 methylation in the promoter 
region of cardiac hypertrophy-related genes. 
Inhibition of Chaer in the heart can alleviate the 
pathogenesis of cardiac hypertrophy and improve 
cardiac function [52]. Besides, lncRNA Chrf, 
lncRNA mhrt have been reported to be involved 
in the regulation of pathological cardiac hyper-
trophy [53, 54]. Additionally, lncRNA Mexis, 
and lncRNA p21 regulate atherosclerosis [55, 
56]. Furthermore, meg3, which is highly 
expressed in cardiac fibroblasts, is down-egulated 
in cardiac remodeling. And knockdown of meg3 
would inhibit p53 binding to the promoter region 
of MMP-2, consequently blocking TGF-β1-
induced MMP-2 expression and preventing car-
diac fibrosis [57]. Moreover, lncRNA MIAT was 
found to promote cardiac fibrosis by up-regulat-
ing TGF-β1 by sponge miR-24 [58]. It is worth 
noting that, similar to miRNAs, the expression 
level of lncRNAs in serum have also been found 
to be closely associated with cardiovascular dis-
eases. Therefore, lncRNAs can also be used as 
biomarkers for disease diagnosis. For instance, 
the expression level of lncRNA Lipcar was sig-
nificantly different in patients with and without 
ventricular remodeling after myocardial infarc-
tion, suggesting that Lipcar might be a valuable 
biomarker of the progression of cardiac remodel-
ing [59].

2.3  Circular RNAs

Circular RNAs (circRNAs) were first discovered 
in plant viruses in 1976, but did not receive much 
attention for decades. Due to the limitations of 
detection techniques and algorithms, it has long 
been believed that circular RNA is a small amount 
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of splicing by-products present in mammals and 
does not have biological functions. Until recent 
years, with the breakthrough in high-throughput 
sequencing technology and bioinformatics analy-
sis algorithms, a large number of circular RNAs 
were discovered in mammals [60–62]. In 2013, 
Hansen et  al. discovered circRNA CDR1as has 
an important role. Since then, more and more cir-
cRNA studies have shown that circRNA is 
involved in the regulation of many important bio-
logical processes [63, 64]. Several mode of 
actions of circRNAs have been identified by mul-
tiple functional and mechanism studies [65–68]. 
Among them, the most well investigated action 
was that circRNA can be used as an endogenous 
miRNA sponge [63, 64, 69]. Besides, circRNA 
can interact with functional proteins and regulate 
gene transcription [70, 71]. What’s more, some 
circRNAs have coding potential, which can be 
translated into small peptides or proteins [72–
74]. The expression of circRNA in different spe-
cies, tissues and cells is different, and it is closely 
related to the occurrence of various diseases such 
as tumors, nervous system diseases and meta-
bolic diseases [75–77]. It is worth noting that 
because of its cell/tissue specificity and evolu-
tionary conservation, circRNAs are of great 
potential as clinical therapeutic targets.

In cardiovascular, similar to miRNAs and 
lncRNAs, circRNAs are also involved in the reg-
ulation of many cardiovascular diseases [77, 78]. 
In the myocardial ischemia model, circRNA 
CDR1as (also known as ciRS-7) can be used as 
an endogenous sponge of miR-7a, aggravating 
myocardial apoptosis and myocardial infarct size 
[79]. CircRNA mm9_circ_016597 (MFACR) can 
also be used as miR-652-3p sponge to mediate 
mitochondrial division and cardiomyocytes 
apoptosis induced by myocardial ischemia- 
reperfusion injury [80]. CircRNA circ-Ttc3 plays 
a protective role in myocardial infarction, and 
reduces ATP depletion and apoptosis in cardio-
myocytes [81]. The main mechanism is that circ- 
Ttc3 regulates the expression of downstream 
target genes Arl2, and protects cardiomyocytes 
from apoptosis via sponging miR-15b. CircRNA 
mm9_circ_012559 (also known as HRCR) is 
down-regulated in heart failure mice [82]. HRCR 

act as miR-223 sponge to inhibit miR-223 activ-
ity, which in turn aggravates the development of 
pathological cardiac hypertrophy and heart fail-
ure. In addition to cardiomyocytes, circRNAs 
also found to involved in the regulation of non- 
cardiomyocytes. Circ_000203, and circ_010567 
have been reported to act as miRNA sponges that 
regulate cardiac fibroblasts or endothelial cells 
[83, 84]. However, act as miRNA sponge is only 
one of the mechanisms by which circRNAs take 
part in biological roles. CircRNAs function as 
protein sponges have also been investigated in 
cardiovascular system. In doxorubicin-induced 
cardiomyopathy, the circRNA Amotl1 can pro-
mote the phosphorylation of AKT and its nuclear 
transfer by binding AKT1 and PDK1, thereby 
alleviating cardiomyocytes apoptosis and myo-
cardial injury [85]. In cardiac senescence, cir-
cRNA circ-Foxo3 binds and inhibits the migration 
of anti-aging and anti-stress proteins (ID-1, 
E2F1, FAK, HIF1α) from cytoplasm into nucleus 
and mitochondria, and thus mediating cardiac 
senescence [86]. In atherosclerosis, the circRNA 
circANRIL can bind to PES1 protein and pro-
mote p53 activation, play a role in aggravating 
apoptosis and suppression proliferation of vascu-
lar smooth muscle cells and macrophages, which 
ultimately play an important role in protecting 
atherosclerosis [70]. What is noteworthy is that 
except act as the key regulators of cardiac devel-
opment and heart disease, circRNAs are also 
associated with cardiac regeneration. Super- 
enhancer (SEs)-related circRNA circNfix have 
been reported that knockdown of circNfix pro-
motes cardiac regeneration by inhibiting Ybx1 
ubiquitin-dependent degradation, increasing 
miR-214 activity [87].

3  Current Bioinformatics Tools 
in ncRNA Studies

A large number of ncRNAs have been identified, 
and the function of most ncRNAs has not been 
well documented. In ncRNA studies, 
 RNA-sequencing and microarray are the most 
commonly used detection methods. A large num-
ber of statistically significant differential ncRNAs 
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have been identified. Typically, sequencing data 
is validated by quantitative real-time PCR 
designed with specific primers. In the meantime, 
the application of bioinformatics is crucial for 
study of the function of ncRNA, especially in the 
prediction of function, exploration of interaction 
networks, and the relationship between ncRNAs 
and the occurrence and development of specific 
diseases. Therefore, a large number of 
Bioinformatic platforms have been developed 
and widely used. A summary about online data-
bases is given in the Table 8.1.

4  NcRNAs Are Key Regulators 
of Physiological Cardiac 
Hypertrophy

4.1  Characteristics 
of Physiological Cardiac 
Hypertrophy

Endurance exercise have been reported to bene-
fit whole body metabolism, however, the under-
lying mechanisms still largely remained 
unknown [15, 88–91]. Physiological cardiac 
hypertrophy usually occurs during exercise, 
pregnancy, and normal postnatal growth. 
Physiological hypertrophy includes exercise-
induced physiological cardiac hypertrophy and 
pregnancy hypertrophy. Physiological cardiac 
hypertrophy is characterized by preservation or 
improvement of cardiac systolic function, with-
out cardiac fibrosis. Especially, physiological 
hypertrophy is a reversible benign adaptive 
change that does not lead to pathological ven-
tricular remodeling and heart failure [92]. When 
physiological cardiac hypertrophy occurs, the 
marker genes, such as ANP, BNP, β-MHC, of 
pathological remodeling do not increase. In 
addition, different from pathological cardiac 
hypertrophy, genes encoding Ca2+-handling pro-
teins did not change when physiological cardiac 
hypertrophy occurred.

The IGF1-PI3K-AKT signaling pathway is 
regarded as a key signaling pathway in regulating 
the development of physiological cardiac hyper-
trophy [93, 94]. Studies have shown that serum 

IGF1 levels are elevated in athletes with physio-
logical cardiac hypertrophy, and also insulin-like 
growth factor-binding protein 2 (IGFBP2) plays 
an important role in the development of preg-
nancy hypertrophy [95, 96]. Insulin binds to and 
activates the insulin receptor, which recruits and 
phosphorylates the insulin receptor substrate 1 
(IRS1) and insulin receptor substrate 2 (IRS2). 
These proteins activate the PI3K-AKT1 signaling 
pathway to promote cardiac physiological 
growth. Mouse-specific knockout of IRS1 or 
IRS2 can prevent exercise-induced physiological 
cardiac hypertrophy [97]. In addition, IGF1 acti-
vates the downstream signaling pathway by bind-
ing to and activating the IGF1 receptor IGF1R 
[98]. IGF1R is also essential for exercise-induced 
physiological cardiac hypertrophy. The catalytic 
subunit of PI3K, p110α, is a key molecule of 
physiological cardiac hypertrophy. When p110α 
knockout, IGF1R will not lead to the develop-
ment of physiological hypertrophy. While acti-
vate p110α, the heart can demonstrate 
physiological growth spontaneously, and resist 
heart failure [99, 100]. Serine/threonine-protein 
kinases 1 (AKT1) is one of 3 closely related 
AKTs (AKT1, AKT2 and AKT3). The phosphor-
ylation level of AKT1 is dynamically changed in 
exercised rats, AKT1 down-regulated in the first 
week, and then specifically increased phosphory-
lation level of AKT1 Ser-473  in the third week 
[101]. The expression of AKT decreased during 
pregnancy and then returned to normal levels 
after post portum delivery [102]. These all sug-
gest that AKT plays an important role in physio-
logical cardiac hypertrophy [103]. Besides, 
transcription factors C/EBPβ and CITED4 have 
been reported to be involved in the regulation of 
physiological cardiac hypertrophy. When physi-
ological cardiac hypertrophy occurs, C/EBPβ is 
down-regulated, while CITED4 is up-regulated, 
which promotes cardiomyocytes proliferation 
and hypertrophy [18]. And moreover, thyroid 
hormone is also involved in the regulation of 
physiological cardiac hypertrophy [104, 105]. 
Thyroid hormone is closely associated with the 
development of physiological cardiac hypertro-
phy in cardiomyocytes via activating the PI3K/
AKT/mTOR signaling pathway [106, 107].
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Table 8.1 Summary of online databases associated with ncRNAs

NcRNAs Database name Description Website References
miRNAs miRBase MiRBase database is a comprehensive database 

that provides published miRNA sequence data, 
annotations, predicted target genes

http://www.
mirbase.org

[116–
118]

RNAhybrid RNAhybrid is a miRNA target gene prediction 
software developed based on the secondary 
structure of miRNA and target genes

https://bibiserv.
cebitec.uni-
bielefeld.de/
rnahybrid/

[119]

starBase The database analyzed the interaction among 
miRNAs lncRNAs, circRNAs, protein and 
mRNAs, and analyzed the ceRNA mechanism. 
The database mainly contains information of 
three species: human, mouse and nematode

http://starbase.
sysu.edu.cn/

[120, 
121]

ChIPBase By integrating clip-seq and chip-seq data, the 
transcription and post- transcriptional regulation 
of microRNA were provided, and the regulatory 
network of transcription factor, microRNA and 
target genes was provided

http://rna.sysu.edu.
cn/chipbase/

[122, 
123]

Targetscan Targetscan database was developed for target 
prediction of miRNAs

http://www.
targetscan.org/

[124]

lncRNAs LNCipedia LNCipedia includes a total of 146,742 human 
annotated lncRNA transcripts, all of which 
contain annotated information such as 
sequence, genomic location, and sources

https://lncipedia.
org/

[125–
127]

Linc2GO The database is intended to provide 
comprehensive functional annotations of human 
lncRNAs. MicroRNA-mRNA and microRNA-
lncRNA interaction data were integrated to 
generate functional annotations of lncRNA 
based on the “ceRNA hypothesis”

https://omictools.
com/linc2go-tool

[128]

Noncode NONCODE is intended to provide ncRNA 
annotation, which includes coding capability 
assessment, location information, expression 
information and potential functionality, and 
co-expression

http://www.
noncode.org

[129–
134]

circRNAs circBase This database collects thousands of circRNAs 
expressed in animals. This database allows 
users to search, browse, and download 
corresponding circRNAs

http://www.
circbase.org/

[135]

CIRCpedia v2 The database allows users to search, browse, 
and download circRNAs with expression 
characteristics of various cell types/tissues, 
including disease samples

http://www.picb.
ac.cn/rnomics/
circpedia/

[136]

CircInteractome The database allows users to prediction and 
map binding sites for RBPs and miRNAs on 
reported circRNAs

https://
circinteractome.
nia.nih.gov

[137, 
138]

circBank The circBank database applied a novel 
nomenclature of human circRNAs and provides 
information about circRNAs sequences, 
miRNA-circRNA interactions, circRNA coding 
potential and conservation between human and 
mouse

http://www.
circbank.cn/

[139]
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4.2  NcRNAs and Physiological 
Cardiac Hypertrophy

To well investigate the underlying mechanism of 
physiological cardiac hypertrophy, it is usually 
use exercise training (running or swimming) to 
induce physiological cardiac hypertrophy. 
Currently, in the exercise-induced physiological 
cardiac hypertrophy model, miR-126, miR-144, 
miR-145, miR-21, miR-29a, miR-29c, miR-27a 
and miR-27b were found to be up-regulated, 
while miR-1, miR-124, miR-133a, miR-133b 
and miR-143 were found to be down-regulated 
[108–111]. However, none of these studies per-
formed further mechanism researches to investi-
gate why and whether these miRNAs are specific 
regulated during physiological hypertrophy. 
Moreover, none of those miRNAs have been 
checked their effects on cardiomyoytes growth 
and proliferation, which are considered to be the 
specific function in exercise-induced physiologi-
cal hypertrophy [18]. The function of miR-222 
and miR-17-3p on physiological cardiac hyper-
trophy is a relatively in-depth study of miRNAs 
[17, 112]. MiR-222 was significantly up- 
regulated in physiological cardiac hypertrophy 
both induced by swimming and running. 
Increased miR-222 can promote cardiomyocytes 
hypertrophy and proliferation through regulating 
its target genes p27, Hmbox1, HIPK1 and HIPK2. 
And it is necessary to increase the level of miR- 
222  in exercise-induced physiological cardiac 
hypertrophy. It is worth noting that cardiac- 
specific overexpression of miR-222 has a protec-
tive effect on ventricular remodeling induced by 
cardiac ischemia-reperfusion injury in mice, 
which can significantly improve cardiac function 
and ameliorate myocardial fibrosis [17]. In addi-
tion, miR-17-3p was also found to be signifi-
cantly elevated in physiologically induced 
cardiac hypertrophy either induced by swimming 
or running. MiR-17-3p can also promote cardio-
myocytes proliferation by directly acting on its 
target gene TIMP3, as well as indirectly inhibit 
PTEN and activate AKT signaling pathway to 
promote cardiomyocytes hypertrophy. Similar to 
miR-222, up-regulation of miR-17-3p can allevi-
ate ventricular remodeling and heart failure 

caused by myocardial ischemia-reperfusion 
injury [112]. Besides, cardiac-specific overex-
pression of miR-223 exhibited significant physi-
ological cardiac hypertrophy, and up-regulation 
of miR-223 in rat cardiomyocytes induced physi-
ological growth through activation of AKT sig-
naling pathway [113]. Moreover, miR-199-sponge 
transgenic mice can lead to physiological cardiac 
hypertrophy [114]. However, the roles of 
lncRNAs and circRNAs in physiological cardiac 
hypertrophy have not been reported. Therefore, 
further investigations to elucidate the underlying 
mechanisms of lncRNAs and circRNAs in physi-
ological cardiac hypertrophy is of great 
significance.

5  Conclusion and Future 
Perspectives

With the deepening of research, more and more 
ncRNAs have been identified to be associated 
with cardiovascular physiology and pathology. 
The regulation of ncRNA expression levels is 
expected to become a new strategy for the treat-
ment of heart diseases clinically in future. 
Although current experiments targeting ncRNAs 
for treatment of cardiac diseases that have been 
successfully used in animal models, the clinical 
treatment of pathological cardiac hypertrophy 
and heart failure progresses very slowly. Detailed 
studies about miR-222 and miR-17-3p specifi-
cally associated with physiological cardiac 
hypertrophy indicate that key factors of physio-
logical cardiac hypertrophy might be resistant to 
sustained pathological hypertrophy stimuli, and 
changes in physiological hypertrophy-specific 
miRNAs can improve ventricular remodeling and 
further ameliorate heart failure. This suggests 
that exploring physiologic cardiac 
 hypertrophy-specific ncRNAs might be a unique 
research perspective that provides new strategies 
for interventions in heart failure and other cardio-
vascular diseases. However, the research on key 
lncRNAs and circRNAs related to physiological 
cardiac hypertrophy has not been reported, and 
these still need to be further explored and studied 
in the future. Interestingly, it is worth mentioning 
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that miR-222 and miR-17-3p are also sharing the 
same target gene TIMP3  in pulmonary arterial 
smooth muscle cells [115]. Although the specific 
relationship between miR-222 and miR-17-3p in 
cardiomyocytes is not clear, it is certain that there 
is definitely intrinsic connection between them. 
Therefore, future studies on the regulatory net-
works of ncRNAs among physiological specific 
miRNAs, lncRNAs and circRNAs will not only 
illuminate the molecular mechanisms but also 
provide us new therapeutic targets for cardiac 
diseases from the perspective of protecting the 
heart.

Acknowledgements This work was supported by the 
grants from National Natural Science Foundation of 
China (81722008, 91639101 and 81570362 to JJ Xiao, 
81800358 to LJ Wang), Innovation Program of Shanghai 
Municipal Education Commission (2017-01-07-00-09- 
E00042 to JJ Xiao), the grant from Science and 
Technology Commission of Shanghai Municipality 
(17010500100, 18410722200 to JJ Xiao), Natural Science 
Foundation of Shanghai (19ZR1474100 to LJ Wang), 
National Key Research and Development Project 
(2018YFE0113500 to JJ Xiao), and the “Dawn” Program 
of Shanghai Education Commission (19SG34 to JJ Xiao).

Competing Financial Interests The authors declare no 
competing financial interests.

References

 1. Chi KR. The dark side of the human genome. Nature. 
2016;538(7624):275–7.

 2. Li Y, Liang Y, Zhu Y, Zhang Y, Bei Y.  Noncoding 
RNAs in cardiac hypertrophy. J Cardiovasc Transl 
Res. 2018;11(6):439–49.

 3. Kopp F, Mendell JT.  Functional classification and 
experimental dissection of long noncoding RNAs. 
Cell. 2018;172(3):393–407.

 4. Treiber T, Treiber N, Meister G.  Regulation of 
microRNA biogenesis and its crosstalk with 
other cellular pathways. Nat Rev Mol Cell Biol. 
2019;20(1):5–20.

 5. Sullenger BA, Nair S. From the RNA world to the 
clinic. Science. 2016;352(6292):1417–20.

 6. Viereck J, Thum T.  Circulating noncoding RNAs 
as biomarkers of cardiovascular disease and injury. 
Circ Res. 2017;120(2):381–99.

 7. Barwari T, Joshi A, Mayr M.  MicroRNAs in 
cardiovascular disease. J Am Coll Cardiol. 
2016;68(23):2577–84.

 8. Lucas T, Dimmeler S.  RNA therapeutics for treat-
ment of cardiovascular diseases: promises and chal-
lenges. Circ Res. 2016;119(7):794–7.

 9. Creemers EE, van Rooij E. Function and therapeu-
tic potential of noncoding RNAs in cardiac fibrosis. 
Circ Res. 2016;118(1):108–18.

 10. Sallam T, Sandhu J, Tontonoz P.  Long noncoding 
RNA discovery in cardiovascular disease: decoding 
form to function. Circ Res. 2018;122(1):155–66.

 11. Nakamura M, Sadoshima J. Mechanisms of physi-
ological and pathological cardiac hypertrophy. Nat 
Rev Cardiol. 2018;15(7):387–407.

 12. Schiattarella GG, Hill JA. Inhibition of hypertrophy 
is a good therapeutic strategy in ventricular pressure 
overload. Circulation. 2015;131(16):1435–47.

 13. Maillet M, van Berlo JH, Molkentin JD. Molecular 
basis of physiological heart growth: fundamental 
concepts and new players. Nat Rev Mol Cell Biol. 
2013;14(1):38–48.

 14. Bernardo BC, Weeks KL, Pretorius L, McMullen 
JR.  Molecular distinction between physiological 
and pathological cardiac hypertrophy: experimental 
findings and therapeutic strategies. Pharmacol Ther. 
2010;128(1):191–227.

 15. Bernardo BC, Ooi JYY, Weeks KL, Patterson NL, 
McMullen JR.  Understanding key mechanisms of 
exercise-induced cardiac protection to mitigate dis-
ease: current knowledge and emerging concepts. 
Phys Rev. 2018;98(1):419–75.

 16. Bezzerides VJ, Platt C, Lerchenmuller C, Paruchuri 
K, Oh NL, Xiao C, Cao Y, Mann N, Spiegelman BM, 
Rosenzweig A. CITED4 induces physiologic hyper-
trophy and promotes functional recovery after isch-
emic injury. J Clin Investig. 2016;1(9)

 17. Liu X, Xiao J, Zhu H, Wei X, Platt C, Damilano F, 
Xiao C, Bezzerides V, Bostrom P, Che L, Zhang C, 
Spiegelman BM, Rosenzweig A. miR-222 is neces-
sary for exercise-induced cardiac growth and pro-
tects against pathological cardiac remodeling. Cell 
Metab. 2015;21(4):584–95.

 18. Bostrom P, Mann N, Wu J, Quintero PA, Plovie 
ER, Panakova D, Gupta RK, Xiao C, MacRae 
CA, Rosenzweig A, Spiegelman BM.  C/EBPbeta 
controls exercise-induced cardiac growth and pro-
tects against pathological cardiac remodeling. Cell. 
2010;143(7):1072–83.

 19. Vega RB, Konhilas JP, Kelly DP, Leinwand 
LA. Molecular mechanisms underlying cardiac adap-
tation to exercise. Cell Metab. 2017;25(5):1012–26.

 20. Bartel DP. MicroRNAs: target recognition and regu-
latory functions. Cell. 2009;136(2):215–33.

 21. Denli AM, Tops BB, Plasterk RH, Ketting RF, 
Hannon GJ.  Processing of primary microR-
NAs by the Microprocessor complex. Nature. 
2004;432(7014):231–5.

 22. Lee Y, Ahn C, Han J, Choi H, Kim J, Yim J, Lee J, 
Provost P, Radmark O, Kim S, Kim VN. The nuclear 
RNase III Drosha initiates microRNA processing. 
Nature. 2003;425(6956):415–9.

L. Wang et al.



157

 23. Gebert LFR, MacRae IJ. Regulation of microRNA 
function in animals. Nat Rev Mol Cell Biol. 
2019;20(1):21–37.

 24. Pasquinelli AE.  MicroRNAs and their targets: rec-
ognition, regulation and an emerging reciprocal rela-
tionship. Nat Rev Genet. 2012;13(4):271–82.

 25. Tatsuguchi M, Seok HY, Callis TE, Thomson JM, 
Chen JF, Newman M, Rojas M, Hammond SM, 
Wang DZ. Expression of microRNAs is dynamically 
regulated during cardiomyocyte hypertrophy. J Mol 
Cell Cardiol. 2007;42(6):1137–41.

 26. Cheng Y, Zhang C. MicroRNA-21 in cardiovascular 
disease. J Cardiovasc Transl Res. 2010;3(3):251–5.

 27. Goretti E, Wagner DR, Devaux Y. miRNAs as bio-
markers of myocardial infarction: a step forward 
towards personalized medicine? Trends Mol Med. 
2014;20(12):716–25.

 28. Schober A, Weber C.  Mechanisms of MicroRNAs 
in Atherosclerosis. Annu Rev Phytopathol. 
2016;11:583–616.

 29. Zhou S, Lei D, Bu F, Han H, Zhao S, Wang 
Y. MicroRNA-29b-3p Targets SPARC gene to pro-
tect cardiocytes against autophagy and apoptosis 
in hypoxic-induced H9c2 cells. J Cardiovasc Trans 
Res. 2019;12(4):358–65.

 30. Yin H, Zhao L, Zhang S, Zhang Y, Lei S. MicroRNA1 
suppresses cardiac hypertrophy by targeting nuclear 
factor of activated T cells cytoplasmic 3. Mol Med 
Rep. 2015;12(6):8282–8.

 31. Hua Y, Zhang Y, Ren J. IGF-1 deficiency resists car-
diac hypertrophy and myocardial contractile dys-
function: role of microRNA-1 and microRNA-133a. 
J Cell Mol Med. 2012;16(1):83–95.

 32. Care A, Catalucci D, Felicetti F, Bonci D, Addario 
A, Gallo P, Bang ML, Segnalini P, Gu Y, Dalton ND, 
Elia L, Latronico MV, Hoydal M, Autore C, Russo 
MA, Dorn GW 2nd, Ellingsen O, Ruiz-Lozano 
P, Peterson KL, Croce CM, Peschle C, Condorelli 
G.  MicroRNA-133 controls cardiac hypertrophy. 
Nat Med. 2007;13(5):613–8.

 33. Li R, Yan G, Zhang Q, Jiang Y, Sun H, Hu Y, Sun 
J, Xu B. miR-145 inhibits isoproterenol-induced 
cardiomyocyte hypertrophy by targeting the 
expression and localization of GATA6. FEBS Lett. 
2013;587(12):1754–61.

 34. Cha MJ, Jang JK, Ham O, Song BW, Lee SY, Lee CY, 
Park JH, Lee J, Seo HH, Choi E, Jeon WM, Hwang 
HJ, Shin HT, Choi E, Hwang KC. MicroRNA-145 
suppresses ROS-induced Ca2+ overload of car-
diomyocytes by targeting CaMKIIdelta. Biochem 
Biophys Res Commun. 2013;435(4):720–6.

 35. Zaglia T, Ceriotti P, Campo A, Borile G, Armani 
A, Carullo P, Prando V, Coppini R, Vida V, Stolen, 
TO, Ulrik W, Cerbai E, Stellin G, Faggian G, De 
Stefani D, Sandri M, Rizzuto R, Di Lisa F, Pozzan 
T, Catalucci D, Mongillo M. Content of mitochon-
drial calcium uniporter (MCU) in cardiomyocytes 
is regulated by microRNA-1  in physiologic and 
pathologic hypertrophy. Proc Natl Acad Sci USA. 
2017;114(43):E9006–15.

 36. Ooi JYY, Bernardo BC, Singla S, Patterson NL, Lin 
RCY, McMullen JR. Identification of miR-34 regu-
latory networks in settings of disease and antimiR- 
therapy: Implications for treating cardiac pathology 
and other diseases. RNA Biol. 2017;14(5):500–13.

 37. Tony H, Meng K, Wu B, Yu A, Zeng Q, Yu K, Zhong 
Y.  MicroRNA-208a dysregulates apoptosis genes 
expression and promotes cardiomyocyte apoptosis 
during ischemia and its silencing improves car-
diac function after myocardial infarction. Mediat 
Inflamm. 2015;2015:479123.

 38. Diniz GP, Takano AP, Barreto-Chaves ML. MiRNA- 
208a and miRNA-208b are triggered in thyroid 
hormone-induced cardiac hypertrophy  – role of 
type 1 Angiotensin II receptor (AT1R) on miRNA- 
208a/alpha-MHC modulation. J Mol Endocrinol. 
2013;374(1–2):117–24.

 39. Seok HY, Chen J, Kataoka M, Huang ZP, Ding J, Yan 
J, Hu X, Wang DZ. Loss of MicroRNA-155 protects 
the heart from pathological cardiac hypertrophy. 
Circ Res. 2014;114(10):1585–95.

 40. Kong C, Sun L, Zhang M, Ding L, Zhang Q, Cheng 
X, Diao Z, Yan Q, Zhang H, Fang T, Zhen X, Hu Y, 
Sun H, Yan G. miR-133b reverses the hydrosalpinx- 
induced impairment of embryo attachment through 
down-regulation of SGK1. J Clin Endocrinol Metab. 
2016;101(4):1478–89.

 41. Li Z, Song Y, Liu L, Hou N, An X, Zhan D, Li Y, 
Zhou L, Li P, Yu L, Xia J, Zhang Y, Wang J, Yang 
X. miR-199a impairs autophagy and induces cardiac 
hypertrophy through mTOR activation. Cell Death 
Differ. 2017;24(7):1205–13.

 42. Yang Z, Kaye DM.  Mechanistic insights into the 
link between a polymorphism of the 3′UTR of 
the SLC7A1 gene and hypertension. Hum Mutat. 
2009;30(3):328–33.

 43. Aryal B, Singh AK, Rotllan N, Price N, Fernandez- 
Hernando C.  MicroRNAs and lipid metabolism. 
Curr Opin Lipidol. 2017;28(3):273–80.

 44. Novak J, Olejnickova V, Tkacova N, Santulli 
G. Mechanistic role of microRNAs in coupling lipid 
metabolism and atherosclerosis. Adv Exp Med Biol. 
2015;887:79–100.

 45. Creemers EE, Tijsen AJ, Pinto YM.  Circulating 
microRNAs: novel biomarkers and extracellular 
communicators in cardiovascular disease? Circ Res. 
2012;110(3):483–95.

 46. Beermann J, Piccoli MT, Viereck J, Thum 
T.  Non- coding RNAs in development and dis-
ease:  background, mechanisms, and therapeutic 
approaches. Physiol Rev. 2016;96(4):1297–325.

 47. Huang JZ, Chen M, Chen GXC, Zhu S, Huang H, 
Hu M, Zhu H, Yan GR. A peptide encoded by a puta-
tive lncRNA HOXB-AS3 suppresses colon cancer 
growth. Mol Cell. 2017;68(1):171–84.. e176

 48. Nelson BR, Makarewich CA, Anderson DM, 
Winders BR, Troupes CD, Wu F, Reese AL, 
McAnally JR, Chen X, Kavalali ET, Cannon SC, 
Houser SR, Bassel-Duby R, Olson EN.  A peptide 
encoded by a transcript annotated as long noncoding 

8 Non-coding RNAs in Physiological Cardiac Hypertrophy



158

RNA enhances SERCA activity in muscle. Science. 
2016;351(6270):271–5.

 49. Devaux Y, Zangrando J, Schroen B, Creemers EE, 
Pedrazzini T, Chang CP, Dorn GW 2nd, Thum T, 
Heymans S, Cardiolinc n. Long noncoding RNAs in 
cardiac development and ageing. Nat Rev Cardiol. 
2015;12(7):415–25.

 50. Viereck J, Thum T.  Long Noncoding RNAs in 
Pathological Cardiac Remodeling. Circ Res. 
2017;120(2):262–4.

 51. Zhang D, Wang B, Ma M, Yu K, Zhang Q, Zhang X. 
lncRNA HOTAIR protects myocardial infarction rat 
by sponging miR-519d-3p. J Cardiovasc Transl Res. 
2019;12(3):171–83.

 52. Wang Z, Zhang XJ, Ji YX, Zhang P, Deng KQ, Gong 
J, Ren S, Wang X, Chen I, Wang H, Gao C, Yokota 
T, Ang YS, Li S, Cass A, Vondriska TM, Li G, Deb 
A, Srivastava D, Yang HT, Xiao X, Li H, Wang 
Y. The long noncoding RNA Chaer defines an epi-
genetic checkpoint in cardiac hypertrophy. Nat Med. 
2016;22(10):1131–9.

 53. Wang K, Liu F, Zhou LY, Long B, Yuan SM, Wang Y, 
Liu CY, Sun T, Zhang XJ, Li PF. The long noncoding 
RNA CHRF regulates cardiac hypertrophy by target-
ing miR-489. Circ Res. 2014;114(9):1377–88.

 54. Han P, Li W, Lin CH, Yang J, Shang C, Nuernberg 
ST, Jin KK, Xu W, Lin CY, Lin CJ, Xiong Y, Chien 
H, Zhou B, Ashley E, Bernstein D, Chen PS, Chen 
HV, Quertermous T, Chang CP.  A long noncoding 
RNA protects the heart from pathological hypertro-
phy. Nature. 2014;514(7520):102–6.

 55. Sallam T, Jones M, Thomas BJ, Wu X, Gilliland 
T, Qian K, Eskin A, Casero D, Zhang Z, Sandhu J, 
Salisbury D, Rajbhandari P, Civelek M, Hong C, Ito 
A, Liu X, Daniel B, Lusis AJ, Whitelegge J, Nagy 
L, Castrillo A, Smale S, Tontonoz P. Transcriptional 
regulation of macrophage cholesterol efflux and 
atherogenesis by a long noncoding RNA. Nat Med. 
2018;24(3):304–12.

 56. Wu G, Cai J, Han Y, Chen J, Huang ZP, Chen C, Cai 
Y, Huang H, Yang Y, Liu Y, Xu Z, He D, Zhang X, 
Hu X, Pinello L, Zhong D, He F, Yuan GC, Wang 
DZ, Zeng C. LincRNA-p21 regulates neointima for-
mation, vascular smooth muscle cell proliferation, 
apoptosis, and atherosclerosis by enhancing p53 
activity. Circulation. 2014;130(17):1452–65.

 57. Piccoli MT, Gupta SK, Viereck J, Foinquinos 
A, Samolovac S, Kramer FL, Garg A, Remke J, 
Zimmer K, Batkai S, Thum T.  Inhibition of the 
cardiac fibroblast-enriched lncRNA Meg3 prevents 
cardiac fibrosis and diastolic dysfunction. Circ Res. 
2017;121(5):575–83.

 58. Qu X, Du Y, Shu Y, Gao M, Sun F, Luo S, Yang T, 
Zhan L, Yuan Y, Chu W, Pan Z, Wang Z, Yang B, Lu 
Y. MIAT Is a pro-fibrotic long non-coding RNA gov-
erning cardiac fibrosis in post-infarct myocardium. 
Sci Rep. 2017;7:42657.

 59. de Gonzalo-Calvo D, Kenneweg F, Bang C, Toro R, 
van der Meer RW, Rijzewijk LJ, Smit JW, Lamb HJ, 
Llorente-Cortes V, Thum T.  Circulating long-non 

coding RNAs as biomarkers of left ventricular dia-
stolic function and remodelling in patients with well- 
controlled type 2 diabetes. Sci Rep. 2016;6:37354.

 60. Burd CE, Jeck WR, Liu Y, Sanoff HK, Wang Z, 
Sharpless NE. Expression of linear and novel circu-
lar forms of an INK4/ARF-associated non-coding 
RNA correlates with atherosclerosis risk. PLoS 
Genet. 2010;6(12):e1001233.

 61. Guo JU, Agarwal V, Guo H, Bartel DP.  Expanded 
identification and characterization of mammalian 
circular RNAs. Genome Biol. 2014;15(7):409.

 62. Jeck WR, Sharpless NE.  Detecting and  
characterizing circular RNAs. Nat Biotechnol. 
2014;32(5):453–61.

 63. Hansen TB, Jensen TI, Clausen BH, Bramsen JB, 
Finsen B, Damgaard CK, Kjems J.  Natural RNA 
circles function as efficient microRNA sponges. 
Nature. 2013;495(7441):384–8.

 64. Memczak S, Jens M, Elefsinioti A, Torti F, Krueger 
J, Rybak A, Maier L, Mackowiak SD, Gregersen LH, 
Munschauer M, Loewer A, Ziebold U, Landthaler 
M, Kocks C, le Noble F, Rajewsky N. Circular RNAs 
are a large class of animal RNAs with regulatory 
potency. Nature. 2013;495(7441):333–8.

 65. Zhang Y, Zhang XO, Chen T, Xiang JF, Yin QF, Xing 
YH, Zhu S, Yang L, Chen LL. Circular intronic long 
noncoding RNAs. Mol Cell. 2013;51(6):792–806.

 66. Li Z, Huang C, Bao C, Chen L, Lin M, Wang X, 
Zhong G, Yu B, Hu W, Dai L, Zhu P, Chang Z, Wu 
Q, Zhao Y, Jia Y, Xu P, Liu H, Shan G. Exon-intron 
circular RNAs regulate transcription in the nucleus. 
Nat Struct Mol Biol. 2015;22(3):256–64.

 67. Ebbesen KK, Hansen TB, Kjems J. Insights into cir-
cular RNA biology. RNA Biol. 2017;14(8):1035–45.

 68. Li X, Yang L, Chen LL.  The biogenesis, func-
tions, and challenges of circular RNAs. Mol Cell. 
2018;71(3):428–42.

 69. Zheng Q, Bao C, Guo W, Li S, Chen J, Chen B, Luo 
Y, Lyu D, Li Y, Shi G, Liang L, Gu J, He X, Huang 
S.  Circular RNA profiling reveals an abundant 
circHIPK3 that regulates cell growth by sponging 
multiple miRNAs. Nat Commun. 2016;7:11215.

 70. Holdt LM, Stahringer A, Sass K, Pichler G, Kulak 
NA, Wilfert W, Kohlmaier A, Herbst A, Northoff 
BH, Nicolaou A, Gabel G, Beutner F, Scholz M, 
Thiery J, Musunuru K, Krohn K, Mann M, Teupser 
D.  Circular non-coding RNA ANRIL modulates 
ribosomal RNA maturation and atherosclerosis in 
humans. Nat Commun. 2016;7:12429.

 71. Zhu P, Zhu X, Wu J, He L, Lu T, Wang Y, Liu B, 
Ye B, Sun L, Fan D, Wang J, Yang L, Qin X, Du 
Y, Li C, He L, Ren W, Wu X, Tian Y, Fan Z. IL-13 
secreted by ILC2s promotes the self-renewal of 
intestinal stem cells through circular RNA circPan3. 
Nat Immunol. 2019;20(2):183–94.

 72. Yang Y, Gao X, Zhang M, Yan S, Sun C, Xiao F, 
Huang N, Yang X, Zhao K, Zhou H, Huang S, Xie 
B, Zhang N. Novel role of FBXW7 circular RNA in 
repressing glioma tumorigenesis. J Natl Cancer Inst. 
2018;110(3):304–15.

L. Wang et al.



159

 73. Legnini I, Di Timoteo G, Rossi F, Morlando 
M, Briganti F, Sthandier O, Fatica A, Santini T, 
Andronache A, Wade M, Laneve P, Rajewsky N, 
Bozzoni I. Circ-ZNF609 Is a circular RNA that can 
be translated and functions in myogenesis. Mol Cell. 
2017;66(1):22–37.. e29

 74. Pamudurti NR, Bartok O, Jens M, Ashwal-Fluss R, 
Stottmeister C, Ruhe L, Hanan M, Wyler E, Perez- 
Hernandez D, Ramberger E, Shenzis S, Samson M, 
Dittmar G, Landthaler M, Chekulaeva M, Rajewsky 
N, Kadener S. Translation of CircRNAs. Mol Cell. 
2017;66(1):9–21.. e27

 75. Kristensen LS, Hansen TB, Veno MT, Kjems 
J. Circular RNAs in cancer: opportunities and chal-
lenges in the field. Oncogene. 2018;37(5):555–65.

 76. Lu D, Xu AD. Mini review: circular RNAs as poten-
tial clinical biomarkers for disorders in the central 
nervous system. Front Genet. 2016;7:53.

 77. Devaux Y, Creemers EE, Boon RA, Werfel S, Thum 
T, Engelhardt S, Dimmeler S, Squire I, Cardiolinc 
n. Circular RNAs in heart failure. Eur J Heart Fail. 
2017;19(6):701–9.

 78. Li M, Ding W, Sun T, Tariq MA, Xu T, Li P, Wang 
J.  Biogenesis of circular RNAs and their roles in 
cardiovascular development and pathology. FEBS J. 
2018;285(2):220–32.

 79. Geng HH, Li R, Su YM, Xiao J, Pan M, Cai XX, 
Ji XP.  The circular RNA Cdr1as promotes myo-
cardial infarction by mediating the regulation of 
miR-7a on its target genes expression. PLoS One. 
2016;11(3):e0151753.

 80. Wang K, Gan TY, Li N, Liu CY, Zhou LY, Gao JN, 
Chen C, Yan KW, Ponnusamy M, Zhang YH, Li 
PF. Circular RNA mediates cardiomyocyte death via 
miRNA-dependent upregulation of MTP18 expres-
sion. Cell Death Differ. 2017;24(6):1111–20.

 81. Cai L, Qi B, Wu X, Peng S, Zhou G, Wei Y, Xu J, 
Chen S, Liu S. Circular RNA Ttc3 regulates cardiac 
function after myocardial infarction by sponging 
miR-15b. J Mol Cell Cardiol. 2019;130:10–22.

 82. Wang K, Long B, Liu F, Wang JX, Liu CY, Zhao 
B, Zhou LY, Sun T, Wang M, Yu T, Gong Y, Liu 
J, Dong YH, Li N, Li PF.  A circular RNA pro-
tects the heart from pathological hypertrophy and 
heart failure by targeting miR-223. Eur Heart J. 
2016;37(33):2602–11.

 83. Tang CM, Zhang M, Huang L, Hu ZQ, Zhu JN, Xiao 
Z, Zhang Z, Lin QX, Zheng XL, Yang M, Wu SL, 
Cheng JD, Shan ZX.  CircRNA_000203 enhances 
the expression of fibrosis-associated genes by dere-
pressing targets of miR-26b-5p, Col1a2 and CTGF, 
in cardiac fibroblasts. Sci Rep. 2017;7:40342.

 84. Zhou B, Yu JW.  A novel identified circular RNA,  
circRNA_010567, promotes myocardial fibrosis  
via suppressing miR-141 by targeting TGF-
beta1. Biochem Biophys Res Commun. 
2017;487(4):769–75.

 85. Zeng Y, Du WW, Wu Y, Yang Z, Awan FM, Li X, 
Yang W, Zhang C, Yang Q, Yee A, Chen Y, Yang 
F, Sun H, Huang R, Yee AJ, Li RK, Wu Z, Backx 

PH, Yang BB.  A circular RNA binds to and acti-
vates AKT phosphorylation and nuclear localization 
reducing apoptosis and enhancing cardiac repair. 
Theranostics. 2017;7(16):3842–55.

 86. Du WW, Yang W, Chen Y, Wu ZK, Foster FS, Yang 
Z, Li X, Yang BB.  Foxo3 circular RNA promotes 
cardiac senescence by modulating multiple factors 
associated with stress and senescence responses. Eur 
Heart J. 2017;38(18):1402–12.

 87. Huang S, Li X, Zheng H, Si X, Li B, Wei G, Li 
C, Chen Y, Chen Y, Liao W, Liao Y, Bin J. Loss of 
super-enhancer-regulated CircRNA Nfix induces 
cardiac regeneration after myocardial infarction in 
adult mice. Circulation. 2019;139(25):2857–76.

 88. Wang L, Lv Y, Li G, Xiao J. MicroRNAs in heart and 
circulation during physical exercise. J Sport Health 
Sci. 2018;7(4):433–41.

 89. Mach N, Fuster-Botella D.  Endurance exercise 
and gut microbiota: A review. J Sport Health Sci. 
2017;6(2):179–97.

 90. Fiuza-Luces C, Santos-Lozano A, Joyner M, 
Carrera-Bastos P, Picazo O, Zugaza JL, Izquierdo M, 
Ruilope LM, Lucia A.  Exercise benefits in cardio-
vascular disease: beyond attenuation of traditional 
risk factors. Nat Rev Cardiol. 2018;15(12):731–43.

 91. Nieman DC, Wentz LM.  The compelling link 
between physical activity and the body’s defense 
system. J Sport Health Sci. 2019;8(3):201–17.

 92. Weeks KL, McMullen JR.  The athlete’s heart 
vs. the failing heart: can signaling explain the 
two distinct outcomes? Physiology (Bethesda). 
2011;26(2):97–105.

 93. McMullen JR, Shioi T, Zhang L, Tarnavski O, 
Sherwood MC, Kang PM, Izumo S. Phosphoinositide 
3-kinase(p110alpha) plays a critical role for the 
induction of physiological, but not pathological, 
cardiac hypertrophy. Proc Natl Acad Sci U S A. 
2003;100(21):12355–60.

 94. DeBosch B, Treskov I, Lupu TS, Weinheimer C, 
Kovacs A, Courtois M, Muslin AJ. Akt1 is required 
for physiological cardiac growth. Circulation. 
2006;113(17):2097–104.

 95. Neri Serneri GG, Boddi M, Modesti PA, Cecioni 
I, Coppo M, Padeletti L, Michelucci A, Colella A, 
Galanti G.  Increased cardiac sympathetic activity 
and insulin-like growth factor-I formation are asso-
ciated with physiological hypertrophy in athletes. 
Circ Res. 2001;89(11):977–82.

 96. Olszanecka A, Dragan A, Kawecka-Jaszcz K, Fedak 
D, Czarnecka D.  Relationships of insulin-like 
growth factor-1, its binding proteins, and cardiomet-
abolic risk in hypertensive perimenopausal women. 
Metabolism. 2017;69:96–106.

 97. Riehle C, Wende AR, Zhu Y, Oliveira KJ, Pereira 
RO, Jaishy BP, Bevins J, Valdez S, Noh J, Kim BJ, 
Moreira AB, Weatherford ET, Manivel R, Rawlings 
TA, Rech M, White MF, Abel ED.  Insulin recep-
tor substrates are essential for the bioenergetic and 
hypertrophic response of the heart to exercise train-
ing. Mol Cell Biol. 2014;34(18):3450–60.

8 Non-coding RNAs in Physiological Cardiac Hypertrophy



160

 98. Kim J, Wende AR, Sena S, Theobald HA, Soto J, 
Sloan C, Wayment BE, Litwin SE, Holzenberger 
M, LeRoith D, Abel ED.  Insulin-like growth fac-
tor I receptor signaling is required for exercise- 
induced cardiac hypertrophy. J Mol Endocrinol. 
2008;22(11):2531–43.

 99. Weeks KL, Gao X, Du XJ, Boey EJ, Matsumoto 
A, Bernardo BC, Kiriazis H, Cemerlang N, Tan 
JW, Tham YK, Franke TF, Qian H, Bogoyevitch 
MA, Woodcock EA, Febbraio MA, Gregorevic P, 
McMullen JR. Phosphoinositide 3-kinase p110alpha 
is a master regulator of exercise-induced cardiopro-
tection and PI3K gene therapy rescues cardiac dys-
function. Circ Heart Fail. 2012;5(4):523–34.

 100. McMullen JR, Amirahmadi F, Woodcock EA, 
Schinke-Braun M, Bouwman RD, Hewitt KA, 
Mollica JP, Zhang L, Zhang Y, Shioi T, Buerger A, 
Izumo S, Jay PY, Jennings GL. Protective effects of 
exercise and phosphoinositide 3-kinase(p110alpha) 
signaling in dilated and hypertrophic cardiomyopa-
thy. Proc Natl Acad Sci U S A. 2007;104(2):612–7.

 101. Gosselin H, Beliveau L, Burelle Y, Clement R, 
Lajoie C, El-Helou V, Calderone A.  Disparate 
regulation of signaling proteins after exercise and 
myocardial infarction. Med Sci Sports Exerc. 
2006;38(3):455–62.

 102. Gonzalez AM, Osorio JC, Manlhiot C, Gruber D, 
Homma S, Mital S.  Hypertrophy signaling during 
peripartum cardiac remodeling. Am J Phys Heart 
Circ Phys. 2007;293(5):H3008–13.

 103. O’Neill BT, Kim J, Wende AR, Theobald HA, 
Tuinei J, Buchanan J, Guo A, Zaha VG, Davis DK, 
Schell JC, Boudina S, Wayment B, Litwin SE, Shioi 
T, Izumo S, Birnbaum MJ, Abel ED. A conserved 
role for phosphatidylinositol 3-kinase but not Akt 
signaling in mitochondrial adaptations that accom-
pany physiological cardiac hypertrophy. Cell Metab. 
2007;6(4):294–306.

 104. Fisher DA, Klein AH. Thyroid development and dis-
orders of thyroid function in the newborn. N Engl J 
Med. 1981;304(12):702–12.

 105. Chang KC, Figueredo VM, Schreur JH, Kariya K, 
Weiner MW, Simpson PC, Camacho SA.  Thyroid 
hormone improves function and Ca2+ handling in 
pressure overload hypertrophy. Association with 
increased sarcoplasmic reticulum Ca2+-ATPase 
and alpha-myosin heavy chain in rat hearts. J Clin 
Investig. 1997;100(7):1742–9.

 106. Trivieri MG, Oudit GY, Sah R, Kerfant BG, Sun H, 
Gramolini AO, Pan Y, Wickenden AD, Croteau W, 
Morreale de Escobar G, Pekhletski R, St Germain 
D, Maclennan DH, Backx PH.  Cardiac-specific 
elevations in thyroid hormone enhance contrac-
tility and prevent pressure overload-induced car-
diac dysfunction. Proc Natl Acad Sci U S A. 
2006;103(15):6043–8.

 107. Belke DD, Gloss B, Swanson EA, Dillmann 
WH.  Adeno-associated virus-mediated expres-
sion of thyroid hormone receptor isoforms-alpha1 
and -beta1 improves contractile function in  

pressure overload-induced cardiac hypertrophy. 
Endocrinology. 2007;148(6):2870–7.

 108. Fernandes T, Hashimoto NY, Magalhaes FC, 
Fernandes FB, Casarini DE, Carmona AK, 
 Krieger JE, Phillips MI, Oliveira EM.  Aerobic 
exercise training- induced left ventricular hyper-
trophy involves regulatory MicroRNAs, decreased 
angiotensin-converting enzyme-angiotensin ii, 
and synergistic regulation of angiotensin-convert-
ing enzyme 2-angiotensin (1-7). Hypertension. 
2011;58(2):182–9.

 109. Ramasamy S, Velmurugan G, Shanmugha Rajan K, 
Ramprasath T, Kalpana K. MiRNAs with apoptosis 
regulating potential are differentially expressed in 
chronic exercise-induced physiologically hypertro-
phied hearts. PLoS One. 2015;10(3):e0121401.

 110. Ma Z, Qi J, Meng S, Wen B, Zhang J. Swimming 
exercise training-induced left ventricular hypertro-
phy involves microRNAs and synergistic regulation 
of the PI3K/AKT/mTOR signaling pathway. Eur J 
Appl Physiol. 2013;113(10):2473–86.

 111. Martinelli NC, Cohen CR, Santos KG, Castro MA, 
Biolo A, Frick L, Silvello D, Lopes A, Schneider S, 
Andrades ME, Clausell N, Matte U, Rohde LE. An 
analysis of the global expression of microRNAs in 
an experimental model of physiological left ventric-
ular hypertrophy. PLoS One. 2014;9(4):e93271.

 112. Shi J, Bei Y, Kong X, Liu X, Lei Z, Xu T, Wang 
H, Xuan Q, Chen P, Xu J, Che L, Liu H, Zhong J, 
Sluijter JP, Li X, Rosenzweig A, Xiao J. miR-17-3p 
contributes to exercise-induced cardiac growth and 
protects against myocardial ischemia-reperfusion 
injury. Theranostics. 2017;7(3):664–76.

 113. Yang L, Li Y, Wang X, Mu X, Qin D, Huang W, 
Alshahrani S, Nieman M, Peng J, Essandoh K, Peng 
T, Wang Y, Lorenz J, Soleimani M, Zhao ZQ, Fan 
GC.  Overexpression of miR-223 tips the balance 
of pro- and anti-hypertrophic signaling cascades 
toward physiologic cardiac hypertrophy. J Biol 
Chem. 2016;291(30):15700–13.

 114. Li Z, Liu L, Hou N, Song Y, An X, Zhang Y, Yang X, 
Wang J. miR-199-sponge transgenic mice develop 
physiological cardiac hypertrophy. Cardiovasc Res. 
2016;110(2):258–67.

 115. Xu Y, Bei Y, Shen S, Zhang J, Lu Y, Xiao J, Li 
X.  MicroRNA-222 promotes the proliferation of 
pulmonary arterial smooth muscle cells by tar-
geting P27 and TIMP3. Cell Physiol Biochem. 
2017;43(1):282–92.

 116. Griffiths-Jones S, Grocock RJ, van Dongen S, 
Bateman A, Enright AJ. miRBase: microRNA 
sequences, targets and gene nomenclature. Nucleic 
Acids Res. 2006;34(Database issue):D140–4.

 117. Kozomara A, Birgaoanu M, Griffiths-Jones S. 
miRBase: from microRNA sequences to function. 
Nucleic Acids Res. 2019;47(D1):D155–62.

 118. Kozomara A, Griffiths-Jones S. miRBase: integrat-
ing microRNA annotation and deep- sequencing 
data. Nucleic Acids Res. 2011;39(Database 
issue):D152–7.

L. Wang et al.



161

 119. Kruger J, Rehmsmeier M. RNAhybrid: microRNA 
target prediction easy, fast and flexible. Nucleic 
Acids Res. 2006;34(Web Server issue):W451–4.

 120. Li JH, Liu S, Zhou H, Qu LH, Yang JH. starBase 
v2.0: decoding miRNA-ceRNA, miRNA-ncRNA 
and protein-RNA interaction networks from 
large-scale CLIP-Seq data. Nucleic Acids Res. 
2014;42(Database issue):D92–7.

 121. Yang JH, Li JH, Shao P, Zhou H, Chen YQ, Qu 
LH. starBase: a database for exploring microRNA- 
mRNA interaction maps from Argonaute CLIP- 
Seq and Degradome-Seq data. Nucleic Acids Res. 
2011;39(Database issue):D202–9.

 122. Yang JH, Li JH, Jiang S, Zhou H, Qu LH. ChIPBase: 
a database for decoding the transcriptional regula-
tion of long non-coding RNA and microRNA 
genes from ChIP-Seq data. Nucleic Acids Res. 
2013;41(Database issue):D177–87.

 123. Zhou KR, Liu S, Sun WJ, Zheng LL, Zhou H, Yang 
JH, Qu LH.  ChIPBase v2.0: decoding transcrip-
tional regulatory networks of non-coding RNAs and 
protein-coding genes from ChIP-seq data. Nucleic 
Acids Res. 2017;45(D1):D43–50.

 124. Lewis BP, Burge CB, Bartel DP.  Conserved seed 
pairing, often flanked by adenosines, indicates that 
thousands of human genes are microRNA targets. 
Cell. 2005;120(1):15–20.

 125. Volders PJ, Anckaert J, Verheggen K, Nuytens J, 
Martens L, Mestdagh P, Vandesompele J. LNCipedia 
5: towards a reference set of human long non-coding 
RNAs. Nucleic Acids Res. 2019;47(D1):D135–9.

 126. Volders PJ, Helsens K, Wang X, Menten B, 
Martens L, Gevaert K, Vandesompele J, Mestdagh 
P.  LNCipedia: a database for annotated human 
lncRNA transcript sequences and structures. Nucleic 
Acids Res. 2013;41(Database issue):D246–51.

 127. Volders PJ, Verheggen K, Menschaert G, Vandepoele 
K, Martens L, Vandesompele J, Mestdagh P.  An 
update on LNCipedia: a database for annotated 
human lncRNA sequences. Nucleic Acids Res. 
2015;43(8):4363–4.

 128. Liu K, Yan Z, Li Y, Sun Z.  Linc2GO: a human 
LincRNA function annotation resource 
based on ceRNA hypothesis. Bioinformatics. 
2013;29(17):2221–2.

 129. Zhao Y, Li H, Fang S, Kang Y, Wu W, Hao Y, Li 
Z, Bu D, Sun N, Zhang MQ, Chen R. NONCODE 
2016: an informative and valuable data source 
of long non-coding RNAs. Nucleic Acids Res. 
2016;44(D1):D203–8.

 130. Liu C, Bai B, Skogerbo G, Cai L, Deng W, Zhang Y, 
Bu D, Zhao Y, Chen R. NONCODE: an integrated 
knowledge database of non-coding RNAs. Nucleic 
Acids Res. 2005;33(Database issue):D112–5.

 131. Xiyuan L, Dechao B, Liang S, Yang W, Shuangsang 
F, Hui L, Haitao L, Chunlong L, Wenzheng F, 
Runsheng C, Yi Z. Using the NONCODE database 
resource. Curr Protoc Bioinformatics. 2017;58:12 16 
11–9.

 132. Fang S, Zhang L, Guo J, Niu Y, Wu Y, Li H, Zhao 
L, Li X, Teng X, Sun X, Sun L, Zhang MQ, Chen 
R, Zhao Y. NONCODEV5: a comprehensive anno-
tation database for long non-coding RNAs. Nucleic 
Acids Res. 2018;46(D1):D308–14.

 133. Bu D, Yu K, Sun S, Xie C, Skogerbo G, Miao R, 
Xiao H, Liao Q, Luo H, Zhao G, Zhao H, Liu Z, Liu 
C, Chen R, Zhao Y.  NONCODE v3.0: integrative 
annotation of long noncoding RNAs. Nucleic Acids 
Res. 2012;40(Database issue):D210–5.

 134. He S, Liu C, Skogerbo G, Zhao H, Wang J, Liu T, Bai 
B, Zhao Y, Chen R. NONCODE v2.0: decoding the 
non-coding. Nucleic Acids Res. 2008;36(Database 
issue):D170–2.

 135. Glazar P, Papavasileiou P, Rajewsky N. cir-
cBase: a database for circular RNAs. RNA. 
2014;20(11):1666–70.

 136. Dong R, Ma XK, Li GW, Yang L. CIRCpedia v2: an 
updated database for comprehensive circular RNA 
annotation and expression comparison. Genomics 
Proteomics Bioinformatics. 2018;16(4):226–33.

 137. Panda AC, Dudekula DB, Abdelmohsen K, Gorospe 
M. Analysis of circular RNAs using the web tool cir-
cInteractome. Methods Mol Biol. 2018;1724:43–56.

 138. Dudekula DB, Panda AC, Grammatikakis I, De S, 
Abdelmohsen K, Gorospe M.  CircInteractome: 
A web tool for exploring circular RNAs and their 
interacting proteins and microRNAs. RNA Biol. 
2016;13(1):34–42.

 139. Liu M, Wang Q, Shen J, Yang BB, Ding X. Circbank: 
a comprehensive database for circRNA with stan-
dard nomenclature. RNA Biol. 2019;16(7):899–905.

8 Non-coding RNAs in Physiological Cardiac Hypertrophy



163© Springer Nature Singapore Pte Ltd. 2020 
J. Xiao (ed.), Non-coding RNAs in Cardiovascular Diseases, Advances in Experimental Medicine 
and Biology 1229, https://doi.org/10.1007/978-981-15-1671-9_9

Non-coding RNAs in Cardiac 
Regeneration

C. F. T. van der Ven, B. C. R. Hogewoning, A. van 
Mil, and Joost P. G. Sluijter

1  Introduction

Cardiovascular disease is a leading cause of death 
worldwide, and with the dramatically increasing 
numbers of heart failure patients in the next 
10  years, mortality will only increase [1]. For 
patients with end-stage heart failure, heart trans-
plantation is the sole option. Regrettably, the 
number of available donor hearts is drastically 
lower than the number of patients waiting for 
heart transplantation. Despite evidence of cardio-
myocyte renewal in adult human hearts, regener-
ation of functional myocardium after injury can 
be neglected. The limited regenerative capacity 
due to inadequate proliferation of existing car-
diomyocytes is insufficient to repopulate areas of 
lost myocardium [2]. As a solution, the hypothe-
sis that adult stem cells could be employed to 
generate functional cardiomyocytes was pro-

posed. One of the early studies that supported 
this hypothesis involved direct injection of hema-
topoietic c-kit-positive cells derived from bone 
marrow into the infarcted heart [3]. However, in 
sharp contrast, more recent evidence emerged 
demonstrating that these hematopoietic stem 
cells only differentiate into cells down the hema-
topoietic lineage rather than into cardiomyocytes 
[4, 5], and the focus shifted towards stem cells 
residing in the heart, called cardiac progenitor 
cells. These CPCs were extracted and injected 
into the myocardium to regenerate the heart [6]. 
In recent years, over 80 pre-clinical studies 
employing cardiac stem cells in vivo in large and 
small animals to evaluate the effect on functional 
parameters were systematically reviewed, identi-
fying differences between large and small ani-
mals [7]. Despite the positive outcome of these 
stem cell therapies on functional parameters, 
c-kit-positive cardiac progenitor cells were 
shown to contribute minimally to the generation 
of functional cardiomyocytes [8, 9]. This heavily 
debated topic is summarized concisely by van 
Berlo and Molkentin [10]. Recently, single-cell 
sequencing and genetic lineage tracing of prolif-
erative cells in the murine heart in both homeo-
static and regenerating conditions did not yield a 
quiescent cardiac stem cell population or other 
cell types that support transdifferentiation into 
cardiomyocytes, nor did it support proliferation 
of cardiac myocytes [11, 12]. Now, the focus is 
shifting towards exploiting the limited regenera-
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tive capacity of the cardiomyocytes themselves, 
by re-activating proliferation of existing cardio-
myocytes through dedifferentiation, reentry into 
the cell cycle, and cytokinesis. This process is the 
new focus of research to promote cardiac regen-
eration, and can be controlled on multiple levels, 
including cell-cycle manipulation, reprogram-
ming, small molecules, extra-cellular matrix 
(ECM), proteins, and RNA regulation [13].

Cardiac neovascularization, the new blood 
vessels formation in the heart, is an essential 
part of cardiac regeneration. 
Neovascularization is distinct from vasculo-
genesis, which is considered de novo primi-
tive vascular network formation, and occurs 
when angioblast precursors differentiate into 
endothelial cells in the developmental stages 
[14]. Angiogenesis is the formation of a new 
blood vessel from the existing blood vessels. 
In the past the focus has been on mechanisms 
influencing the inhibition of angiogenesis, 
relating to its role in the spread of tumors 
[15]. However, there has been a growing 
interest in tackling ischemic disorders by 
promoting neovascularization in an attempt 
to regenerate tissues [16].

This chapter will focus on findings regard-
ing the role of non-coding RNAs in cardiac 
regeneration. Cardiac regeneration is defined 
as the repair of cardiac tissue, which in turn 
enhances or restores the functional capabili-
ties of the heart. Studying the role of these 
non-coding RNAs in species with inherent 
cardiac regenerative capacity uncovers and 
helps to understand the mechanisms that drive 
cardiac regeneration, such as cardiomyocyte 
proliferation and neovascularization. First, we 
elaborate on the regenerative capacity in lower 
vertebrates and rodents and their role as scien-
tific models, then we elucidate the role of non-
coding RNAs in cardiomyocyte proliferation 
and neovascularization.

2  Cardiac Regeneration 
in Various Scientific Model 
Species

Regenerative capacity varies between species. 
Lower vertebrate species have a high regenera-
tive capacity throughout life, whereas in higher 
vertebrate species this regenerative capacity 
decreases after birth. Teleost fish like zebrafish 
and urodeles like newts or axolotls display robust 
cardiac regeneration, making them excellent 
model systems to study the underlying processes 
for cardiac regeneration. In zebrafish, after apical 
resection, bleeding is halted by blood clotting in 
the wound. Then fibrin is deposited, and where 
mammalian hearts become fibrotic through col-
lagen deposition and scarring, the zebrafish heart 
replaces lost myocardium by proliferation of car-
diomyocytes [17, 18]. Cardiomyocyte prolifera-
tion is highest 2 weeks after injury, and 2 months 
after injury the majority of the lost myocardium 
has been renewed and cardiac output restored 
[18, 19]. By employing Cre-based genetic fate 
mapping it was shown that resident cardiomyo-
cytes dedifferentiate, proliferate, and mature sim-
ilar to the developmental program to replace the 
lost myocardium, indicating that stem cells are 
not the source of regenerated myocardium [20, 
21]. Similarly, in urodeles complete regeneration 
without scarring was observed two to 3 months 
after the injury [22], and it was demonstrated that 
sarcomeric gene expression is downregulated 
during regeneration which supports the notion 
that adult cardiomyocytes can generate more car-
diomyocytes via dedifferentiation, proliferation, 
and redifferentiation. This concept is known as 
the dedifferentiation hypothesis [23, 24]. A con-
cise recapitulation of the evolution of the scien-
tific view on cardiomyocyte proliferation was 
published by Yutzey [25].

Rodent models like mice and rats display full 
growth and regeneration before and shortly after 
birth, yet have a reduced cardiac regenerative 
capacity as adult mammals [19]. Thus, neonatal 
rodents are excellent models for studying the 
mechanisms, and adult rodents are a suitable 
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model to test stimulation of regeneration. To 
study the regenerative capacity of the fetal mice 
heart, an X-linked mutation, deadly to cardiomy-
ocytes was introduced in female embryos. Due to 
random X inactivation half of the cardiomyo-
cytes were lost, though at birth the hearts were 
fully functional. The fetal hearts compensated for 
the effective loss of 50% of cardiomyocytes by 
increased healthy cardiac cells proliferation [26]. 
High regenerative capacity in neonatal mice 
hearts has been demonstrated in multiple cardiac 
damage models: myocardial infarction [27], ven-
tricular resection [28], cryoinfarction [29, 30], 
and clamping [31]. The human heart can also 
fully recover from injury as demonstrated in a 
case study of myocardial infarction in neonatal 
humans as a result of coronary artery occlusion. 
The infants fully recovered from the ischemic 
injury [32].

3  Non-coding RNA 
in Cardiomyocyte 
Proliferation

In contrast to the aforementioned lower verte-
brate species, cardiomyocyte proliferation in 
adult mammals is, though present [2], insuffi-
cient to replenish lost cardiomyocytes due to 
injury. The proliferative state of cardiomyocytes 
as observed in embryonic stages of development 
quickly diminishes as the cells differentiate into 
the mature phenotype characterized by binucle-
ation and hypertrophy. This development and 
maturation is regulated by many different factors. 
The capability of mature cardiomyocytes to again 
become proliferative is small [33–35]. 
Consequently, after the significant loss of cardio-
myocytes as seen in ischemic injury, the heart 
cannot replace the lost cardiomyocytes and 
regenerate the myocardium. To increase the 
regenerative capacity of the heart, revealing the 
mechanisms underlying the development and 
proliferation of cardiomyocytes is essential. 
Recently, non-coding RNAs have been found 
playing important roles in regulating cardiomyo-
cyte proliferation. These non-coding RNAs and 
their effect on cardiomyocyte proliferation are 

listed in Table 9.1. Here, we aim to highlight the 
discoveries of these non-coding RNAs and their 
role, organized per non-coding RNA class. At the 
time of writing the knowledge on the role of non- 
coding RNA in cardiac regeneration is limited to 
microRNAs (miRNAs) and long non-coding 
RNAs (lncRNAs). Other non-coding RNAs such 
as circular RNA, PIWI-interacting RNAs, or 
small inhibitory RNAs are not covered, as their 
functions in cardiac regeneration are still to be 
further studied.

3.1  MicroRNA

With their function as post-transcriptional regula-
tors and their broad spectrum of targets due to 
partially complementary binding, miRNAs are 
potential candidates to regulate cardiomyocyte 
proliferation. Both the aforementioned models, 
fish and rodent, are widely used to study the 
involvement of miRNAs in cardiac regeneration, 
and cardiomyocyte proliferation specifically. A 
common approach to characterize miRNAs that 
could potentially regulate cardiomyocyte regen-
eration is to compare miRNA expression levels in 
different stages of development in prenatal and 
postnatal rodent hearts. Candidate miRNAs are 
then validated in one or multiple in vivo models 
of cardiac injury in either or both neonatal and 
adult rodents. Oftentimes, a model of cardiac 
injury is employed to replicate the disease as 
observed in humans. These models are based on 
either surgical induction, via ischemia or isch-
emia/reperfusion, or on genetic induction of heart 
failure (HF). Here, the role of the different miR-
NAs in cardiomyocyte proliferation is illustrated 
per disease model.

3.1.1  Surgical Cardiac Injury Models
Through ligation of the left anterior descending 
coronary artery (LAD), ischemia is induced in 
the left ventricle, inducing a myocardial infarc-
tion (MI), thereby resulting in a loss of cardio-
myocytes [36]. The following miRNAs were 
found to play a role in increasing the regenerative 
capacity of the heart using this approach.
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Initially miR-99/100 and Let-7a/c were identi-
fied as key players in cardiomyocyte dedifferen-
tiation in a cardiac apical resection model in 
zebrafish that naturally regenerate. They were 
both validated in mice subjected to LAD ligation 
causing MI.  Blocking these miRNAs increased 
expression of their target proteins farnesyl 
transferase- beta (FNTß) and SWI/SNF-related 
matrix associated actin-dependent regulator of 
chromatin-subfamily A, number 5 (SMARCA5). 
Upon blocking, increased left ventricular ejec-
tion fraction and fractional shortening indicated 
functional improvements. The resulting cardiac 
regeneration, induced via dedifferentiation and 
proliferation of cardiomyocytes, and improved 
functional effects in both species proved that this 
mechanism is conserved between species [37].

Over-expression of miR-128 in cardiomyo-
cytes in a neonatal apical resection model, sup-
pressed cardiomyocyte proliferation and 
hampering cardiac function, thereby inhibiting 
cardiac regeneration, which can be observed after 
apical resection in untreated neonatal mice. 
Additionally, the role of miR-128  in cardiac 
regeneration was validated by deletion in cardio-
myocytes in adult mice demonstrating improved 
cardiomyocyte proliferation after myocardial 
infarction induced by permanent LAD ligation. 
By deleting miR-128 the expression of SUZ12, a 
chromatin modifier, was enhanced. This in turn 
suppressed cyclin-dependent kinase inhibitor 
p27 and activated cell cycle regulators Cyclin E 
and cyclin dependent kinase 2 (CDK2), promot-
ing cell cycle re-entry in adult cardiomyocytes. 

Table 9.1 Overview of identified non-coding RNAs validated in vivo for their role in cardiomyocyte proliferation

ncRNA Target
Effect on Cardiac 
Function Species References

Let-7a/c FNTß, SMARCA5 Negative Zebrafish Aguirre et al. [37]
miR-1-2 lrx5 Positive Mice Zhao et al. [46]
miR-15 Chek1 Negative Mice Porrello et al. [44, 45]
miR-17-92, 
miR-19a/b

PTEN Positive Mice Chen et al. [48]

miR-31a RhoBTB1 Positive Rats Xiao et al. [49]
miR-34a Sirt1, Cyclin D1, Bcl2 Negative Mice Yang et al. [39]
miR-99/100 FNTß, SMARCA5 Negative Zebrafish Aguirre et al. [37]
miR-128 SUZ12, CDK2, Cyclin E, 

GATA4
Negative Mice Huang et al. [38]

miR-133a-1/2 SRF, Cyclin D2 Positive Mice Liu et al. [47]
miR-195 Chek1 Negative Mice Porrello et al. [44]
miR-199a Homer1, Hopx Positive Mice, rats Eulalio et al. [42]
miR-296 Trip53inp1, Itm2a Positive Mice Cai et al. [55]
miR-302 Hippo, spec.: Lats2, Mob1, 

Mst1
Positive Mice Tian et al. [40] and Wang 

et al. [41]
miR-590 Homer1, Hopx Positive Mice, rats Eulalio et al. [42]
CAREL Trip53inp1, Itm2a Negative Mice Cai et al. [55]
CRRL miR-199a - Hopx Negative Rat Chen et al. [59]
ECRAR ERK1/2, Cyclin D1, Cyclin 

E1
Positive Rat Chen et al. [50]

LINCM3 (Gas5) Nppa, Dstan, Cyclin G1, 
Cyclin D2

Mice Yin et al. [54] and See [51]

LINCM9 (Sghrt) Cyclin G1, Cyclin D2 Mice See et al. [51]
MALAT-1 Nkx2.5, GATA4 Negative Zebrafish Wu et al. [56]
NR_045363 miR-216a Positive Mice Wang et al. [58]
Sirt1 antisense 
lncRNA

Sirt1 mRNA Positive Mice Li et al. [57]
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Additionally, increased levels of GATA4 were 
observed, indicative of dedifferentiated cardio-
myocytes [38].

In neonatal mice, miR-34a levels were found 
to be low and in adult mice, miR-34a levels were 
high, even after cardiac injury. Increasing miR- 
34a expression levels in neonatal mice resulted in 
a decreased regenerative capacity and hampered 
recovery. Inhibiting miR-34a in adult mice hearts 
after inducing MI increased the regenerative 
capacity and improved cardiac function, reduced 
adverse remodeling, decreased fibrosis, and 
increased cell cycle activity. Further investigation 
demonstrated that this miR-43a inhibition 
resulted in higher protein levels of Sirt1, Cyclin 
D1, and Bcl2. These proteins have been impli-
cated in cell cycle activity, cellular aging, and cell 
survival. The former was merely protective 
against cell death, whereas the latter two main-
tained proliferative and cell cycle capacities [39].

Similarly, the miRNA cluster miR-302-367 
was found to be elevated in pre-natal stages com-
pared to post-natal stages. Reactivating the clus-
ter in adult hearts led to cardiomyocyte 
proliferation, though persistent, prolonged 
expression resulted in cardiomegaly and ulti-
mately in heart failure. The positive effect of 
reactivation of the cluster on cardiomyocyte pro-
liferation was confirmed in mice with MI induced 
by LAD ligation. Transient transfection with the 
miRNA cluster however prevented the adverse 
effects of persistent over-expression without 
compromising the positive effect of increased 
cardiomyocyte proliferation on the regenerative 
capacity of the heart. This cluster was found to 
target components of the Hippo pathway. 
Specifically, proliferation-associated gene 
Ccnd1, and consequently Cyclin G1, was ele-
vated, and kinases Mst1 and Mob1b were 
decreased [40]. In a more recent study, miR-302 
was injected intramyocardially using a hydrogel 
delivery system for local and sustained delivery 
in adult Confetti mice with a MI. Due to the lin-
eage labeling it was possible to distinguish newly 
generated cardiomyocytes as a result of clonal 
expansion. In addition, infarcted mice treated 
with the miR-302 showed comparable cardiac 
function to non-infarcted mice, as measured by 

ejection fraction and fractional shortening. Mice 
treated with miR-302 mimic demonstrated 
knock-down of Lats2, Mob1, and Mst1, all com-
ponents of the Hippo signaling pathway, which 
controls cell proliferation mediated by YAP [41].

Additionally, miR-199a and miR-590 were 
identified by using a high-throughput functional 
screening with a human whole-genome miRNA 
library, and validated in  vivo. Neonatal rats 
received injections of one of the two miRNAs 
together with a lipid transfection agent directly in 
the heart. Four days after treatment the ventricu-
lar wall thickness had increased, proliferating 
cardiomyocytes were found, and no fibrosis was 
observed. Next, adult mice were treated with 
AAV9 vectors expressing the two miRNAs after 
induction of a MI through permanent LAD liga-
tion. Infarct size was significantly decreased in 
mice treated with miRNAs and cardiac function 
measured by left ventricular ejection fraction, 
fractional shortening, and end-systolic anterior 
wall thickness was preserved [42]. Expanding on 
these results, miR-199a was overexpressed using 
AAVs in pigs subjected to MI and reperfusion. 
Functional parameters improved, such as overall 
and local contractility. Muscle mass increased 
while scar tissue decreased, demonstrating that it 
is possible to regenerate the myocardium in 
larger mammals by stimulating endogenous 
repair via cardiomyocyte proliferation [43]. In 
all, expression of miR-199a and miR-590 after 
MI reduced infarct size and improved cardiac 
function by actively stimulating cardiomyocyte 
proliferation. Both miRs suppressed Homer1 and 
Hopx, genes involved in calcium signaling and in 
regulating proliferation, respectively [42, 43]. 
After inducing MI on day 1 after birth through 
LAD ligation, the mouse heart recovered fully 
within 3 weeks, through proliferation of existing 
cardiomyocytes. This regenerative response was 
impaired by over-expression of miR-195, one of 
the members of the miR-15 family, leading to 
adverse remodeling as observed in adult mice. 
Next, in an ischemia-reperfusion model of MI the 
miR-15 family was inhibited during postnatal 
development into adulthood. This led to an 
increase in cardiomyocyte proliferation and 
improved systolic function. Thus, inhibition of 
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the miR-15 family increases the regenerative 
capacity [44]. In an earlier study by the same 
group, miR-195 was shown to directly affect cell 
cycle genes Chek1, Cdc2a, Birc5, Nusap1, and 
Spag5, supposedly increasing mitotic and cell 
cycle entry, and cell cycle progression. However, 
of these, Chek1 is the only gene with a miR-15 
binding site that is conserved between mice and 
humans [45].

3.1.2  Genetic Cardiac Injury Models
When Dicer, which is required for pre-miR pro-
cessing to mature miRNAs, was deleted in the 
hearts of embryonic mice using Cre recombinase 
and under the control of the Nkx2.5 promotor this 
led to death as a result of heart failure. Thus 
proper miRNA functioning is required in cardiac 
development. In the Dicer mutant hearts, miR-1 
was dysregulated. Using homologous recombi-
nation, miR-1-2 was deleted in mouse embryonic 
stem cells. Heterozygous animals were inter-
crossed to create offspring lacking miR-1-2. 
These mice died early, mostly due to ventricular 
septum defects, and those that survived suffered 
from cardiac arrhythmias and hyperplasia due to 
abnormalities in the cardiomyocyte cell cycle. 
Loss of miR-1-2 resulted in a loss of lrx5, leading 
to abnormal repolarization of cardiomyocytes 
and consequently cardiac arrhythmias. 
Furthermore, miR-1-2 mutants were hyperplastic 
as a result of increased mitotic activity in cardio-
myocytes. This indicates a potential role for miR- 
1- 2  in stimulating the regenerative capacity, 
though the observation in this study may be a 
result of increased proliferation in the early 
stages of development rather than in adult ani-
mals, for cytokinesis was not observed in adult 
animals [46].

Another example of complete knockout of a 
miRNA resulting in abnormal cardiomyocyte 
proliferation is the double knockout of miRNA- 
133a- 1 and miRNA-133a-2 in mice, targeting 
Cyclin D2 and serum response factor (SRF). 
Mice lacking genes for one of the variants were 
normal, but deletion of both genes led to ventric-
ular septal defects and consequently death in 
embryonic and neonatal animals, as a result of 
dysregulated cardiomyocyte proliferation, apop-

tosis, and abnormal expression of smooth muscle 
genes in the heart. Mice surviving into adulthood 
perished from heart failure and sudden death. 
Thus, miR-133a-1 and − 2 are essential for nor-
mal cardiac growth and function [47].

Similarly, complete knockout of the miR-
17- 92 cluster in embryonic, postnatal, and adult 
mice resulted in smaller hearts and lower prolif-
eration rates in postnatal animals, a reduced num-
ber of cardiomyocytes in adult hearts, and 
decreased cardiac function, demonstrating that 
this cluster is essential for cardiomyocyte prolif-
eration in embryonic and postnatal hearts. 
Overexpression of the cluster in a transgenic 
mouse model demonstrated enlargement of the 
hearts and thickening of the ventricle walls due to 
proliferation rather than hypertrophy. 
Overexpression of miR-17-92 using tamoxifen- 
inducible Cre recombinase in mice, subjected to 
MI, attenuated the effects of MI-induced damage 
and adverse remodeling. miR-17-92 was found to 
affect phosphatase and tensin homolog (PTEN), 
and overexpression of PTEN diminished miR-19 
(a member of the miR-17-92 cluster) promoted 
cardiomyocyte proliferation. These results con-
firmed that the miR-17-92 cluster, and miR-19 
specifically, can induce proliferation by sup-
pressing PTEN in cardiomyocytes [48].

Some miRNAs have been validated in  vivo 
without cardiac validation. For example, miRNA 
array on post-natal day 0 and day 10 rat cardio-
myocytes revealed upregulated miR-31a levels 
on day 10. Inhibition of miR-31a on days 0, 1, 
and 2 resulted in reduced cardiomyocyte prolif-
eration through RhoBTB1, a subfamily of the 
Rho small GTPases, suggesting that upregulating 
miR-31 might increase the generative capacity of 
the heart through stimulating cardiomyocyte pro-
liferation [49].

Overall, evidence that miRNAs can influence 
cardiomyocyte proliferation is accumulating. 
Multiple miRNAs have been identified and vali-
dated in vivo. However, it is not yet fully under-
stood how these miRNAs in turn are regulated, 
nor is it evident that miRNA are the sole regula-
tory RNAs in cardiac regeneration. Long non- 
coding RNAs are emerging as regulators of 
RNAs (mRNA, miRNA, circRNA) as well as 
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DNA and proteins. Their broad complex roles in 
gene regulation is a popular current topic, and 
there is evidence for involvement of several 
lncRNAs in cardiomyocyte proliferation.

3.2  Long Non-coding RNA

Long non-coding RNAs are a class of RNA mol-
ecules consisting of over 200 nucleotides that can 
regulate gene expression, both at transcriptional 
and post-transcriptional level, in a range of cel-
lular processes, including (de)differentiation and 
proliferation. The research field of lncRNAs is 
relatively young and only a limited number of 
lncRNAs have been explored in the context of 
cardiovascular regeneration. How the lncRNAs 
listed in Table  9.1 was identified and how they 
affect cardiomyocyte proliferation is elaborated 
on in the following paragraphs.

Three lncRNAs have been identified that 
influence cardiomyocyte proliferation through 
affecting cell cycle genes. Endogenous cardiac 
regeneration-associated regulator (ECRAR) [50], 
LINCM3 (Gas5), and LINCM9 (Sghrt) [51] exert 
their function indirectly on one or more Cyclin 
proteins.ECRAR binds to extracellular signal- 
regulated kinases 1 and 2 (ERK1/2) activating 
cyclin D1 and cyclin E1, which both activate E2F 
transcription factor 1 (E2F1). E2F1 can upregu-
late ECRAR, creating a positive feedback loop 
that stimulates cell cycle progression, promoting 
proliferation in cardiomyocytes. Over-expression 
of ECRAR stimulated cardiomyocyte prolifera-
tion in vivo in the adult rat heart. To assess the 
effect of ECRAR over-expression in a disease 
environment, rats with MI from LAD ligation 
were injected with Adenovirus-mediated 
ECRAR.  Over-expression of ECRAR led to 
increased proliferation resulting in cardiomyo-
genesis. Furthermore, infarct size was signifi-
cantly smaller in rats that were treated with 
ECRAR, scar formation measured by fibrotic 
area was less, and functional parameters were 
improved, suggesting ECRAR enhances the 
regenerative capacity of the myocardium. This 
was confirmed by knockdown of ECRAR in nat-
urally regenerative neonatal rat hearts, preventing 

recovery after MI.  ECRAR showed a 12-fold 
increased expression from the analysis of four 
datasets of RNA-sequencing in fetal compared to 
adult human cardiac tissues. This finding was 
confirmed in rat fetal hearts, where ECRAR 
expression is high on embryonic day 12 and 
decreased after birth [50].

Similarly, nuclear RNA-sequencing of single 
cardiomyocytes from failing and healthy human 
heart tissue identified heterogeneity in the tran-
scriptomic stress-response [51]. Key nodal 
lncRNA surfaced that regulate dedifferentiation 
and cell cycle genes in certain subsets of cardio-
myocytes that can potentially regulate cardiac 
repair. In the diseased cells of a trans-aortic con-
striction (TAC) mice model, LINCM3 (Gas5) 
and LINCM9 (Sghrt) were upregulated, and 
LINCM5 was down-regulated compared to sham 
operated mice. Both Gas5 and Sghrt are part of 
signaling pathways related to translation, precur-
sor metabolites generation, oxidative stress 
response, oxidative phosphorylation, cell prolif-
eration, and cardiac muscle tissue development. 
This indicated that both lncRNAs could be the 
main effectors regulating other genes within the 
same gene regulatory network. This hypothesis 
was tested by knocking down either of these 
lncRNAs in adult cardiomyocytes from TAC 
operated mice. Knockdown of Gas5 down- 
regulated the expression of Nppa (fetal repro-
gramming), Dstn (dedifferentiation marker), 
Ccng1 (cell cycle gene, coding for Cyclin G1), 
and Ccnd2 (cell cycle gene, coding for Cyclin 
D2). Gas5 has previously been shown to accumu-
late in the heart [52] and regulate apoptosis [53] 
and proliferation [54] in other cell types. Sghrt, at 
the time of writing, has no previously described 
function. Suppression of Sghrt did not have any 
significant effects on either Nppa or Dstn, 
increased Ccng1, and decreased Ccnd2. Thus, 
these experiments demonstrated that both 
lncRNAs can regulate genes in the same regula-
tory network at a transcriptional level [51].

Three other lncRNAs have been identified to 
be involved in cardiomyocyte regeneration, 
though not through affecting cell cycle genes. 
CAREL [55], MALAT1 [56], and Sirt1 anti- 
sense lncRNA [57] influence cardiomyocyte pro-
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liferation through anti-proliferative and 
pro-apoptotic pathways, through inhibiting tran-
scription factors in developmental pathways, and 
through stabilization of mRNA, respectively.

Microarray analysis revealed that lncRNA 
CAREL was upregulated in postnatal mouse 
hearts. Over-expression of CAREL in cardiomy-
ocytes of mice diminished their division and pro-
liferation, and the regenerative capacity of 
neonatal hearts was lost. In contrast, silencing 
CAREL stimulated cardiac regeneration and pro-
moted cardiac function after injury in both neo-
natal and adult mice. CAREL binds competitively 
to the targets of miR-296, Trip53inp1 and Itm2a. 
In line with previous results, over-expression of 
miR-296 induced cardiomyocyte proliferation 
and increased the regenerative capacity. In 
CAREL transgenic mice, the regenerative capac-
ity was decreased, and could be restored by over- 
expressing miR-296 [55].

LncRNA MALAT-1 is expressed in adult 
zebrafish hearts [56]. MALAT-1 knock-out 
zebrafish showed an enlarged pericardium and 
other cardiac developmental abnormalities. 
Cardiac progenitor cell genes nkx2.5 and gata4 
were upregulated, hinting at a regulatory role for 
MALAT-1 [56].

Expression patterns of Silent information reg-
ulator factor 2 related enzyme 1 (Sirt1) antisense 
lncRNA are higher in embryonic and neonatal 
compared to adult mouse hearts [57]. Sirt1 anti-
sense lncRNA can bind Sirt1 messengerRNA, 
stabilizing it, and enhancing its translation into 
Sirt1 protein. Isolated neonatal cardiomyocytes 
were transfected with Sirt1 antisense lncRNA to 
examine its role in proliferation. Over-expression 
resulted in higher cell cycle activity, increased 
mitosis, and a higher cell number, indicating a 
positive influence on proliferation. In contrast, 
knocking down Sirt1 antisense lncRNA decreased 
the number of cardiomyocytes, cell cycle activ-
ity, and mitosis, and increased apoptosis. Next, 
intra-myocardial injections of LNA targeting 
Sirt1 antisense lncRNA resulted in decreased lev-
els of proliferation in neonatal mice. Following 
these experiments, Sirt1 antisense lncRNA was 
over-expressed in both healthy and LAD-MI 
adult mice, leading to increased cardiomyocyte 

proliferation compared to their respective con-
trols and a higher survival rate in the treated 
LAD-MI mice compared to untreated mice. In 
the latter group, cardiac output parameters, left 
ventricular ejection fraction and fractional short-
ening, improved, and the infarct size was smaller 
compared to untreated LAD-MI animals. These 
outcomes indicate that Sirt1 antisense lncRNA 
positively affects the regenerative capacity in 
ischemic adult hearts [57].

In addition to affecting gene expression 
through the aforementioned mechanisms, 
lncRNAs can act as sponges to miRNAs. Two 
lncRNAs have been identified that function 
thusly in affecting cardiomyocyte proliferation.

Recently, lncRNA NR_045363 was discov-
ered to be mainly expressed in cardiomyocytes 
compared to non-cardiomyocytes, and more in 
embryonic mouse hearts than in adult mouse 
hearts [58]. Over-expression of this lncRNA in 
neonatal mice cardiomyocytes significantly 
increased proliferation in  vitro and in  vivo. 
Knockdown in primary embryonic cardiomyo-
cytes led to decreased proliferation. Furthermore, 
over-expression in mice subjected to MI resulted 
in significantly ameliorated left ventricular ejec-
tion fraction and fractional shortening. 
Additionally, using EdU staining cardiomyocyte 
proliferation was shown to have increased in the 
animals over-expressing NR_045363. In silico 
target prediction showed miR-216a as a potential 
targets of NR_045363. Mir-216a is also a target 
of LOC101927497, the human ortholog of 
NR_045363. These predictions were validated 
in  vitro and it showed that knockdown of 
NR_045363 led to increased miR-216a expres-
sion, and over-expression of NR_045363 resulted 
in decreased miR-216a expression levels. The 
researchers concluded that NR_045363 may 
function as a miRNA sponge for miR-216a, 
thereby preventing down-regulation of the targets 
of miR-216a, and consequently promoting prolif-
eration [58].

Interestingly, one lncRNA has been identified 
that affects one of the cardiomyocyte 
proliferation- associated miRNAs. 
Cardiomyocyte regeneration related lncRNA 
(CRRL) has been identified from RNA-
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sequencing data of human fetal and adult heart 
tissues. CRRL promotes the expression of Hopx, 
the gene coding for Homeodomain-only protein, 
by directly binding miR-199a-3p, thereby 
removing the inhibition of miR-199a-3p on 
Hopx mRNA expression [59]. Loss of CRRL in 
adult rats preserved cardiac function and dimin-
ished adverse remodeling post infarct. 
Knockdown of CRRL in neonatal rat cardiomyo-
cytes promoted proliferation in vitro and in vivo 
[59]. Thus, downregulation of the Hopx gene by 
removing the miR-199a-3p sponge CRRL via 
knockdown has a comparable effect to adding 
miR-199a as described previously [42].

4  Non-coding RNAs 
in Neovascularization

The growth of new blood vessels requires proan-
giogenic stimuli, including growth factors such 
as vascular endothelial growth factor (VEGF-A) 
[60]. Certain non-coding RNAs, for example, 

have the ability to influence these proangiogenic 
factors. Therefore, non-coding RNAs have the 
potential to become a therapeutic tool for treating 
ischemic cardiac tissue [61].

The following part provides an overview of 
advances in non-coding RNA research on cardiac 
regeneration through neovascularization. The 
non-coding RNAs listed in Table  9.2 are also 
shown in Fig. 9.1, to illustrate the pathways they 
affect, and their effect on cell cycle progression 
or apoptosis, respectively.

4.1  MiRNA

The first example of involvement of miRNA in 
the regulation of neovascularization was shown 
by Yang [39]. Their discovery demonstrated that 
knocking out the miRNA processing enzyme 
Dicer in mice would result in early death during 
embryonic development, due to impaired angio-
genesis [39, 62]. Following up on that discovery, 

Table 9.2 Overview of identified non-coding ribonucleic acids validated in vivo for their role in neovascularization

ncRNA Target
Effect on 
neovascularisation Species References

miR-24 PAK4, GATA2 Positive Zebrafish Fiedler et al. [68] and Meloni 
et al. [69]

miR-26a SMAD1 Negative Mice Icli et al. [72]
miR-92a nMKK4, KLF4 Negative Mice, Pigs Bonauer et al. [66] and Hinkel 

et al. [67]
miR-126 SPRED1, PI3K/Akt Negative Mice Qian et al. [70]
miR- 
132/212

SPRED1, RASA1 Positive Mice Lei et al. [76]

miR-150 VEGF Negative Rat He et al. [78]
miR-210 Ptp1b, Efna3 Negative Mice Hu et al. [63], Arif et al. [64] 

and Fan et al. [65]
miR-214 QKI Positive Mice van Mil et al. [77]
miR-377 STK35 Positive Rat Wen et al. [73] and Fan et al. 

[65]
ALIEN 503 unspecified genes Negative Kurian et al. [84] and Gomes 

et al. [85]
MALAT1 VEGFR2 Positive Mice Michalik et al. [80] and Zhang 

et al. [81]
MANTIS BRG1, SOX18, SMAD, 

COUP-TFII
Positive Mice Leisegang et al. [82]

MIAT miR-150 Negative Rat cell (in 
vitro)

Yan et al. [79]

PUNISHER Unknown Positive Zebrafish Kurian et al. [84]
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numerous studies have shown the critical roles of 
miRNAs in neovascularization.

Over-expression of miR-210 on MI-injured 
cardiac tissue, showed an increase in neovascu-
larization and angiogenic processes [63]. MiR- 
210 is known as a hypoxamiR, a label given to 
miRNAs that have an important role in hypoxic 
conditions [64]. Improved contractility in mam-
malian acute cardiac ischemia (ACI) models was 
observed when exposed to over-expression of 
miR-210, through the stimulation of hepatocyte 
growth factor (HGF) expression as well as the 
effect of miR-210 on left ventricular (LV) remod-
eling. This study concluded that through 
 administration of miR-210 agonists, increased 
micro-vessel density was observed, indicating a 
potential therapeutic tool for patients with ACI 
[65].

In mice, miR-92a has been observed to control 
recovery of ischemic tissue and has been noticed 
to play a role in angiogenesis. Both in vitro and 
in vivo, over-expression of miR-92a in endothe-
lial cells blocked neovascularization. In MI mod-
els, miR-92a antagonists demonstrated enhanced 

angiogenesis and resulted into recovery of the 
injured tissue. MiR-92a affects numerous pro-
teins that promote angiogenesis, including integ-
rin subunit α5. An abundance of miR-92a in 
endothelial cell caused a decline in endothelial 
cell migration, decreased vascular network for-
mation, blocking of sprouting in a 3D neovascu-
larization model, as well as reduced adhesion of 
the endothelial cell to fibronectin. MiR-92a influ-
ences MAP kinase kinase 4 (MKK4) and 
Kruppel-like factors-4 (KLF4) by targeting integ-
rin subunit alpha-5, thereby inhibiting cell cycle 
progression in endothelial cells, and consequently 
the formation of new blood vessels. MiR-92a can 
therefore be categorized as an anti-angiogenic 
factor [62, 66]. Most of these studies were solely 
conducted in small animal models, and Hinkel 
et al. [67] took the next step and tested the effi-
cacy of using the therapeutic potential of miR- 
92a inhibition in a pre-clinical porcine model of 
ischemia and reperfusion (I/R). The study showed 
that by using LNA-modified antisense miR-92a 
(miR-92a inhibitor), when applied regionally 
with the use of a catheter, the infarct size could be 

Fig. 9.1 Schematic representation of non-coding ribo-
nucleic acids (RNA) and their respective targets that affect 
microvascular development and function through either 

stimulation (green) or repression (red) of cell cycle pro-
gression or apoptosis

C. F. T. van der Ven et al.



173

reduced significantly. This consequence resulted 
in enhanced cardiac function, as measured by LV 
ejection fraction and LV end-diastolic pressure. 
Histochemistry in the models confirmed an 
increased density of capillaries in the post- 
ischemic MI porcine hearts [67]. This study indi-
cates that anti-angiogenic non-coding RNAs 
have the potential to be used as therapeutic tar-
gets in regenerative blood vessel formation.

MiR-24 is an additional anti-angiogenic 
miRNA, validated in a MI model in mice. MiR- 
24 has multiple effects on cardiac vascularization 
was shown to be upregulated as a consequence of 
cardiac ischemia. By acting on transcription 
 factor GATA2, usually enriched in EC, as well as 
affecting PAK4, a p21-activated kinase, miR-24 
promotes apoptosis of EC, limits cell sprouting 
(branching of vessels), and inhibits capillary net-
work formation. Silencing of miR-24-targets as 
well as over-expression of miR-24, significantly 
restricted and halted angiogenesis in zebrafish 
embryos. Complete block of miR-24 decreased 
the damaged myocardial infarct size in mice, 
through increased vascularization and reduced 
apoptosis of the endothelial tissue. This resulted 
in improved cardiac function and thus miR-24 
could be a potential therapeutic candidate for the 
regeneration of damaged tissue [62, 68]. In a 
mouse LAD-MI model, miR-24 expression 
showed increased expression levels in ECs. By 
blocking miR-24 specifically through local deliv-
ery of an adenovirus-mediated decoy, angiogen-
esis and blood perfusion of the myocardial tissue 
surrounding the infarcted area increased. In addi-
tion, there was a reduction in the infarct size, 
miR-24 induced fibroblast apoptosis, and overall 
cardiac function improved. Despite these poten-
tially regenerative measures and effects, miR-24 
decoy also increased cardiomyocyte apoptosis. In 
vitro, miR-24 inhibition supported endothelial 
cell survival, proliferation, and blood-vessel 
forming capabilities. Additionally, it led to fibro-
blast apoptosis, which could result in a reduction 
in scar formation in  vivo, and CM apoptosis. 
These results were confirmed in  vivo 14  days 
post-MI [69]. Both inhibition [68] and over- 
expression [70] of miR-24 have yielded positive 
results in mice with acute MI. Meloni et al. [69] 

set out to test the results of inhibiting miR-24 on 
cardiac function in a MI model and observed, 
14  days after MI, that cardiac function had 
improved. These results indicated that the initial 
positive effect on endothelial cells is stronger 
than the apoptotic effect in CMs, resulting in a 
pro-angiogenic response and improved cardiac 
function 2 weeks after MI. It must be noted that 
that extended inhibition of miR-24 could lead to 
increased apoptosis in CMs and have a destruc-
tive effect on cardiac function and infarct size.

Wang et al. [71] discovered the importance of 
miR-126 in ensuring vascular integrity and func-
tion. The observation of mutant mice lacking the 
gene encoding for miR-126 resulted in dead 
embryos, or embryos suffering from ruptured 
blood vessels, hemorrhages and systemic edema. 
These abnormalities can be linked to reduced 
pro-angiogenic growth factor signaling, through 
e.g. VEGF and fibroblast growth factor (FGF). A 
lack of these angiogenic factors can lead to 
decreased endothelial cell growth, sprouting, and 
adhesion. MiR-126 as a pro-angiogenic stimula-
tor is linked to the inhibition of Spred-1, which is 
an inhibiting regulator of MAP kinase signaling. 
If Spred-1 is over-expressed, it decreases pro- 
angiogenic signals by VEGF and FGF.  In the 
absence of miR-126, there is no regulation of 
Spred-1. The group of mutant animals that sur-
vived showed malfunctioning cardiac neovascu-
larization following MI induced by permanent 
LAD ligation, indicating the essential function of 
miR-126 [71].

In mice that suffer from ACI and in humans 
with acute coronary syndromes, increased levels 
of miR-26a has been observed [72]. Expression 
of miR-26a resulted in endothelial cell cycle 
arrest, inhibition of endothelial cell migration, 
sprouting angiogenesis, and blood vessel net-
work formation in Matrigel. Blocking of miR- 
26a has the opposite effects. Over-expression of 
miR-26a in  vivo in mice inhibited endothelial 
cell SMAD1 expression. It also resulted into a 
decrease in exercise-induced angiogenesis. 
Additionally, miR-26a inhibitor given intrave-
nously resulted in increased levels of SMAD1 
expression and readily induced significant levels 
of angiogenesis within 2  days. The pathway of 
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miR-26a consists of the inhibition of the bone 
morphogenic protein/SMAD1 signaling pathway 
in ECs through directly targeting SMAD1. 
Through this blockage, Id1 expression is 
decreased, resulting in increased levels of p21 
and p27 (regulators of the cell-cycle). leading to 
reduced infarct size and damage [72].

MiR-377 was found to play a role in paracrine- 
mediated angiogenesis [73]. In vivo evidence 
proved that, by knockdown of miR-377, mesen-
chymal stem cell (MSC) mediated angiogenesis 
increased, as well as the recovery of cardiac func-
tion after MI.  Through the transplantation of 
these MSCs in MI rat hearts, the genetic 
 over- expression of miR-377, its knockdown and 
a control were compared. Anti-MiR-377 treated 
hearts showed most myocardial angiogenesis 
post- MI. Through computational miRNA predic-
tion analysis, VEGF was determined to be a 
potential target affected by miR-377. Verification 
of this assumption was performed through 
Western Blotting as well as through dual lucifer-
ase reporter assay. Wen et al. [73] determined that 
miR-377 can bind to the VEGF untranslated- 
region (UTR), resulting in its negative regulation 
on expression [73]. STK35, also known as 
CLP36-interacting kinase 1, was found to be one 
of the top targets for miR-377. Indeed knock-
down of STK35 resulted into a decreased angio-
genic potential of ECs [74]. Goyal et al. concluded 
that VEGF stimulation in ECs increased STK35 
expression, so targeting STK35 would have an 
antagonistic effect to VEGF. Subsequent studies 
have demonstrated that myocardial tissue, 
derived via human cardiac biopsies from patients 
that suffered from heart failure (HF), showed a 
significant increase in miR-377 expression com-
pared to non-failing control hearts [74]. The 
transplantation of miR-377 knockdown hCD34+ 
cells into ischemic myocardium enhanced the 
proangiogenic capabilities of the tissue, stimulat-
ing LV remodeling and reducing cardiac fibrosis 
[75].

Not all miRNAs relevant to angiogenesis have 
been validated in cardiac disease models. Other 
models have been employed to demonstrate the 
role of miRNAs in angiogenesis in other tissues 
such as the eye, muscle tissue, or cerebral tissue. 

These miRs could potentially be used to play a 
therapeutic role in cardiac tissue with regards to 
cardiac regeneration.

For example, miR-132/212 was knocked out 
in mice subjected to hind-limb ischemia. These 
animals displayed slower recovery compared to 
wild-type animals. These results were validated 
in  vitro in a human umbilical vein endothelial 
cell (HUVEC)/pericyte co-culture by transfec-
tion of miR-132 and miR-212i. Addition of these 
miRs resulted in improved tubule formation, 
additional junctions, and longer tubule length, 
whereas inhibiting these miRs resulted in the 
opposite. By directly inhibiting SPRED1 and 
RASA1, miR 132/212 modulates the Ras-MAP- 
kinase pathway and promotes arteriogenesis [76]. 
MiR-214 has been proven to have an influence on 
developmental angiogenesis in vivo and in vitro, 
as well as in adult angiogenesis of mice. 
Specifically, van Mil et al. [77] demonstrated that 
miR-214 directly targets Quaking (QKI), a pro-
tein instrumental for vascular development. QKI 
transcript levels were increased in various tissues 
of mice transfected with antagomiR-214, and 
QKI knockdown by siRNA as well as miR-214 
over-expression demonstrated abnormal vascular 
sprouting, confirming its importance on vascular 
formation. Additionally, the role of miR-214 on 
developmental angiogenesis was shown as 
antagomir-mediated miR-214 knockdown 
enhanced mouse retinal developmental angio-
genesis. Mechanistic studies indicated that by 
silencing miR-214, more potent pro-angiogenic 
growth factors, such as VEGF-A, were secreted 
and the pro-angiogenic activity of EC-derived 
conditioned medium was increased, introducing 
a new pathway to possibly improve therapeutic 
vascular growth [77].

Established in the study above as well, miRNA 
influence on VEGF is a determining factor 
towards the neovascularization of respective tis-
sues. A study by He et al. [78] demonstrated the 
regulatory function miR-150 has on post-stroke 
cerebral ischemia in rats via its interaction with 
VEGF. Through the upregulation of miR-150, the 
study resulted into decreased levels of vascular 
density of near-infarcted zones of the brain after 
middle cerebral artery occlusion. Additionally, 
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miR-150 was seen to counter-effect tube forma-
tion, proliferation and migration of brain micro-
vascular endothelial cells. All these results could 
be linked to the interaction of miR-150 and 
VEGF, leading to reduced expression. Using a 
dual-luciferase assay, VEGF was determined to 
be a direct target of miR-150 [78].

The aforementioned miRNAs play crucial 
roles in neovascularization and are consequently 
potential opportunities for therapy. Naturally, 
expression of miRNAs can be controlled by 
lncRNAs as illustrated in the subchapter on car-
diomyocyte proliferation. Several lncRNAs have 
been identified to play a role in regulating 
 neovascularization. These are highlighted in the 
next section.

4.2  LncRNA

LncRNAs have been established as regulators of 
various mechanisms involving neovasculariza-
tion. This group of lncRNAs is also known as 
“Angio-lncRs” [14]. Due to the relative novelty 
of lncRNAs, lncRNAs that have not been directly 
validated in cardiac disease models are included 
in this part if the mechanism plays a role in neo-
vascularization and has the potential to be rele-
vant for cardiac regeneration.

The interplay between previously introduced 
miR-150 and the lncRNA MIAT was demon-
strated with regards to their role in cardiac neo-
vascularization [79]. In cardiac as well as in 
retinal cells, MIAT functions as a reliever to miR- 
150- 5p repression of the pro-angiogenic growth 
factor VEGF. By functioning as a sponge to miR- 
150, it has proven to enhance cardiac hypertro-
phy in rat derived heart H9c2 cells. MIAT can 
therefore be labelled as a competitive endoge-
nous RNA.  Knockdown of MIAT results in 
depleted levels of vascular forming networks that 
result from reduced TNF-α and VEGF.  Taken 
together, this study showed that MIAT functions 
as an inducer of in pathological angiogenesis [14, 
79].

In vivo genetic deletion of MALAT1 as well 
as pharmacological inhibition of MALAT1 
reduced vascular growth, indicating its signifi-

cance in neovascularization. Using a genetic 
ablation mouse model, Michalik et al. [80] deter-
mined that the lack of MALAT1 resulted in lower 
neonatal retina vascularization and delayed ves-
sel extension, as opposed to wild-type mice from 
the same litter. Furthermore, pharmacologically 
inhibiting MALAT1 with GapmeRs in a hind 
limb ischemia mouse model hampered blood 
flow recovery and reduced capillary density. 
MALAT1 controls the transition between prolif-
erative and migratory phenotypes of ECs, and its 
silencing through small interfering RNA (siRNA) 
resulted in the reduction of the number of prolif-
erating ECs. Zhang et al. [81] additionally con-
ducted RNA-immunoprecipitation experiments. 
These tests demonstrated how MALAT1 has an 
immediate effect on vascular endothelial growth 
factor receptor 2 (VEGFR2) to facilitate angio-
genesis, indicating that MALAT1 controls intrin-
sic angiogenesis through direct regulating 
VEGFR2. The silencing of MALAT1 reduced 
tube formation, proliferation as well as cell 
migration in skeletal muscle microvascular endo-
thelial cell [80, 81]. Even though the aforemen-
tioned experiments employed the hind limb 
ischemia model, the results are relevant for car-
diac endothelial cells that are in similar patho-
logical remodeling conditions [62].

The lncRNA named MANTIS also affects 
angiogenesis [82, 83]. In particular HUVECs 
were used in a Matrigel angiogenesis assay in 
mice. CRISPR/Cas9-facilitated knockout of 
MANTIS, or silencing through siRNAs or 
GapmeRs, decreased angiogenic sprouting and 
tube formation. MANTIS was discovered to tar-
get the endothelial genes SMAD6, SOX18, and 
COUP-TFII, all important pro-angiogenic genes. 
Silencing of MANTIS using GapmeRs and siR-
NAs resulted in decreased protein expression of 
SMAD6, SOX18, and COUP-TFII in human aor-
tic smooth muscle cells, human coronary artery 
smooth muscle cells, and in human aortic ECs. 
Furthermore, depression of any of these three 
proteins in a spheroid outgrowth assay resulted in 
poor endothelial sprouting. MANTIS was found 
to interact with BRG1, part of an ATP-dependent 
transcription activator family of proteins [82, 83]. 
MANTIS increases ATP-ase activity of BRG1 by 
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acting as a promoter for BAF155, a subunit of the 
complex. The BRG1 protein family regulates the 
alteration and remodeling of the chromatin struc-
ture of the genes it acts on, namely SOX18, 
SMAD6, and COUP-TFII in this particular exam-
ple. MANTIS can therefore be seen as a promoter 
of angiogenesis by stimulating transcription of 
these genes. Leisegang et  al. concluded from 
their data that a decrease in MANTIS levels 
impaired the endothelial angiogenic function 
ex vivo as well as in vivo, opening more doors for 
the relatively unknown domain of lncRNA influ-
ence on angiogenic functions [82].

An antisense lncRNA named PUNISHER was 
found to have a large effect on neovasculariza-
tion, as its inhibition led to severe vascular 
defects with problematic branching and decreased 
vessel formation [83]. These observations were 
made with the help of human pluripotent stem 
cell differentiation models. In zebrafish, 
PUNISHER supports and maintains EC function, 
yet its particular mechanism is still unknown.

In addition, knockdown of the lncRNA ALIEN 
resulted into observed down-regulation of 503 
genes that contributed to angiogenesis and blood 
vessel development [83, 84].

5  Discussion

This chapter outlines various non-coding RNAs, 
their targets, and their effects on cardiac regen-
eration. By focusing on cardiomyocyte prolifera-
tion and cardiac neovascularization as hallmarks 
of regeneration, research involving the inhibition 
or enhanced expression of certain non-coding 
RNAs that resulted in significant alterations in 
the regenerative abilities of the heart was used to 
highlight the role non-coding RNAs can play in 
cardiac regeneration. These results open doors 
for new research into potential therapeutics based 
on the influence of non-coding RNAs on cellular 
pathways.

For non-coding RNAs to be used clinically 
several challenges have to be overcome and sev-
eral requirements have to be met. The non-coding 
RNAs need to be stable, specific, and with high 
binding affinity, and they need to be delivered 

efficiently to the target tissue. Modification of 
non-coding RNAs to improve stability, specific-
ity, and uptake, as well as delivery strategies are 
reviewed elsewhere [86–89]. Briefly, non-coding 
RNAs are modified with chemical modifications, 
such as 2′ sugar modifications, locked nucleic 
acids, or phosphodiester and phosphorothioate 
linkages, to improve stability, specificity, and 
uptake. Delivery strategies include (biodegrad-
able) biomaterials, lipid-based vehicles, viruses, 
exosomes, nanoparticles, microbubbles, and (cat-
ionic) polymeric drug delivery devices [90, 91]. 
Their advantages include small size, stability, 
reduced degradation, improved uptake, and spec-
ificity. Local delivery may be facilitated by tar-
geting ligands or localized injections. These 
strategies need to be investigated in models that 
allow for inclusion of delivery and surgical prac-
tices akin to surgery in humans, and that ade-
quately resemble human pathophysiology. 
Additional to delivery, bio-distribution and phar-
macokinetics/pharmacodynamics of these deliv-
ery vehicles need to be characterized. 
Furthermore, modulation of expression by non- 
coding RNAs can have profound effects in both 
the short and the long term. Their targets not only 
have to be identified and validated in short-term 
studies, the effect of non-coding RNA modula-
tion also has to be assessed in long-term in vivo 
studies. As illustrated by Tian et al. and Gabisonia 
et al. [40, 43], persistent and uncontrolled expres-
sion can result in death. Besides these short and 
long-term effects, off-target effects have to be 
identified and investigated, for non-coding RNAs 
can have multiple targets. Only after these rigor-
ous tests have been performed to a satisfactory 
level, the safety and efficacy of ncRNA therapeu-
tics can be assessed in humans [92, 43]. Therefore, 
to bring non-coding RNA therapeutics one step 
closer to clinical applications, research needs to 
move forward into more representative models of 
human disease that encompass all aspects of 
treatment.
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Role of Non-coding RNA 
in Diabetic Cardiomyopathy

Lu Xia and Meiyi Song

Abstract
Diabetic cardiomyopathy (DCM) is the lead-
ing cause of morbidity and mortality in dia-
betic population worldwide, characteristic by 
cardiomyocyte hypertrophy, apoptosis and 
myocardial interstitial fibrosis and eventually 
developing into heart failure. Non-coding 
RNAs, such as microRNAs (miRNAs), circu-
lar RNAs (circRNAs), long non-coding RNAs 
(lncRNAs) and other RNAs without the pro-
tein encoding function were emerging as a 
popular regulator in various types of processes 
during human diseases. The evidences have 
shown that miRNAs are regulators in diabetic 
cardiomyopathy, such as insulin resistance, 
cardiomyocytes apoptosis, and inflammatory, 
especially their protective effect on heart func-
tion. Besides that, the functions of lncRNAs 
and circRNAs have been gradually confirmed 
in recent years, and their functions in DCM 
have become increasingly prominent. We 
highlighted the nonnegligible roles of non- 
coding RNAs in the pathological process of 
DCM and showed the future possibilities of 
these non-coding RNAs in DCM treatment. In 
this chapter, we summarized the present 
advance of the researches in this filed and 

raised the concern and the prospect in the 
future.

Keywords
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Diabetic cardiomyopathy (DCM) was the spe-
cific abnormality of myocardial structure and 
function in diabetic patients, and does not coexist 
with cardiovascular diseases such as coronary 
artery disease and hypertension [1]. DCM was 
characterized by myocardial dilation, hypertro-
phy, decreased left ventricular diastolic, systolic 
function, and eventually develops into heart fail-
ure. About 75% of the human genomic DNA 
sequence can be transcribed, and nearly 74% of 
the transcripts are non-coding RNAs, which play 
an important role in maintaining the normal 
physiological function and the occurrence and 
progress of diseases in organisms. Various non- 
coding RNAs have been shown to be involved in 
regulating the occurrence of DCM, including 
miRNA and other types of non-coding RNA. In 
this review, we summarized current studies of 
non-coding RNA and DCM.
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1  Introduction of Diabetic 
Cardiomyopathy

There were two types of diabetes which named 
type 1 and type 2 diabetes. Type 1 diabetes was 
caused by insufficient insulin secretion and type 
2 diabetes was caused by insulin resistance and 
gestational-related diabetes mellitus. The com-
plications of diabetes, including diabetic micro-
angiopathy and diabetic macroangiopathy, were 
the main causes of disability and death of diabe-
tes mellitus. The incidence of diabetes was 
increased year by year due to the increased obe-
sity population and rapid ageing population. 
According to the data from International Diabetes 
Alliance research project, near 451 million peo-
ple worldwide suffer from diabetes in 2017. And 
it was estimated that 693 million people around 
the world will be diagnosed as diabetes by 2045. 
As the complication of diabetes mellitus, diabetic 
cardiomyopathy (DCM) received more attention 
by clinicians [2]. In 1972, Rubler observed 4 dia-
betic patients with congestive heart failure, and 
found that these patients had no other potential 
causes of heart failure, such as coronary artery 
disease, dilated cardiomyopathy or hypertension, 
except diabetes mellitus [3]. Both type 1 and type 
2 diabetes could be complicated with DCM, 
associated with the main pathological changes, 
including cardiomyocyte hypertrophy, extracel-
lular matrix deposition, myocardial microvascu-
lar basement membrane thickening, and 
interstitial fibrosis [4, 5]. Until now, there is no 
corresponding clinical guidelines or consensus 
for diagnosis and management of patients with 
DCM [6]. The diagnosis of DCM still belongs to 
exclusive diagnosis, mainly diagnosed by clinical 
history of diabetes mellitus, manifestations and 
symptoms of cardiac dysfunction, combined with 
laboratory examinations such as echocardiogra-
phy [7]. With the excluded of coronary heart dis-
ease, hypertensive heart disease, dilated 
cardiomyopathy and other heart diseases. 
According to the changes of cardiac structure and 
cardiac function, DCM can be divided into three 
stages. Stage 1, there are changes in cardiac 
structure and no changes in diastolic function. 

Left ventricular ejection fraction (EF) is normal 
and subclinical. Changes of cardiac structure are 
aggravated in stage 2, with ventricular hypertro-
phy, myocardial fibrosis, decreased ventricular 
diastolic function in cardiac function, and gradu-
ally abnormal systolic function, EF value < 50%. 
Cardiac structural changes further aggravated in 
stage 3, cardiac microvascular changes, ventricu-
lar hypertrophy and myocardial fibrosis further 
aggravated, with global diastolic and systolic dis-
orders occurred [8, 9].

Comprehensive treatment, including lifestyle 
interventions, were currently used in the treat-
ment of DCM [10]. Quitting smoking, limiting 
alcohol, controlling salt intake, optimizing diet 
and moderate exercise were first proposed [11–
15]. The injection of metformin, thiazolidinedio-
nes and glucagon-like polypeptide (GLP-1) 
analogues not only made effects on diabetes mel-
litus, especially improved insulin resistance and 
promoted glucose uptake and utilization, but also 
resisted myocardial cell damage and prevented 
cardiac remodeling [16]. Other medications that 
were used in cardiovascular system were also 
considered to have therapeutic effects on DCM, 
including renin-angiotensin-aldosterone system 
(RASS) inhibitors, beta-blockers, calcium chan-
nel antagonists, statins, and trimetazidine. 
According to the latest ADA/AHA guidelines, 
RASS inhibitors should be used as first-line 
drugs in patients with diabetes mellitus and 
hypertension [17]. Although drug therapy could 
improve the progression of DCM, the negative 
effects of drug could not be avoided. A compre-
hensive treatment was still in an urgent need.

2  Current Research 
on the Pathogenesis of DCM

The pathogenesis of DCM has not been fully elu-
cidated till now. Abnormal insulin signal trans-
duction, metabolic disorders, microangiopathy, 
myocardial interstitial fibrosis, imbalance of cal-
cium regulation, and cardiac autonomic neuropa-
thy might be involved in the occurrence and 
development of DCM.  Thus, enhanced under-
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standing of DCM will provide clues to prevent 
the occurrence and diagnosis of DCM.

2.1  Insulin Resistance 
and Abnormal Insulin 
Metabolic Signaling

Insulin resistance in myocardial was a metabolic 
and functional disorder accompanied by the 
development of DCM.  In normal heart, insulin 
affected the mammalian target of rapamycin 
(mTOR)–S6 kinase 1(S6K1) pathway to regulate 
myocardial metabolism through the targeting of 
phosphatidylinositol 3 kinase/protein kinase B 
signaling pathway [18, 19]. Insulin could also 
regulate glucose transport, glycolysis, glycogen 
synthesis, protein synthesis, lipid metabolism in 
cardiac myocytes, and affect myocardial contrac-
tile function [20]. Different from the regulation 
of cardiomyocyte in physiological states, insulin 
resistance leaded to the imbalance between myo-
cardial metabolism and growth activity, which 
was mainly regulated by mitogen-activated pro-
tein kinase signaling pathway [21]. It has been 
found that impaired insulin-mediated glucose 
uptake occurs before impaired insulin-activated 
protein kinase B signaling pathway in insulin- 
resistant animal models, and this defect was 
caused by the decrease of glucose transporter 4 
and abnormal translocation of glucose trans-
porter 4 membrane (GLUT4) [22, 23]. Insulin 
resistance in cardiomyocytes could lead to func-
tional disorders and metabolic changes. The inhi-
bition of insulin signal transduction in 
cardiomyocytes was one of the markers of 
DCM. Insulin resistance during the development 
of DCM was associated with the increased risk of 
left ventricular hypertrophy and heart failure.

2.2  Direct Myocardium Injury by 
Metabolic Disorder

Metabolic disorder, mainly referred to hypergly-
cemia and glucotoxicity, was an important factor 
to trigger DCM [24]. Metabolic disorder, could 

first cause the biological changes on cardiac 
myocytes, which lead to subclinical myocardial 
dysfunction. Then the dysfunction developed 
into myocardial small vessel disease, microcircu-
lation disorder and cardiac autonomic neuropa-
thy, and eventually heart failure occurred. 
Glycolipid metabolism disorder that owing to 
interactions between lipid metabolic disorder and 
hyperglycemia in diabetic patients could directly 
affect the function of mitochondria, and the dys-
function of mitochondria future affected the 
metabolism of cardiac myocytes and caused the 
dysfunction of cardiomyocytes, which was an 
important reason for the occurrence and develop-
ment of DCM [25–27].

Hyperglycemia can induce myocardial injury 
through direct and indirect pathways, which was 
the key factor in the progression of 
DCM.  Mitochondrial damage, which was 
induced by hyperglycemia, was mainly related to 
abnormal polyol pathway activation. This dam-
age future increased the expression of advanced 
glycation end products (AGEs), the activation of 
hexamine pathway and protein kinase C pathway. 
AGEs accumulation leaded to development of 
cardiac fibrosis and stiffness, increased connec-
tive tissue cross-linking, and impaired diastolic 
relaxation. AGE receptors (AGERs) on the cell 
surface were activated by AGEs, and then the 
expression of various inflammatory mediators 
was increased. Ultimately, these lead to the depo-
sition of matrix components through the mitogen- 
activated protein kinase (MAPK) and Janus 
kinase (JAK) signaling pathways [28, 29].

In addition, dysfunction of cardiac myocytes 
and accumulation of abnormal substances caused 
by energy utilization disorders could also lead to 
DCM. In physiological state, fatty acid oxidation 
(FAO) provided nearly 70% of the energy 
required for cardiomyocytes, and glycolysis was 
another 30–40% source of energy, while almost 
all of the energy of diabetic patients came from 
the oxidation of non-esterified fatty acids due to 
the impairment of glucose utilization [30, 31]. 
These leaded to accumulation of lipid metabo-
lites, such as diacylglycerols, ceramides, uncou-
pling protein 3, and the production of reactive 
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oxygen species in mitochondria and peroxidase 
bodies in cardiac myocytes affecting myocardial 
energy supply, inducing inflammation, and lead-
ing to myocardial fibrosis, myocardial cell necro-
sis and myocardial dysfunction. In addition, 
ceramide was the intracellular apoptotic 
 messenger, which induced cardiomyocyte apop-
tosis by activating NF-κB translocation to the 
nucleus, up-regulating inducible nitric oxide syn-
thase and activating cysteine protease [32, 33]. 
Besides, ceramide directly activated atypical 
PKCs to phosphorylate and inhibit the insulin 
metabolic through Akt signaling, attenuating 
GLUT4 translocation and insulin-induced glu-
cose uptake [34].

2.3  Calcium Ion Regulation 
Imbalance

The mechanism of calcium regulation was related 
to early concealed ventricular systolic dysfunc-
tion in DCM. Calcium ion levels in cardiac myo-
cytes mainly depend on the calcium channels in 
cell membranes and sarcoplasmic reticulum. In 
diabetic individuals, oxidative stress caused by 
accumulation of toxic metabolites from disor-
dered lipid metabolism might be the main cause 
of the imbalance of calcium regulation [35]. 
Lipid toxicity weakened calcium uptake in sarco-
plasmic reticulum and other calcium exchange 
activities, and decreased calcium processing 
capacity in cardiomyocytes through inhibited 
ATPase activity on the cardiomyocyte mem-
branes [36]. Some studies shown that the activi-
ties of sarcoplasmic reticulum calcium ATPase 
isomer 2, carnitine receptor and sodium-calcium 
exchanger in DCM patients are significantly 
reduced, which further reduced the release of sar-
coplasmic reticulum stored calcium ions and the 
recovery of calcium ions from diastolic sarco-
plasmic reticulum, resulting in the accumulation 
of calcium ions in the cytoplasm of end-diastolic 
myocardial cells, the decrease of myocardial 
compliance, and the impairment of myocardial 
diastolic and systolic functions [37]. In addition, 
the increase of AGEs induced by hyperglycemia 
could also lead to imbalance of calcium regula-

tion in cardiac myocytes and affect myocardial 
contractile function ultimately [38, 39].

2.4  Mitochondrial Dysfunction 
and Oxidative Stress

The swelling and fragmentation of mitochondria 
in diabetic patients might impaired mitochondrial 
function, suggesting the involvement of impaired 
mitochondrial morphology and dysfunction in 
the pathogenesis of DCM. The function of mito-
chondrial has been altered due to metabolic dis-
order in DCM patients. As mentioned above, 
increased fatty acid uptake and beta-oxidation 
during diabetic cardiomyopathy might exceed 
mitochondrial respiratory capacity. Hence, mito-
chondria played an important role in abnormal 
energy metabolism and accumulation of toxic 
lipid products in cardiomyocytes [40].

Cardiomyocytes not only decomposed fatty 
acids, but also accumulated intermediate prod-
ucts and phospholipids of glycolysis pathway. 
The increased fatty acid concentration in cardio-
myocyte of DCM patients could induce the acti-
vation of peroxisome proliferator-activated 
receptor alpha (PPAR-alpha) [41]. These pro-
moted the expression of fatty acid oxidation and 
its uptake genes, which inhibited the pyruvate 
dehydrogenase kinase activation and impaired 
the oxidative capacity of glucose, in order to 
increase the uptake of fatty acids by mitochon-
dria, increase myocardial oxygen consumption 
and reduce heart rate [42]. Therefore, mitochon-
dria metabolized fatty acids accompanied with 
the increased cardiac oxygen consumption, 
resulting in changes in cardiac structure and 
function, leading to DCM.

ROS came from NADPH oxidases, xanthine 
oxidase, uncoupling of nitric oxide synthase, the 
process of arachidonic acid metabolism and micro-
somal P-450 enzymes [43]. Diabetes mellitus 
resulted in a large number of ROS aggregation, due 
to the rapid increase of ROS production and the 
relative inadequacy of antioxidant capacity [44]. 
ROS induced by diabetes could lead to structural 
damage of myocardial mitochondria, and further 
damage mitochondrial function by inducing the 
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opening of mitochondrial membrane permeability 
channels [45]. ROS produced by mitochondria 
could also induced DCM mainly through PKC sig-
naling pathways and hexosamine pathway [46, 47].

2.5  Other Pathophysiological 
Mechanisms of DCM

Microangiopathy and vascular injury DCM were 
independent of coronary artery disease, which 
were mainly manifested as microangiopathy. 
Microangiopathy was an important pathological 
change in the development of diabetes mellitus 
[48], which mainly included morphological 
changes of vascular endothelial cells, reduction 
of mitochondria and capillary basement mem-
brane thickening, small artery thickening, capil-
lary microaneurysm and decrease of capillary 
density [49]. The typical characteristics of micro-
angiopathy were microcirculation disturbance. 
Cardiac microangiopathy might occur prior to 
clinical symptoms in DCM patients, leading to 
chronic myocardial ischemia, extensive focal 
myocardial necrosis, and even heart failure, car-
diogenic shock and sudden death. The damage of 
vascular endothelial cells and vascular smooth 
muscle cells that were caused by oxidative stress 
were the main cause of pathological changes of 
blood vessels in diabetic patients, and might be 
the most important initiating events of cascade 
reaction of vascular pathological changes [50].

Autophagy was inhibited at high glucose con-
centration (e.g. diabetes), which might be related 
to the development of DCM [51]. Autophagy in 
response to cardiac energy stress was mediated 
by a network of AMPK and insulin signaling 
pathways, which were the main regulator of cel-
lular and systemic energy balance [52]. As a 
response to exercise, hypoxia, oxidative stress 
and glucose deficiency, the AMPK and insulin 
signaling pathways were activated to accommo-
date the increase in intracellular insulin and 
AMP/ATP ratios. New evidence suggested that 
AMPK regulated not only cell energy, but also 
other cellular processes, including protein syn-
thesis, cell growth and autophagy [53–55]. The 
activity of AMPK decreased at high glucose con-

centration, leading to autophagy disorder [56]. In 
streptozotocin-induced type 1 diabetic mice, 
overexpression of alpha-MHC-Beclin 1could 
activate autophagy of cardiomyocytes, thus fur-
ther accelerate the diabetes mellitus induced car-
diomyocytes damage [57]. However, there 
existed debate in the autophagic changes that 
were found in diabetes and its complications, dif-
ferent results were observed in different tissues. 
Therefore, further research was needed before 
potential drugs could be used clinically.

3  Non-coding RNAs and DCM

Non-coding RNAs were mainly defined as a class 
of RNA that did not encode proteins, including 
RNAs with definite functions, such as rRNAs, 
tRNAs, snRNAs, snoRNAs, and microRNAs 
(miRNAs), as well as RNAs with unknown func-
tions. These RNAs shared some common fea-
tures, such as they could perform biological 
functions at the RNA level without being trans-
lated into proteins after their transcribed from the 
genome. Long non-coding RNAs (lncRNAs) and 
circular RNAs (circRNAs) were the novel mem-
bers of non-coding RNA family, whose functions 
and regulatory approaches have not been com-
pletely revealed. This suggested that non-coding 
RNA was still of great values in the diagnosis, 
evaluation and treatment of DCM.  The current 
research progress in this field will be introduced 
here.

3.1  miRNA and Pathogenesis 
of DCM

Among all non-coding RNAs, miRNAs were one 
of most concerned regulatory RNAs. The classi-
cal way of miRNAs function was through bind-
ing to complementary sequences on the target 
gene mRNA to take effect as a post- transcriptional 
inhibitor of target gene expression [58]. Although 
the latest research reported the non-canonical 
molecular mechanisms of miRNA, the follow-up 
functional researches were still underway [59]. 
Their functions covered a wide range of aspects, 
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including organism growth, development, main-
tenance of homeostasis and disease occurrence. 
In the past decade, there have been continuous 
studies on the role of miRNAs in the develop-
ment and progression of DCM.  The expression 
pattern of miRNAs during diabetic cardiomyopa-
thy were revealed in 2011. 19 miRNAs and 16 
miRNAs expression were detected by miRNA 
array and real-time RT-PCR in diabetic heart. GO 
pathway analyze and target gene analyze also 
showed the close relationship above miRNA and 
the Typical pathological process of DCM, such as 
cardiac hypertrophy and myocardial fibrosis [60]. 
In 2013, researchers identified 43 different 
expression miRNAs in mice heart from strepto-
zotocin induced DCM, which 37 miRNAs were 
downregulated and 6 miRNAs were upregulated. 
Ultimately, the decrease of miR-1, miR-499, 
miR-133a, and miR-133b and increase of miR-21 
were identified by RT-qPCR. Interestingly, miR- 
1, miR-499, miR-133a, and miR-133b were also 
involved in the antioxidant effect that were pro-
duced by N-acetylcysteine (NAC)-treatment in 
DCM [61].

3.1.1  miRNAs were Involved 
in Cardiomyocytes Injury or Cell 
Survival

Among the members of the miR-30 family, miR- 
30d and miR-30c have been reported to play dif-
ferent roles in DCM.  It was reported that 
decreased expression of miR-30c could lead to 
the activation of p53/p21 pathway and cardio-
myocyte apoptosis. Downregulation of miR-30c 
was a mediator of myocardial hypertrophy in 
response to high glucose condition by upregula-
tion of Cdc42 and Pak1 genes [62]. Through its 
target gene PGC-1β miR-30c could also affect 
cardiomyocyte apoptosis, which was produced 
by affecting the utilization of glucose and the 
accumulation of lipids in cardiomyocytes [63]. 
Interestingly, miR-30d was identified as a regula-
tor of cardiomyocyte pyroptosis, the pro- 
inflammatory programmed cardiomyocyte death 
in DCM rat model. Beside miR-30 family, miR-9 
was another regulating miRNA of ventricular 
cardiomyocytes pyroptosis, whose rised a poten-
tial therapeutic target for DCM [64]. In addition, 

knockdown MiR-195 could extenuated the car-
diac dysfunction and cardiomyocytes apoptosis 
in diabetic mice [65].

3.1.2  miRNA Related to DCM Induced 
Cardiac Injury

As the second found miRNA family in C. ele-
gans, Let-7 functioned during tissue develop-
ment, metabolic process, aging and immunology 
function [66]. lin28/let-7 was a typical regulator 
of insulin-PI3K-mTOR signaling in skeletal 
muscles, which was the largest metabolic organ 
in the human body [67]. Let-7 also restrained the 
amino acid-sensing pathway to inhibit mTOR- 
induced anabolism and autophagic catabolism 
[68]. The overexpression of let-7 revealed glu-
cose intolerance and insulin insensitivity in mice 
[67, 69]. Inhibition of let-7 family was found as a 
therapeutic method against ischemia-reperfusion 
injury in diabetic rats via improving glucose 
uptake and insulin resistance.

miR-21 was a novel miRNA related to virous 
pathological changes in the heart, such as miR- 
21- 3p regulated sepsis-associated or aging 
induced cardiac dysfunction. Overexpression of 
miR-21 that was induced by high glucose 
increased macrophage apoptosis, which partici-
pated in atherosclerosis. The inhibition of miR- 
21 leaded to weight loss in db/db mice by 
targeting TGFRB2, PTEN, and Sprouty1 and 2, 
which provided a safety and effective method to 
get a weight control in animal model. Long-term 
miR-21 knockout also abolished the effect on 
heart induced by obesity, reduced cardiac func-
tion and cardiac fibrosis [70]. In addition to dis-
orders of lipid metabolism induced 
cardiomyopathy, cardiomyocyte apoptosis asso-
ciated with glucose metabolism was also regu-
lated by miR-21. Under the high 
glucose-stimulated, miR-21 targeted DSFP8 to 
activate the p38 pathway and c-Jun N-terminal 
kinase (JNK)/stress-activated kinase (SAPK) 
pathway, resulting in cardiac fibroblast prolifera-
tion and collagen synthesis [71].

Hyperglycemia could affect the action poten-
tial of cardiomyocytes and lead to abnormal sys-
tolic and diastolic function of myocardium 
through induce the expression of miR-1/133  in 
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cardiomyocytes and inhibit the genes encoding 
slowly activating delayed rectifier potassium 
channel- KCNE1 and KCNQ1. miR-133a over-
expression in heart reversed the diabetes collagen 
synthesis induced cardiac fibrosis and repaired 
the heart function. The expression of miR-133a 
in cardiomyocytes was negatively correlated with 
the expression of fibronectin 1, collagen type IV 
α1, connective tissue growth factor, fibroblast 
growth factor and TGF-β1. In diabetic hearts, the 
expression of miR-133a was down-regulated, 
resulting in an increased risk of myocardial fibro-
sis [72]. Cardiac-specific miR-133a overexpres-
sion mice alleviated diabetes mellitus induced 
cardiac fibrosis by inhibiting ERK1/2 and 
SMAD-2 phosphorylation [73]. Application of 
miR-133a treatment in vivo. could significantly 
extenuated cardiac hypertrophy, fibrosis and 
Type 1 diabetes mellitus induced systolic dys-
function [74].

miR-143/145 cluster was an effector of activin 
A, whose released from epicardial adipose tissue 
was closely related to T2DM. Precursor-miR-143 
overexpression decreased insulin-stimulated glu-
cose uptake in cardiomyocytes due to Akt phos-
phorylation. On the contrary, miR-145 had no 
effect on the glucose uptake and utilization in 
cardiomyocytes. An activin A-p38-miR-143/145- 
ORP8 axis was built in regulating glucose uptake 
by insulin, which was directly related to insulin 
resistance during the development of T2DM [75]. 
However, the function of this pathway in heart 
failure and remodeling during DCM was still 
needed to be discussed.

miR-451 expression level was upregulated in 
T2DM heart, and this upregulation of miR-451 
expression was time and dose dependent. 
Knockdown miR-451 alleviated the lipotoxicity 
in cardiomyocytes by suppression of the LKB1/
AMPK pathway. Cardiac function recovery 
accompanied by decreasingthe concentration of 
lipid metabolism intermediate and reactive oxy-
gen species production [76]. miR-503 partici-
pated in the protective effect of phase II enzyme 
inducer in DCM rat, and related to the antioxi-
dant effect on cardiomyocytes [77].

It was reported that miR-155 is involved in 
metabolic diseases and inflammation disease 

[78–81]. miR-155 was a direct blocker of IL-13- 
induced anti-inflammatory type 2 macrophage by 
inhibiting the expression of IL-13Rα1. As an 
important contributor of excessive inflammatory 
response, miR-155 overexpression was also 
detected in the virus infected heart [82]. A cova-
lent complex of gold nanoparticle (AuNP) and 
thiol-modified antago-miR-155 was made in a 
resent study, which transported miR-155 directly 
to macrophages. As a high specificity messenger 
of macrophage, AuNP-based miR-155 antagonist 
was injected into the ovariectomized female mice 
diabetic mouse model, which promoted M2 mac-
rophages polarization in  vivo. Then, recovered 
DCM induced cardiac function, mitigated coor-
dinating inflammation, apoptosis, and fibrosis 
[83].

Endothelial to mesenchymal transition (EMT) 
was a phenotypic change during endothelial 
injury, which was closely related to cardiac fibro-
sis and existed in the pathogenesis of 
DCM.  Specific overexpression of miR-200b in 
endothelial cells were detected to be induced in 
diabetic mice heart. Meanwhile, endothelial 
miR-200b overexpression blocked the EMT, fur-
ther protected cardiac systolic function in dia-
betic mice.

3.2  Other Non-coding RNAs 
and DCM

3.2.1  lncRNAs in the Diagnose 
and Pathological Process 
of DCM

Long non-coding RNAs (lncRNAs) was a class 
longer than 200 nucleotides RNA, which without 
protein-coding function. lncRNAs had many epi-
genetic forms of regulation, including DNA meth-
ylation, histone modification and regulation of 
miRNA [84, 85]. lncRNAs played important roles 
in chromosome modification, X-chromosome 
silencing, genomic imprinting, transcriptional 
interference, transcriptional activation and intra-
nuclear transport [86]. According to the mecha-
nism of action of lncRNA, lncRNAs had the 
following functions according to the mechanisms 
of action: (1) Transcription occured in the 
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upstream promoter region of the  protein- coding 
gene, which interfered with the expression of 
downstream genes (e.g. SER3 gene in yeast). (2) 
Regulated the expression of downstream gene 
expression by means of RNA polymerase II inhi-
bition or mediating chromatin remodeling and 
histone modification (e.g. p15AS in mice) [87]. 
(3) By forming complementary double-stranded 
with the mRNA of coding genes, lncRNAs inter-
fered with the cleavage of RNA, thus produced 
different forms of cleavage. (4) By forming com-
plementary double-stranded with transcripts of 
protein-coding genes, the expression level of 
genes was regulated by attracting endogenous 
siRNA through DICER. (5) By binding to specific 
proteins, lncRNAs transcripts could regulate the 
activity of corresponding proteins. (6) As a struc-
tural component, lncRNAs forms nucleic acid-
protein complexes with proteins [88]. (7) By 
binding to a specific protein, changed the local-
ization of this protein. (8) As a precursor molecule 
of small RNA, such as miRNA and piwi-interact-
ing RNA (piRNA) [89–91].

As a research hotspot in the field of non- 
coding RNAs, the role of lncRNAs in DCM has 
been gradually revealed [92]. Downregulated 
expression of lncRNA homeobox transcript anti-
sense RNA (HOTAIR) was detected in the heart 
and serum of DCM patients. Further studies have 
found that HOTAIR enhances the viability of car-
diomyocytes by activating PI3K/Akt pathway, 
which may provide a possible treatment of 
DCM. The latest research focused on the involve-
ment of HOTAIR in animal DCM model and the 
molecular mechanism. In STZ-induced mouse 
DCM model, specific overexpression of HOTAIR 
in cardiac myocytes could improve cardiac func-
tion, reduce myocardial death, inflammation and 
oxidative stress [93].

As one of the first reported lncRNAs, lncRNA-
 H19 was well studied on its biological functions 
and the mechanism of its interaction with other 
molecules [94]. The encoding gene of lncRNA-
 H19 and the insulin-like growth factor 2 were 
from the same gene cluster, indicating the poten-
tial relationship of lncRNA-H19 with metabo-
lism and blood glucose regulation [95]. Decreased 
IGF2 and lncRNA-H19 in pancreatic might play 

a key role in the repair of islet ultrastructure and 
function in offspring of gestational diabetes mel-
litus [96]. Interestingly, there was a double nega-
tive feedback between lncRNA-H19 and its target 
miRNA let-7 in participating the glucose metabo-
lism in muscle cells. More concretely, as a sponge 
of let-7, lncRNA-H19 was decreased in the mus-
cle of DM patients, while let-7 was increased. 
lncRNA H19-miR-675-VDAC1 was recognized 
as the mediate axis in regulating the function of 
lncRNA H19  in cardiomyocytes [97]. In DCM, 
overexpression of lncRNA-H19 reduced inflam-
mation and oxidative stress, protected myocar-
dial cells from apoptosis, inhibited autophagy. 
The inhibitory effect of lncRNA H19 on autoph-
agy of cardiomyocytes was mediated by its direct 
binding with EZH2 and restraining DIRAS3 
transcription [98].

Metastasis-associated lung adenocarcinoma 
transcript 1 (MALAT1) was related to tumor cell 
growth invasion and metastasis. It was also rec-
ognized as a significantly upregulated lncRNA in 
diabetic rats. Inhibition of MALAT1 in rat heart 
could protect heart from DCM induced dysfunc-
tion by significant reducing the cardiomyocytes 
apoptosis [99]. Besides that, MALAT1 knock-
down also alleviated the DCM early characteris-
tic inflammation response [100]. The 
up-regulation of MALAT1  in cardiomyocytes 
and hearts of hyperglycemic mice could be coun-
teracted by nitric oxide [101].

Other lncRNAs have also been found to be 
involved in the development of DCM.  Most of 
the studies are concerned about the effects of 
lncRNA on cardiomyocyte survival, including 
apoptosis, pyroptosis or autophagy. 
Overexpression of myocardial infarction associ-
ated transcript (MIAT) was detected in the DCM 
mice and showed protective effect on cardiac 
function. Similar to other LncRNA, MIAT func-
tioned as a competing endogenous of miR-22-3p, 
resulting in the activation of target gene DAPK2 
[102]. Inhibition of Kcnq1ot1 reduced cardio-
myocytes pyroptosis hence affecting the function 
of cardiac function in mice DCM model, which 
was also identified as a sponge lncRNA of miR- 
214- 3p, leading to the increase of caspase-1 and 
IL-1β [103].
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Although lncRNAs have been found to be 
associated with ventricular remodeling, espe-
cially cardiac fibrosis, the relationship between 
lncRNAs and DCM-induced myocardial fibrosis 
has been less discussed [104, 105]. As an cardiac 
fibroblasts (CFs) enriched lncRNA in heart, 
lncRNA Crnde (CRNDE) was significantly nega-
tively related to cardiac fibrosis in patients with 
cardiac fibrosis or in DCM mice. Overexpression 
CRNDE could reduce the marker gene of myofi-
broblast expression in TGF-β induced CFs and 
alleviate DCM-related cardiac fibrosis. At the 
same time, left ventricular function was partial 
recovery by CRNDE overexpression through for-
matting a Smad3-Crnde negative feedback [106].

lncRNAs were specific markers to predict the 
occurrence of DCM in well-controlled type 2 
diabetes patients. Circulating long intergenic 
non-coding RNA predicting cardiac remodeling 
(LIPCAR) was negatively correlated with dia-
stolic function(E/A peak flow), while serum 
smooth muscle and endothelial cell-enriched 
migration/differentiation-associated long non-
coding RNA (SENCR) were significantly related 
to cardiac remodeling in patient with uncompli-
cated type 2 diabetes. All the above motioned 
results demonstrated that lncRNAs was valuable 
tools for recognizing the cardiomyopathy at a 
preclinical stage, especially for the screening for 
the first diagnosis patients or the well-controlled 
patients [107].

3.2.2  CircRNAs as Potential Tools 
for DCM

Circular RNAs (circRNAs) were the important 
members of non-coding RNAs. Although cir-
cRNAs werediscovered in organisms as early as 
1979, the functional research of circRNAs has 
been zigzag [108]. Because most of the circRNAs 
were derived from gene exons, researchers used 
probes to capture known exon sequences and 
then conducted in-depth sequencing. Through 
this way, more than 3000 circRNAs were identi-
fied in 2000 clinical samples. However, because 
this method retained linear RNA, the researchers 
also found that the expression of circRNAs has 
no obvious relationship with the number of RNA 
produced by parent gene. Thus, the change of 

expression of cyclic RNA could not be simply 
attributed to the change of the expression of the 
mother gene. It might contain more complex gen-
eration and regulation mechanisms. In the past 
10  years, the function of circRNAs has been 
gradually revealed. circRNAs were implicated in 
the development of metabolic disease and cardio-
vascular disease such as coronary heart disease, 
pathological cardiac hypertrophy and cardiac 
remodeling [109, 110]. Studies described the cir-
cRNAs expression pattern in human endothelial 
cells after high glucose stimulation. 95 circRNAs 
different expressed were observed in different 
group, which may be involved in the process of 
the endothelial dysfunction in diabetes mellitus. 
But unfortunately, there was no research to 
explain the role of a specific circRNA in the 
pathogenesis of DCM.

4  Conclusion

Different models will have certain influence dur-
ing the process of studying the pathogenesis of 
DCM. TIDM and T2DM have the greatest impact 
on cardiomyopathy. Although both of them 
involve oxidative stress, inflammation, cardio-
myocyte apoptosis and high glucose stimulation 
induced hypertrophy, the role of insulin resis-
tance could not be ignored [111]. In addition, 
high fat and lipid metabolism disorders also 
played a role in the pathogenesis of DCM, which 
needed further clarification. Considering the cur-
rent research situation of the relationship between 
non-codingRNAs and DCM, there were still 
many valuable problems need to be further 
discussed.

Based on the results of the current study, there 
was no doubt that miRNAs could regulate 
DCM. This regulation ran through the entire pro-
cess of DCM from initial to advanced heart fail-
ure. DCM shared a common pathological process 
with many cardiac injury diseases. High glucose 
and oxidative stress damaged cardiomyocytes in 
early stage of disease, which leading to apoptosis 
or even necrosis of cardiomyocytes. At the late 
stage of DCM induced heart failure, the main 
pathological manifestations were cardiac 
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 hypertrophy and ventricular remodeling. In addi-
tion, metabolic changes in the heart were closely 
related to DCM, including abnormal glycome-
tabolism and lipid metabolism, which was also 
related to the discovery of miRNAs function in 
the above pathological processes. For example, 
the miR-155 described above was a classical 
metabolic syndrome-related miRNA [112, 113]. 
MiR-133a was a muscle-specific miRNA, and its 
association with cardiac fibrosis has been 
reported already. These conclusions were con-
firmed in the cardiac fibrosis that was induced by 
DCM. We made it clear that these miRNAs were 
closely related to DCM.  However, almost no 
miRNA was obtained that was specific related to 
DCM.  Indicated that no breakthrough has been 
made either in solving the specific target of miR-
NAs treatment or in finding specific markers 
again. According to the classical definition, non- 
coding RNA was a kind of RNA without coding 
function in transcriptome. However, recent stud-
ies found that some non-coding RNAs or its pre-
cursors can also be translated [114, 115]. This 
brought more possibilities in exploring the func-
tion and mechanism of non-coding RNA in 
human diseases. The functions of circRNAs and 
its relationship with diseases were the hotspots of 
current research, especially after the redefinition 
of circRNA as a functional RNA. The potential of 
circRNAs was not only embodied in its subunits, 
but also in its coding and homeopathic regulation 
of nearby genes [116].

However, the research on non-coding RNAs 
as a biomarker of DCM was relatively rare, which 
may be due to the following reasons: (1) In clini-
cal, compared with other diseases such as myo-
cardial infarction, the diagnosis of diabetic 
cardiomyopathy often required comprehensive 
clinical history, cardiac ultrasonography and 
other results to diagnose. Also, fewer cases of 
definite diagnosis were obtained. (2) Diagnosed 
patients have often entered the stage of heart fail-
ure, that too many confounding factors existed. 
(3) DCM was mostly developed on the basis of 
type 2 diabetes mellitus in clinical patients. 
However, more attention has been paid to type 1 
diabetes mellitus induced DCM in experimental 

research, which was different between clinical 
and basic research.

In addition, conservativeness of non-coding 
RNAs among species was also one of the bottle-
necks to its application in clinical treatment in the 
future. This made it more difficult for the trans-
formation from animal model to clinical practice. 
Therefore, a small amount of non-coding RNAs, 
which was found to be highly conservative 
among species, could be the target of future ther-
apeutic strategies developing.

In conclusion, the pathogenesis of DCM is not 
completely clear at present. The research on the 
relationship between non-coding RNAs and 
DCM has revealed the strong role of non-coding 
RNAs in the pathogenesis of DCM. Research on 
this direction is a meaningful perspective to 
explore the pathogenesis of DCM in the future.
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Comprehensive Overview of Non- 
coding RNAs in Cardiac 
Development
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Abstract
Cardiac development in the human embryo is 
characterized by the interactions of several 
transcription and growth factors leading the 
heart from a primordial linear tube into a syn-
chronous contractile four-chamber organ. 
Studies on cardiogenesis showed that cell pro-
liferation, differentiation, fate specification 
and morphogenesis are spatiotemporally coor-
dinated by cell-cell interactions and intracel-
lular signalling cross-talks. In recent years, 
research has focused on a class of inter- and 
intra-cellular modulators called non-coding 
RNAs (ncRNAs), transcribed from the non-
coding portion of the DNA and involved in the 
proper formation of the heart. In this chapter, 
we will summarize the current state of the art 
on the roles of three major forms of ncRNAs 

[microRNAs (miRNAs), long ncRNAs 
(lncRNAs) and circular RNAs (circRNAs)] in 
orchestrating the four sequential phases of 
cardiac organogenesis.
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Abbreviations

circRNAs circular RNAs
CS Carnegie Stage
dpc days post coitum
ESCs embryonal stem cells
FHF first heart field
lncRNAs long non-coding RNAs
miRNAs microRNAs
ncRNAs non-coding RNAs
RNA-seq RNA sequencing
SHF secondary heart field

1  Background

Successful development of the embryonic heart 
sees the cardiac progenitor cells proliferate and 
differentiate into beating cardiomyocytes (CMs). 
Cardiac organogenesis requires exquisite modu-
lation of gene expression, and transcriptional 
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dysregulation in this process underpins congeni-
tal heart diseases. Most of the literature to be dis-
cussed in this chapter will mainly focus on 
murine studies,  as  heart development has been 
mainly investigated using transgenic mouse mod-
els. From a clinical standpoint, a comparison 
between mouse and human cardiac development 
by means of episcopic fluorescence image cap-
ture revealed the relevance of this model, as the 
cellular events leading to the formation of the 
heart are comparable in both mammals.

The early stage embryo is a disc formed by the 
three sheets of ectoderm, mesoderm and endo-
derm known as the three germ layers. The tissues 
forming the heart mainly come from the meso-
derm germ layer. However, some of the cells 
migrate from the ectoderm and form the cardiac 
neural crest cells. The latter will participate in the 
septation of the cardiac outflow tract into aorta 
and pulmonary artery, remodel the pharyngeal 
arch arteries, develop the valves, and take part in 
the formation of the cardiac conduction system.

The phases of cardiac development in human 
and mouse have different timings, as summarized 

in Fig.  11.1. Following gastrulation, the heart 
muscle cells start developing from a pool of 
mesodermal cardiac precursor cells found in the 
anterior lateral plate of the embryonic mesoderm. 
These progenitors will then migrate to the cranial 
and cranio-lateral regions of the developing 
embryo. The subsequent phases of cardiac devel-
opment can be divided into the following key 
steps, which warrant the correct formation and 
maturation of the three-dimensional structures of 
the heart: cardiac crescent (CS8), linear heart 
tube (CS9), cardiac looping (CS10), chamber 
formation (CS11-19), and maturation 
(CS20-birth).

In order to regulate the fate of the several pro-
genitor cells to eventually form the heart, non- 
coding RNAs (ncRNAs) have been recognized to 
play a fundamental role in cardiac development 
and pathologies [1, 2], thanks to recent techno-
logical advances in sequencing and computa-
tional algorithms. Additionally, the discovery of 
ncRNAs has also expanded the functional com-
plexity of transcriptome, adding new molecular 
dimension to temporal regulation, cellular and 

Fig. 11.1 The interactions among miRNAs, lncRNAs and circRNAs during cardiac development: Cardiac crescent 
(CS8), linear heart tube (CS9), cardiac looping (CS10), chamber formation (CS11–19), and maturation (CS20-birth)
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tissue specificities and functional diversity in 
heart organogenesis [3, 4]. At genetic level, 
ncRNAs modulate gene expression patterns by 
interrogating transcription, chromatin modifica-
tion and post-transcriptional alterations [2]. First 
referred to as the ‘junk DNA’, a large part of the 
non-coding portion of the human genome (up to 
90%) has now been proven to be actively tran-
scribed into several types of ncRNAs which hold 
several biological functions throughout prenatal 
development and post-natal life [5, 6]. Based on 
the molecular length and function, three main 
categories of ncRNAs have been identified: long 
ncRNAs (lncRNAs; longer than 200 nucleo-
tides), microRNAs (miRNAs; maximum 22 
nucleotides long), and circular RNAs (circRNAs; 
formed by 1-5 exons).

The widest subgroup of ncRNAs consists of 
lncRNAs [7], mostly transcribed by RNA poly-
merase II, which causes them to undergo capping 
at 5′ end and polyadenylation at 3′ end. lncRNAs 
have a limited to absent protein-coding potential 
due to the lack of open reading frames. LncRNAs 
appeared to be critical regulators of gene expres-
sion in both transcription and post-transcription 
gene regulation events, with the majority of them 
exhibiting developmental stage-specific regula-
tion paralleling mRNA expression patterns [8]. 
They can act either in cis, in order to regulate the 
nearby genes, or in trans, which let them modu-
late the expression of the target genes by means 
of several mechanisms. These mechanisms 
include: DNA looping, recruiting chromatin 
modifiers and transcription factors, miRNA 
sponges, and influencing mRNA splicing, trans-
lation or degradation. Through genome-wide 
RNA sequencing, more than 100 annotated and 
newly described IncRNAs have been defined in 
the cardiac differentiation and maturation signa-
tures [9]. Nevertheless, the exact transcriptomic 
profiling and roles of lncRNAs during heart 
development (i.e. CMs differentiation, heart wall 
development, cardiac chamber and outflow tract 
formation, and cardiac cell electricphysiology 
and conduction) have not yet been detailed.

The mechanism of gene expression regulation 
by miRNAs, on the other hand, is at the post- 
transcriptional level, with silencing of genes that 
occurs via targeting the protein-coding and non- 
coding genes. Following synthesis of pri- 
miRNAs by RNA polymerase II and III in the 
nucleus, the microprocessor complex Drosha- 
Dgcr8 cleaves the pri-miRNAs into pre-miRNAs. 
These are then transported into the cytosol, where 
the Dicer-TRBP complex cleaves pre-miRNAs to 
form the mature 22 nucleotide-long miRNA mol-
ecules. Here, miRNAs will go through the RNA- 
induced silencing complex, formed by the 
Argonaute proteins, which guides the miRNAs 
towards the target mRNA for its degradation [10, 
11]. The fundamental role played by miRNAs in 
cardiac development was proved by Dicer knock- 
down in murine ESCs which, among other 
effects, led to cardiac development defects [12].

circRNAs are single-stranded circular RNAs 
predominantly found in the cytoplasm. Thanks to 
the absence of 5′ and 3′ ends, they have a more 
stable structure making them more resistant to 
the exonuclease-mediated degradation to which 
the other ncRNAs undergo. Based on the deriva-
tion sources, circRNAs can be categorized into: 
(1) circRNA derived from exons (ecircRNA; the 
most abundant form of circRNAs), (2) circRNA 
derived from lariat introns (ciRNA), and (3) cir-
cRNA derived from exons wih retained introns 
(ElciRNA) [13–15]. circRNA length ranges 
between 100–1000 bases  and, although their 
abundance is relatively low, some are expressed 
at higher levels compared to their linear tran-
scripts. Although circRNAs are ubiquitously 
expressed, they accumulate in fully differentiated 
somatic cells while being quite diluted in prolif-
erating cells including tumour cells. 
Mechanistically, it has been shown that circRNAs 
can act as miRNA sponges to counteract the inhi-
bition induced by the latter. Indeed, the pheno-
type induced by gain and loss of function 
esperiments in zebrafish indicated that a specific 
circRNA could have functions beyond sequester-
ing specific miRNAs [16]. As a single-stranded 
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RNA, circRNAs can bind  the trans 3’ UTRs of 
target mRNAs to concur in gene expression regu-
lation. In addition, circRNAs can be involved in 
the regulation of RNA-binding proteins [17]. 
Compared to lncRNAs and miRNAs, however, 
the functions of thousands of described circRNAs 
remain limited. Interestingly, based on deep RNA 
sequencing analysis, the top-expressed circRNAs 
in the human heart were associated with cardiac- 
or skeletal muscle genes including TTN, RYR2 
and DMD [18].

Since ncRNAs regulators have only been 
recently related to cardiac development and dis-
ease, a detailed understanding on the expression 
dynamic of these ncRNAs during each stages of 
the embryonic heart development is quintessen-
tial. Thus, in this chapter we will summarize the 
roles that ncRNAs play in the development of the 
heart.

2  From Cardiac Crescent 
to Looping Heart Tube: 
The Role of ncRNAs

In the early stages of development, the cardiac 
precursor cell population is found in the two 
symmetrical sides of the lateral plate mesoderm 
of the flat tri-laminar disc. At CS8 (human 
15–20 days, mouse E7.5), the lateral plate gets 
divided by the intraembryonic coelom in two 
layers, i.e. the somatic and the splanchnic meso-
derm. Once the two sides start merging, the 
splanchnic mesoderm merges cranially and 
forms a horseshoe-shaped field named the car-
diac crescent. The cells that form the cardiac 
crescent are termed the first heart field (FHF) 
and will contribute to the left ventricle and atrio-
ventricular canal [19]. At the medial sides of the 
cardiac crescent processes, a separate popula-
tion of cells forms the second heart field (SHF) 
which will contribute to the outflow tract myo-
cardium, right ventricle and both atria. Cells 
derived from the FHF will first fuse at the mid-
line to form the linear heart tube at CS9, after 

which SHF cells will add to the heart tube and 
increase it in size. Subsequently, the heart tube 
loops at CS10 [20].

Several genes are expressed in the committed 
mesodermal cells towards cardiac lineage. The 
earliest genes involved in commitment of embry-
onic stem cells (ESCs) towards cardiac meso-
derm are the transcription factor Brachyury and 
eomesodermin (Eomes). Both Brachyury and 
Eomes are critical for the primitive streak pat-
terning and the mesendoderm specification in the 
early embryo. In particular, Eomes is the key 
transcription factor required for the formation of 
either endoderm or cardiovascular mesoderm 
according to a high or low level of Activin, 
respectively. Following commitment to meso-
derm, Eomes will then induce the expression of 
Mesp1 [21], which will eventually start the car-
diovascular differentiation [22].

Several ncRNAs collaborate with Eomes in 
the early commitment of ESCs towards cardiac 
mesoderm. For instance, the exon 2 of lncRNA 
linc1405 was shown to co-localize with Eomes in 
the primitive streak and played a major role in the 
activation of Mesp1-mediated cardiac mesoderm 
specification of ESCs [23]. The lncRNA Fendrr 
(ENSMUSG00000097336) was shown to be 
expressed in EOMES-positive cells at E6.5-7, 
with its loss resulted in embryonic lethality in 
mice [24]. Finally, it has been reported that other 
lncRNAs and circRNAs are either transcription-
ally regulated (LINC00467) or co-expressed 
(RP3428L16.2, RP11829H16.3; circPSD3, circ-
SLC39A8, circALMS1) with EOMES in human 
cardiac progenitors [25].

Mesp1-expressing cells contribute to FHF and 
SHF derivatives, which will eventually give rise 
to the three main compartments of the heart, i.e. 
cardiac muscle (made by CMs), vessels (endo-
thelial cells) and epicardium [26, 27]. 
Downstream of Mesp1, the FHF expresses the 
transcription factors Nkx2.5, Hand1 and Tbx5 
[28, 29], while SHF expresses Nkx2.5, Gata4/6, 
Hand2, Tbx1/2, Mef2c and Isl1 [30–36].

Upon fusion at the midline of the cell popula-
tions derived from the FHF, the heart tube forms 
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(CS9, mouse E8, human day 21), and CMs arrest 
the proliferation process. SHF precursor cells 
simultaneously migrate from the pericardium to 
the heart tube at the venous and arterial poles 
[36]. As they are mediated by WNT/β-catenin 
signaling [37], they proliferate at high rates and 
thus contribute to the heart tube’s growth. During 
their addition to the heart tube, the SHF-derived 
CMs temporarily stop proliferating. Noncanonical 
WNT and Notch signaling also regulate 
 differentiation during second heart field deploy-
ment [38, 39].

For the expression of Mesp1, the downregula-
tion of miR-142-3p during ESC differentiation is 
required. Conversely, Mesp1 activates the miR- 
322/-503 cluster during the heart looping [40]. In 
mice, the lncRNA Braveheart (Bvht, AK143260) 
is required to induce Mesp1, and the depletion of 
Bvht in mouse ESCs impairs the formation of 
CMs. Intriguingly, to date the transcript of Bvht 
has not yet been identified in human. Conversely, 
the lncRNA Carmen was seen to be conserved 
from mouse to human, and its expression is 
induced between the mesodermal and cardiac 
progenitor stage. Similar to Bvht, depletion of 
Carmen was associated with a significant reduc-
tion in the expression of differentiation makers 
and cardiac transcription factors, including 
NKX2.5, TBX5, GATA4, MYH6, MYH7, and 
TNNI [41]. Moreover, the expression of the mas-
ter cardiac transcription factor  – Nkx2.5 was 
modulated by novlnc6 which influenced the 
expression of BMP10 (a key signaling ligand for 
cardiogenesis during embryonic stem cell cardiac 
differentiation) [42].

Mesp2 has redundant functions compensating 
for Mesp1 upon knock-out of the latter [43, 44]. 
However, Mesp1 plays a major role in the motil-
ity of progenitors required for the correct cell 
migration and cardiac development [45]. A group 
of ncRNAs were reported to be co-expressed 
with MESP2 in the early cardiac mesoderm (cir-
cPSD3; RP11445F12.1, RP11445F12.2, 
RP3428L16.2, LINC00467) [25].

The T-box family genes start being expressed 
in the FHF and SHF. In the FHF, Tbx5 expression 

is modulated by miR-218 family, with the over-
expression of Tbx5 affecting heart development 
in both humans and mice, resulting in heart 
chamber abnormalities and heart-looping defects 
[46]. Intriguingly, the ectopic expression of 
Gata4 and Tbx5, combined with chromatin 
remodeling component Baf60c/Smarcd3, was 
shown to induce beating myocardium in meso-
derm [47]. Conversely, in the SHF TBX1 inter-
feres with BMP signaling cascade components 
and has a negative regulatory effect on Mef2c 
transcript and SRF protein levels [48–50]. The 
subsequent differentiation of the myocardium at 
the arterial pole of the heart tube is reinforced by 
BMP which drives the miRNA 17-92-mediated 
repression of Isl1 and Tbx1 [25]. Repression of 
Tbx1 during heart maturation is of utmost impor-
tance, as its overexpression leads to Gata4 and 
Mef2c downregulation with subsequent blockage 
of the cardiac differentiation pathway [51]. This 
finding is corroborated by the required upregula-
tion of MEF2C during induction of cardiac dif-
ferentiation of the human embryonic stem cells 
which was found to be modulated via overex-
pression of miRNA-499 and miRNA-1 [52].

SHF and neural crest cells involved in cardiac 
development are characterized by the expression 
of Isl1 [53, 54] although it has been shown to be 
transiently expressed in FHF cells as well, albeit 
with no related function [33, 55]. A group of 
ncRNAs were shown to be co-expressed 
(MEIS1-AS2; circ-PTPN13, circ-ENC1, circ- 
PPP2R3A, circ-FUT8) or transcriptionally regu-
lated (LINC01021, AC009518.4) with ISL1 in 
human cardiac progenitors [25, 55]. ISL1 is tar-
geted by miR-17-92 to promote differentiation of 
the myocardium at the arterial pole in the final 
stages of maturation [51]. Finally, the expression 
of HAND2 – critical for ventricular CMs expan-
sion – is initially discovered in the cardiac cres-
cent at E7.75 and will continue throughout the 
linear heart tube at E8.5. It has been recently 
shown that the lncRNA Uph (also named 
Hand2as or lncHand2), playing critical roles in 
the regulation of the precise expression of 
HAND2, together with miR-1-2 family in loop-
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ing heart, to eventually lead to chamber forma-
tion [56, 57].

Myocardin (Myocd) is a master regulator of 
the smooth muscle cell phenotype. It is 
expressed in cardiac crescent and it coactivates 
several factors including Gata4, Tbx5, serum 
response factor (Srf)  – which regulates 
BMP10 in cardiac maturation – and MEF2 [58, 
59]. MYOCD is activated by lncRNAs 
MYOSLID [60] and SENCR, although the lat-
ter has an indirect influence on it. In mice, 
mm67 and mm85 have been shown to activate 
Myocd. In subsequent stages, Myocd is shown 
to be modulated by miR-1 [61], and miR-214 
has been shown to indirectly  regulate its expres-
sion [62, 63]. Myocardin is required for CMs 
survival and heart function maintenance after 
birth [64]. Finally, for the correct formation of 
heart and vessels the lncRNA ALIEN was iden-
tified in mesendodermal tissues between car-
diac crescent and heart tube [3].

In the looping heart, miR-1-2 family targets 
NOTCH ligands, HDAC4, Hand2, MEF2 and 
SRF to eventually allow the progenitor cells to 
proliferate and differentiate. The miR-1/133a 
cluster is positively regulated by Myocd, which 
aids in the specification of immature embryonic 
CMs into fetal ones [61, 65]. miR-1 is polycis-
tronically clustered on the same chromosome 
with miR-133, however they have different – and 
sometimes opposing – effects during cardiac dif-
ferentiation. The deletion of miR-133a genes led 
to ventricular septal defects and abnormal cardio-
myocytic proliferation which eventually leading 
to neonatal death [66]. However, its overexpres-
sion in mouse and human ESCs caused the 
repression of cardiac markers [67, 68].

Another miRNA involved in the looping of the 
heart is miR-499, encoded by Myh7b. In vitro, its 
overexpression was shown to speed up the beat-
ing embryoid bodies formation while its inhibi-
tion blocked cardiac differentiation [65].

During cardiac differentiation, several cir-
cRNAs were seen to be overexpressed. Circ- 
SLC8A1- 1 is expressed from the gene NCX1 
(Na+/Ca++ exchanger, also known as SLC8A1) 

during CMs differentiation in hESC and mouse 
[69]. In a study comparing human, mice and rat 
hearts, circSLC8A1-1 was shown to be the most 
abundant circRNA in the hearts [70]. Intriguingly, 
upregulation of circ-SLC8A1 was observed in the 
DCM [71]. Other reported circRNAs during car-
diac differentiation include circ-TTN-90, circ- 
TTN- 275, circ-TPM1-1, circ-HIPK3-2, 
circ-EXOC6B-14, circ-MB-2, circ-ALPK2-2, 
circ-MYBPC3-3, circ-NEBL-19 and circ- 
RYR2- 113 in hESC differentiating towards CMs 
[18]. On the contrary, the circr-Foxo3 was found 
to interact with multiple stress- and senescence- 
related factors (e.g. ID-1, E2F1 and FAK), which 
was highly associated with heart samples from 
both aged patients and mice [72].

3  Chamber Formation 
and the Final Phases of Heart 
Maturation

It is perceivable that heart being a mechanical 
pump requires three-dimensionality (in term of 
chambers, valves, septation and blood vessels) to 
fullfil its biological functions, and cardiac func-
tion dictates its form to a large extent. Hence, the 
formation and maturation of the heart structure 
are highly associated with the contractile force 
and hemodynamic demands towards the systemic 
circulation, in addition to influences by other fac-
tors such as oxygen gradient and nutrient enviro-
ment. In the final stages of heart formation, the 
major contribution in cardiac growth comes from 
the intracardiac myocardial cells. In particular, 
the ventricular and atrial myocardium arises from 
the outer curvature of the heart, whereas the car-
diac cushion develops from the endocardium 
beneath the atrioventricular canals and outflow 
tract myocardium [73].

Many transcriptional regulation in organogen-
esis involve members of the ancient family of 
T-box transcription factors, including the specifi-
cation of cardiac chambers and the conduction 
system [74]. Herein, the T-box activators and 
repressors work together for the cardiac balloon-
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ing by inducing cardiac cushions (TBX2 and 
TBX3) limited to the atrioventricular canal 
(TBX20 and TBX5). Several circRNAs have 
been seen to co-express with TBX5, including 
circ-HIPK3, circ-PLOD2_1, circ-RHOBTB3, 
circ-PSMB1, circ-SLC8A1_1 and circ- 
MYH6/7_1. Similarly, the expression of TBX2 
was seen to co-express with several lncRNAs and 
circRNAs, including TTN-AS1, RP11-617F23.1, 
circ-PHKB_1, circ-HIPK3, circ-SLC8A1_1, circ- 
MYH6/7_1 and circ-PALM2 [25]. Cells that are 
originating from TBX2-expressing prognitors 
will contribute to right and left ventricular walls 
[19], and the repressive interaction of Tbx20 
upstream of Tbx2 underlie the primary lineage 
specification to chamber and non-chamber myo-
cardium, thereby determining heart integrity and 
contractile function [75]. Moreover, the chamber 
formation is also mediated by the expression of 
several key regulators, including Gata4, Nkx2.5, 
Tbx5, dHand, eHand, Pitx2, MEF2C, and  Irx4 
[76]. Intriguingly, analysis of paired human atrial 
and ventricular samples revealed that 17–28% of 
the total lncRNA transcripts were differentially 
regulated in the four chambers, vastly attributed 
to their distinctive roles in cardiac functions [77]. 
The lncRNA uc.457 has also been associated 
with ventricular septal defect in human, and was 
recently revealed to regulate proliferation and 
differentiation of CMs by inhibiting the protein 
expression of histone cell cycle regulation defec-
tive homolog a, cardiac muscle troponin T, natri-
uretic peptide A and mef2C, respectively [78].

Chamber-specific expression of miRNA sig-
natures in human heart has also been reported 
recently [79]. By performing miRNA deep 
sequencing, Kakimoto Y et al. revealed that the 
miRNA-1 was the most abundant in both atrial 
(21%) and ventricular (26%) chambers, and the 
miRNA-208 family showed prominent chamber 
specificity in the atrial (miRNA-208b-3p and 
miRNA-208a-3p) and ventricle (miRNA-208-3p 
and miRNA-208b-5p). In zebrafish, it has been 
shown that the miRNA-143-adducin3 is essential 
for chamber morphogenesis through direct inhi-
bition of adducin3 which encodes an F-actin cap-

ping protein. Disruption of this miRNA led to 
ventricular collapse and decreased contractility 
[80]. The miRNA-138 is another molecule that is 
required to establish appropriate gene expression 
restricted to the atrio-ventricular valve region, 
and its dysregulation caused abnormal ventricu-
lar formation [81]. For cardiac valvulogenesis, 
Kopla HJ et al. reported that the miRNA-21 was 
necessary for proper development of the atrio- 
ventricular valve by repressing the tumor sup-
pressor programmed cell death 4 (PDCD4b) 
expression, since miRNA-21 expression is known 
to be restricted to valvular endothelium and 
implicated in the response to several forms of 
cardiac stress [82].

During perinatal transition of heart, matura-
tion of the cardiac tissue is required to warrant 
functional adaptation of the changes in nutrient 
environment and hemodynamic load after birth. 
The maturation and final septation of the heart 
requires, together with Gata4, Nkx2-5 and Tbx5, 
the expression of RxRa, FOG-2, Pitx2, Sox4, 
NF-Atc, TEF-1, Tbx1, Hey2, CITED, and ZIC3 
[76]. At the cellular level, majority of CMs 
undergo dramatic changes in the morphology, 
proliferation, gene expression and metabolism. 
Therefore, any abberant transcriptional pertuba-
tion occur at this stage often lead to congenital 
heart defects. In fact, during CM maturation 
many lncRNAs are strictly regulated by matura-
tion stage-specific transcription factors. For 
instances, it has been reported that approximately 
70% of the lncRNAs that were highly expressed 
at CM maturation stage could bind to NFAT – an 
important CM maturation regulator when cou-
pled with calcineurin [25]. Abnormal NFAT sig-
naling causes pathological cardiac hypertrophy 
and heart failure. Of all lncRNAs, 90% of them 
are enriched for the MEIS1 motif which has been 
implicated in heart development [83].

Furthermore, a recent study reported a high- 
resolution landscape on neonatal cardiac 
lncRNAs interactions with neighboring tran-
scriptomic molecules during cardiac maturation 
and postnatal stress in murine [8]. Specifically, 
the study revealed the Ppp1r1b-lncRNA as a reg-
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ulator of its partner gene Tcap which encodes the 
muscle protein titin and the expression ratio of 
Ppp1r1b-lncRNA/Tcap could be used as a molec-
ular signature for ventricular septum defect in 
human infantile hearts. Impuls conduction 
through the heart is the fundamental phenome-
non of a synchronized muscle fiber contraction, 
proper transcriptional regulation of muscle fiber 
assembly and maturation is of quintessential. In 
this context, the cardiac conduction regulatory 
RNA (lncRNA-CCRR) was found to control car-
diac conduction by promoting binding of con-
nexin43 to the interacting protein CIP85. 
Silencing or knockdown lncRNA-CCRR causes 
malformation of intercalated discs and gap junc-
tions that slow longitudinal cardiac conduction 
[84]. Other examples of lncRNAs that regulates 
CMs proliferation, differentiation and maturation 
includes uc. 40, uc.167, uc.245 and TUC40 
[85–88].

In term of miRNA modulation, miRNA-27b 
has been reported to play critical roles in skeletal 
muscle development [89], and it is robustly 
expressed within the myocardium in the adult 
heart [90]. Via microarray analysis, Chinchilla A 
et al. found that relatively few miRNAs display 
discrete peak of decreasing or increasing expres-
sion profiles during ventricular maturation. In 
particular, the miRNA-27b (an early stage 
marker of ventricular chamber formation) dis-
plays an overt myocardial expression during car-
diogenesis, and it regulates the cardiac 
myogenesis transcription factor – Mef2c without 
disturbing the expression of other cardiac genes 
[91]. This specific role of miRNA-27b on Mef2c 
suggests potential therapeutic for cardiac hyper-
trophy. Interestingly, the miRNA-27a exhibited a 
strongly upregulatory role on the β-MHC gene 
by targeting the thyroid hormone receptor β1 
(TRβ1) in ventricular CMs [92]. The miRNA-
143 plays an essential role in mechanotransduc-
tion pathway, in particular on circulatory 
adaptation and regulation between the outflow 
tracts and ventricles by suppressing retinoic acid 
signaling [93]. Besides miRNA itself, the 

miRNA-processing enzyme Dicer also plays a 
critical role in promoting cardiac outflow tract 
aligment and chamber septation by upregulating 
the morphogen Pitx2c and Sema3c. Due to 
impairment of miRNA processing at later-stage, 
cardiac-specific Dicer deficiency mice exhibited 
misexpression of cardiac contractile proteins and 
rapidly developed dilated cardiomyopathy, heart 
failure and postnatal lethality [94]. Moreover, 
the miRNA-208a is reported as a novel modula-
tor of cardiac hypertrophy and electrical conduc-
tion. Overexpression of miRNA-208a (which is 
encoded within an intron of α-cardiac muscle 
myosin heavy chain gene (Myh6)) in mice 
induced muscle hypertrophy and arrhythmias, 
whereas sufficient level of miRNA-208a expres-
sion was required for proper cardiac conduction 
and the expression of cardiac genes such as 
GATA4 and connexin 40 [95].

The miRNAs also play important roles in car-
diac extracellular matrix remodeling. For 
instances, the miRNA-133 and miRNA-30 were 
reported to directly downregulate connective tis-
sue growth factor (CTGF), which is a key mole-
cule in maintaining proper extracellular matrix 
remodeling in myocardium [96]. Overexpression 
of these miRNAs resulted in low CTGF level 
accompanied by decreased production of colla-
gen, whereas knocking down their expression 
causing cardiac fibrosis. Furthermore, in CMs 
derived from rats at 4  weeks, the miRNA-29a 
was found to be differentially upregulated which 
inversely regulated CMs proliferation by target-
ing to Cyclin D2 (CCND2) [97]. This finding 
suggest an inhibition role of miRNAs in CMs 
proliferation during postnatal development. The 
circRNAs play a critical role in cardiac cell speci-
fication from cardiac progenitor cells to CMs. It 
is reported that nearly 500 and 200 circRNAs 
were positively (e.g. circ-SLC8A1-1, circ- 
TTN- 275, and circ-ALPK2-1) and negatively 
(e.g. circ-DNMT3B-4, circ-OSBPL10 and circ- 
FGD4- 7) correlated to the differentiation of 
human embryonic stem cells to CMs [13, 18]. Of 
interest, the circ-TTN was differentially expressed 
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in neonatal and adult rat hearts [70] and revealed 
to be co-expressed with MYL4  – mutation of 
which leads to abberant sarcomere formation, 
atrial enlargement and fibrillation [98]. By cir-
cRNA profiling, circ-TTN expression was 
dynamically regulated in mice with dilated car-
diomyopathy, and largely downregulated in mice 
lacking the RNA-binding motif protein 20 
(RBM20), suggesting a novel mechanistic 
insights for diated cardiomyopathy [99]. 
Expression of other circRNAs, such as circ- 
SLC8A1, circ-CHD7, circ-ATXN10 and circ- 
DNAJC6 was also found to be prominent in 
patients with dilated cardiomyopathy [100].

4  Future Perspectives

ncRNAs have gained interest in the past decades 
due to their role in modulating cell fate at a post- 
transcriptional level. The modulation occurring 
in the prenatal life at the embryo level helps us 
shedding a light on the tuning required for the 
proper formation of the heart and the other 
organs. More importantly, it gives us the possibil-
ity to better understand how congenital heart dis-
eases occur.

Potentially, ncRNAs could be used both for 
diagnostic and therapeutic purposes. In this view, 
the fact that circRNA concentration profiles 
change during cardiac development and disease 
independently from their host gene expression, 
they represent novel and more stable biological 
markers. Although they are still at their infancy, 
artificial circRNAs similarly to miRNA mimics 
and antagomirs could represent promising tools 
in regenerative medicine since they are highly 
stable and can regulate a wide range of cellular 
functions. Recent studies have highlighted the 
extensive network of interactions among microR-
NAs, lncRNAs and circRNAs, forming crucial 
regulatory axis participating in the modulation of 
cardiac differentiation [101].

In order to obtain mature CMs from induced 
pluripotent stem cells (iPSCs), Miyamoto has 
recently shown that the use of Gata4-Mef2c- 
Tbx5, or GMT, led to the correct formation of 
cardiac cells [102, 103]. Emerging literature is 
showing the cardiac differentiation potential of 
PSCs but also the limitations to generate fully 
mature CMs to model cardiac diseases or for 
drug screening porpuses. Specific ncRNAs con-
trol and promote the differentiation of PSCs and 
mesodermal progenitors into CMs and the use of 
microvesicles to transfer those peculiar ncRNAs 
is a fascinating possibility to better coordinate 
cardiogenic maturation of healthy and pathologi-
cal progenitor cells. This will be critical to better 
understand the role of ncRNAs in the regulation 
of cardiovascular system development and even-
tually in the progression of cardiovascular 
disease.

World-leading laboratories are investing in 
gene editing, mainly in CRISPR/Cas9 technol-
ogy, to edit efficiently any genomic locus with 
high DNA sequence specificity and possibly 
without undesired byproducts. However, 
CRISPR/Cas9 technology is still a very young 
gene-editing technology that can result in off- 
target effects with unexpected consequence and 
the long-term impact of genetic alteration on 
future generations is yet unknown. In addition, 
small indels generated by CRISPR/Cas9 system 
can alter or prevent functional modifications of 
ncRNAs or affect overlapping/adjacent genes 
in  loci characterized by bidirectional promoters 
or sense/antisense genes (where lncRNAs are 
generated) [104]. Although a prudent path should 
be considered for CRISPR/Cas9-based in vivo 
applications, these novel gene editing approaches 
will allow us to perform more precise perturba-
tion studies to uncover the basic principles of car-
diac development and better collocate 
transcription factors, ncRNA networks and 
molecular pathways that contribute to CM matu-
ration (Table 11.1).
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Noncoding RNAs and Heart Failure
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Abstract
Heart failure (HF) is a leading cause of death 
worldwide and is still growing. Thus, it’s criti-
cal to understand the molecular causes of HF 
and develop effecitive therapies to treat 
HF. Recently, scientists and clinicians identi-
fied that noncoding RNAs play important 
roles in pathogenesis of HF. Some of noncod-
ing RNAs can serve as novel biomarkers for 
HF and some of them contribute to the pro-
gression of HF. In addition, noncoding RNAs 
can be related to well-known HF risk factors, 
such as hypertension, diabetes etc. In this 
review, we sought to summarize current 
knowledge about noncoding RNAs and non-
coding RNAs mediated regulation of HF and 
its risk factors.

Keywords
Noncoding RNA · Heart failure · Regulation · 
Risk factors

1  Introduction

Accompanied with the development of genomic 
sequencing, the biology and functions of noncod-
ing RNAs (ncRNAs), which were considered as 
genetic waste, have been gradually revealed. 
From human genome project, people have known 
that about 98% of human genome do not encode 
proteins [1], thus, the roles of ncRNAs, which are 
not translated into proteins, have drawn intensive 
attention and have been extensively studied since 
then. With great efforts from both basic and 
translational researchers, ncRNAs have been 
linked to human physiology and diseases, includ-
ing HF [2].

Heart failure (HF) is a stage that heart is 
unable to pump enough blood to meet physical 
demand of human body. While there are some 
advances in treating HF, the current mortality of 
HF is still very high due to poor understanding of 
the cellular and molecular causes of HF, which is 
an unmet medical need worldwide [3]. 
Fortunately, recent studies have revealed that 
ncRNAs might contribute to pathologies of HF 
[4]. More importantly, modulation of ncRNA has 
been shown to ameliorate HF [4]. In addition, 
some specific circulating ncRNAs in peripheral 
blood have been shown to serve as novel bio-
markers for HF [5, 6]. In this chapter, we will 
review the functions of ncRNAs in development 
of HF and summarize ncRNA biomarkers for HF 
(see summary of Fig. 12.1).
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1.1  Members of ncRNAs

To date, ncRNAs mainly refer to microRNA 
(miRNA), long-noncoding RNA (lncRNA), and 
circular RNA (circRNA). miRNAs, considered as 
small ncRNA as well, consist of less than 200 
nucleotides while lncRNAs are usually more than 
200 nucleotides and regarded as large ncRNA. 
miRNAs are relatively stable and easy to measure 
in both tissues and body fluids. Furthermore, 
miRNA have been proven as a reliable therapeu-
tic agent to treat cardiovascular disease [7]. 
Based on their genomic location, lncRNAs are 
grouped into five subclasses: (1) sense, tran-
scribed from the same strand of the nearest 
protein- coding gene,and can be exonic, intronic, 
or both; (2) antisense, transcribed from the oppo-
site strand of the surrounding protein-coding 
gene; (3) intronic, totally transcribed from an 
intronic region of protein-coding gene with the 
same direction; (4) intergenic, located between 
two protein-coding genes; (5) bidirectional, share 
the same premotor with coding genes, but tran-
scribed from the opposite direction. lncRNAs 
have been shown to play a role in cardiovascular 
disease, the dysregulation of lncRNAs are com-
monly linked to exacerbation of cardiovascular 
functions [8, 9]. Uniquely, with a 5′ to 3′-phos-
phodiester bond, circular RNA forms a circular 
structure. Besides, no 5′ or 3′ free terminus 
enables its superior stability in cells. Though less 
well-known than miRNA and lncRNA, circular 
RNAs have been emerging as a novel biomarker 
and therapeutic target for treatment of HF [10].

1.2  General Functions of ncRNAs

In canonical way, miRNAs suppress specific 
gene by binding to partial complemental to 
3′-untranlational region (UTR) of mRNA [11]. 
Furthermore, scientists found that miRNAs can 
target other ncRNAs, like rRNAs, tRNAs, and 
even other miRNAs [12]. And miRNAs are able 
to modulate gene expression in transcription 
level [13] or suppress both transcription and 
translation [14]. Unlike miRNAs, the functions 
of lncRNAs vary. It is mainly classified into sig-
nal, decoy, guide, and scaffold aspects [15]. 
Later, researches demonstrate an unexpected 
mechanism of lncRNAs by acting as a molecular 
sponge to miRNAs [16]. Surprisingly, some 
lncRNAs were recently reported to encode small 
peptides [17]. Despite more and more researchers 
have proved important functional role of 
lncRNAs, our understanding about lncRNAs 
remains limited. Compared with miRNA and 
lncRNA, circRNAs are less known. It is believed 
that circRNA also works as miRNA sponge [18] 
and regulates the transcription [19]. But further 
studies are needed to unveil the functional role of 
this special molecules in our bodies.

1.3  Noncoding RNAs Therapies: 
Promising but Challenging

Considerable researches have shown miRNA is a 
potential therapeutic target in cardiovascular dis-
ease. However, targeting a single miRNA may 

Fig. 12.1 Overview of 
noncoding RNAs in 
development of HF
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result in altering multiple targets, which greatly 
limits its efficacy as a therapeutic agent [20]. 
LncRNAs mediate multiple functional regula-
tions in heart. Unlike miRNAs, lncRNAs are less 
conserved, thus, it is difficult to study their poten-
tial functions in human bodies with animal mod-
els [21]. Taken together, while ncRNAs can 
contribute to progression of HF, it is still chal-
lenging to utilize them as therapeutic targets to 
treat HF.

2  Noncoding RNAs in Risk 
Factors for Heart Failure

2.1  Hypertension

Significantly, patients with high blood pressure 
more likely suffer from heart failure. Also, non-
coding RNAs play  roles in pathogenesis 
and progression of hypertension [22]. Researchers 
figure out that miRNAs contribute to hyperten-
sion by their effects on rein-angiotensin- 
aldosterone system (RAAS), endothelial cells 
and vascular smooth muscle cells (VSMCs) [22, 
23]. And circulating microRNAs are considered 
as modulators, like miR-181a, and biomarkers, 
like miR-505, for hypertension [24]. In a profile 
of long noncoding RNAs, 235 long noncoding 
RNAs were found deregulation and the lncRNA-
 XR007793 participates in remodeling of VSMCs, 
thus results in hypertension [25]. Similarly, 
lncRNA GAS5 and lncRNA AK098656 take part 
in pathogenesis of hypertension by vascular 
remodeling via their effects on VSMCs [26, 27]. 
Besides, circular RNA is believed to take part in 
hypertension pathogenesis and couples of circu-
lar RNA profiles were carried to figure out those 
deregulated. For instance, Wu et al. reported 13 
downregulated and 46 upregulated circRNAs in 
hypertension patients. Then they validated cir-
cRNA has-circ-0005870 was significantly down-
regulated in hypertensive patients and 
hypothesized a has-circ-0005870-miRNA-
mRNA network with utilization of Gene 
Oncology and KEGG analysis [28]. Whereas, 
more specific mechanism of circular RNAs in 
hypertension remains to be told.

2.2  Diabetes

Considerable clues have implied diabetes a risk 
factor for cardiovascular disease, including heart 
failure [29]. At the meantime, noncoding RNAs 
act as regulators of diabetes. MicroRNAs modu-
late Beta cells development (like miR-106b and 
miR-222), insulin sensitivity (like miR-103 and 
miR-107), resistance (like miR-190b), produc-
tion (like miR-124a), secretion and insulin sig-
naling (like miR-128a) [30]. In addition, miRNAs 
are involved in diabetic complications, like dia-
betic retinopathy, diabetic nephropathy, diabetic 
microvascular kidney disease and diabetic wound 
healing, etc. [31]. LncRNA can modulate dia-
betic related metabolism through interact with 
miRNA.  For example, lncRNA Gomafu, by 
sponging miR-139-5p, upregulates Foxo1 expres-
sion to accelerate hepatic insulin resistance [32]. 
Similarly, circular RNA Crd1as regulates insulin 
transcription and secretion by sponging miR-7 
[33]. Furthermore, circular RNAs, for instance, 
circHIPK3 and ciRS-7/CDR1as, are involved in 
regulations of beta-cell activities under diabetic 
conditions [34].

2.3  Hyperlipidemia

As known, hyperlipidemia puts risk on the occur-
rence of heart failure [35]. Therefore, promising 
treatment for hyperlipidemia is in great need. 
Excitedly, the researches of noncoding RNA 
shed new lights on solutions to hyperlipidemia. 
Of note, inhibition of miR-33a/b raises plasma 
HDL and reduces VLDL triglyceride levels, 
which may provide a novel therapy for hyperlip-
idemia [36]. And microRNA-24 contributes to 
hepatic lipid accumulation and hyperlipidemia 
by repressing insulin-induced gene 1 [37]. 
MicroRNA -30c decreases lipid synthesis 
through both MTP (microsomal triglyceride 
transfer protein)-dependent and MTP- 
independent manners, thus, reduces hyperlipid-
emia [38]. At the same time, long noncoding 
RNA takes part in process of lipid metabolism. A 
liver-enriched long noncoding RNA, lncLSTR, 
enhances triglyceride clearance by modulating 
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the bile acid pool [39]. The long non-coding 
RNA LeXis, behaves a mediator of a transcrip-
tional regulation to cholesterol hemostasis by 
liver X receptors (LXRs) [40]. Unlike miRNA 
and lncRNA, there is still few researches to unveil 
the relation between circular RNA and hyperlip-
idemia and further recognition remains in infancy.

2.4  Obesity and Others

Plenty of clinical trials have proved that obesity 
causes rising risk to heart failure [41]. And non-
coding RNAs influence the pathogenesis of obe-
sity as well. Micro RNAs function as a stimulator 
or a repressor to the differentiation of adipocytes, 
which directly link to the development of obesity 
[42]. There are two kinds of adipose tissue in our 
body: white adipose tissue (WAT) which acts as 
largest energy storage, and brown adipose tissue 
(BAT) which consumes energy to produce 
enough heat in case of low body temperature. 
And modulation of WAT and BAT associates 
with process of obesity tightly [42]. Elevating the 
level of miR-34a is found to inhibit BAT forma-
tion then promote obesity happening. On the 
opposite, downregulation of miR-34a increases 
browning marker UCP1 and additional browning 
in brown fat [43]. It implies that inhibits the 
expression of miR-34a may be a new treatment 
for obesity. Similarly, miR-378 regulates BAT 
expansion and obesity resistance [44]. LncRNA 
is also a regulator of adipogenesis and controls 
the differentiation of preadipocytes [45]. For 
example, lncRNA Blnc1 is able to protect cold- 
induced thermogenesis and browning and impede 
obesity-associated brown fat whitening [46]. And 
lncRNA H19 was found inverse correlations with 
BMI in humans [47]. In addition, noncoding 
RNAs are involved in other risk factors for heart 
failure, like hyperuricemia and aging. It’s 
reported that miR-34a suppresses the expression 
of human urate anion exthanger 1(URAT1) and 
decreases the excretion of uric acid [48]. And 
lncRNA is of potential to act as diagnostic and 
therapeutic targets to impede age associated 
pathologies and prolong lifespan [49].

2.5  Acute Myocardial Infarction- 
Induced HF

Acute myocardial infarction (AMI) refers to 
acute death of the myocardium because of sud-
den and lasting insufficient blood supply to the 
heart. The risk factors we mentioned above con-
tributes to the development of atherosclerosis 
accumulatively. And the most common cause of 
AMI is the rupture of unstable atherosclerosis 
plaques in coronary, which lead to cardiac isch-
emia and damage [50]. Horribly, this is not the 
end. Following the AMI, heart failure which 
means not enough blood pumped to meet body’s 
need happens.

2.5.1  Arteriosclerosis
In atherosclerosis, endothelial maladaptation to 
disturbed blood flow at bifurcations courses 
slight endothelial apoptosis and chronic inflam-
matory process. Besides, overloading subendo-
thelial lipoprotein retention leads to macrophage 
failure [51].

From the very beginning, exosome-mediated 
miR-155 from smooth muscle cells to endothelial 
cells impairs the junctions and the integrity of 
endothelial cells, causing increasing endothelial 
permeability, and results in endothelial injury 
[52]. In endothelial maladaptation, miR-103 
impedes endothelial cells proliferation and accel-
erate endothelial DNA damage by preventing 
lncRNA WDR59 interact with Notch1-inhibitor 
to interrupt Notch1-induced EC proliferation, 
rather than targeting at conventional protein- 
coding RNAs [53]. In endothelial inflammation, 
couples of noncoding RNAs are involved and 
nuclear factor-κB pathway is widely regulated in 
this process. MiR-103 mediated suppression of 
Krüppel-like factor 4 raises monocyte adhesion 
to ECs by promoting nuclear factor-κB-dependent 
endothelial C-X-C motif chemokine 1 expression 
[54]. Increasing miR-146a mediates the suppres-
sion of NF-κB–mediated inflammation by cellu-
lar apolipoprotein E [55]. Suppression of 
miR-499 expression upregulates programmed 
cell death 4 (PDCD4) expression and ameliorates 
endothelial inflammatory damage by inhibiting 
NF-κB/TNF-α signaling pathway [56]. In 
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 macrophage, miR-33 regulates its autophagy and 
reduce lipid droplet catabolism [57]. And miR- 
155 inhibits the transformation of macrophage 
into foam cells through activating cholesterol 
ester hydrolase (CEH) signaling pathway, then 
eases atherosclerosis [58].

Long noncoding RNA regulates the athero-
sclerosis circuit as well [59]. On the one hand, 
lncRNA plays a role in atherosclerosis-associated 
cell proliferation. LncRNA-p21, which is down-
regulated in a atherosclerosis plaques of an ani-
mal atherosclerosis model mice, increases p53 
transcriptional activity by binding to a p53 
repressor MDM2, therefore regulates p53- 
dependent cell proliferation [60] . Smooth mus-
cle enriched long noncoding RNA (SMILR) is 
identified to be a driver of SMCs proliferation 
and upregulated in unstable atherosclerosis 
plaques in human samples [61]. Similarly, knock-
down the long noncoding RNA-RNCR3, which 
is upregulated in cultured ECs and VSMSs with 
ox-LDL treated, inhibits the proliferation and 
migration of ECs and VSMCs by acting as a 
ceRNA to compete with miR-185-5p [62]. On the 
other hand, lncRNA is involved atherosclerosis- 
associated inflammation. Compared with control 
mice, researchers find MALAT1-deficient mice 
showed more severe plaque size and higher infil-
tration of inflammatory CD45 cells [63]. Another 
research discovers that MALAT1 is associated 
with immune system which mediates atheroscle-
rosis. In parallel with the former research, the 
MALAT1-deficient mice show increased plaque 
area. Furthermore, massive deregulations of 
immune system happen. Serum levels of IFN γ, 
TNF, IL6 are increasing and macrophages in 
bone marrow cells and splenocytes of MALAT1- 
deficient mice are undergoing a series of immu-
nological disturbance [64].

Tough less well known as microRNA and 
lncRNA, circular RNA shouldn’t be ignored in 
regulation of atherosclerosis pathogenesis. Holdt 
et  al. find that Circular RNA ANRIL increases 
p53 activation and induces nucleolar stress by 
targeting ribosomal RNA maturation and regulat-
ing pathways of atherogenesis, thus promotes 
apoptosis and inhibits proliferation, which slow 
down the process of atherosclerosis [65]. 

However, Song et al. gave opposite opinion about 
circRNA ANRIL.  They found that atheroscle-
rotic plaques and thrombi showed up in over- 
expressed circRNA ANRIL group while didn’t in 
under-expressed circRNA ANRIL group. 
Furthermore, compared with model group, the 
levels of indicators pointed to atherosclerosis 
were decreased in low-expressed circRNA 
ANRIL group while the opposite outcome in 
over-expressed circRNA ANRIL group. So they 
claimed that high expression level of circRNA 
ANRIL may lead to atherogenesis [66]. The con-
troversy remains to be further discussed and 
solved by more powerful researches data.

2.5.2  Ischemia
Usually, the coronary arteries can be restricted or 
totally blocked by the embolus caused by the 
unstable plaque in atherosclerosis, resulting in 
the insufficient blood supply for myocardium, 
which is termed cardiac ischemia.

In ischemic heart disease, cell death is caused 
by couples of reasons, such as lack of oxygen, 
insufficient adenosine triphosphate (ATP) and 
mitochondrial impairment, etc. [67] As known, 
mitochondria is a factory generated power, 
termed ATP, to meet body’s physiological 
demand, which highlights the importance of 
mitochondrial function. As widespread regula-
tors, microRNAs are involved in mitochondrial 
function in cardiac ischemia. Downregulation of 
miRNA-361 showed talent in reducing mito-
chondrial fission and apoptosis by clearing the 
repression of prohibitin1 (PHB1), resulting 
smaller myocardial infarction sizes after opera-
tion causing ischemia performing [68]. Hong 
et  al. reported that miRNA-143 impaired mito-
chondrial membrane by downregulating the 
expression of protein kinase Cepsilon in both 
ischemia model in vivo and in vitro [69]. Apart 
from mitochondrial dysfunction, cardiomyocytes 
apoptosis, a kind of programmed cell death, is an 
important process in cardiac ischemia. Artificial 
modulation of the miRNA expression is able to 
improve the apoptotic cell death, thus increases 
cardiac function in ischemic heart disease. He 
et  al. reported that suppression of miRNA-124 
with AMO124 decreased the apoptotic cell death 
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by targeting STAT3 protein in a mice model of 
MI and neonatal rat ventricular myocytes 
(NRVMs) treated with H2O2 as well. Besides, 
AMO124 is of ability to ameliorate mitochon-
drial dysfunction in NRVMs with H2O2 treatment 
[70]. Tang et al. observed that miRNA-150 regu-
lated cardiomyocyte death in ischemic injury. 
They revealed that miRNA-150 directly repress 
the expression of the pro-apoptotic gene egr2, a 
zinc-binding transcription factor triggered by 
ischemia, and p2x7 (pro-inflammatory ATP 
receptor) during ischemic injury [71]. 
Interestingly, Huang et al. explored the effect of 
combination of miRNA-21 and miRNA-146a to 
cardiac function and apoptosis in a mice model of 
AMI.  In this research, they found that it aug-
mented the effect to decrease apoptosis under 
ischemia when combined miRNA-21 and 
miRNA-146a together, compared with each of 
them respectively [72].

Long noncoding RNA was little known in the 
onset of myocardial ischemia. To explore more 
lncRNAs with potential to regulate the develop-
ment of cardiac ischemia, couples of researches 
were carried out. As a case, Saddic et  al. mea-
sured the lncRNAs in left ventricular tissue in 
patients before and after cardiopulmonary bypass 
carrying ischemia insult. Then they obtained a 
list of deregulated lncRNAs which may point to 
regulators for cardiac ischemia. Furthermore, for 
the reason that lncRNAs tightly links with neigh-
boring coding genes in co-expression, regulation 
and even functions, they figured out neighboring 
coding genes of these deregulated lncRNAs mod-
ulates the stress and immune response and mRNA 
co-expressed with them played roles in metabo-
lism and heart physiology as well. Last but not 
least, they claimed differentially expressed 
lncRNAs with transcription factor binding sites 
enrichment were associated with ischemia injury 
[73]. They have showed us lncRNA is related to 
ischemic heart disease and metabolism, stress 
and immune response may be the field lncRNA 
interrupts in cardiac ischemia. However, specific 
mechanism lncRNA regulates ischemia process 
rely on other researches. Gong et al. reported that 
knockdown of lncRNA H19 promoted hypoxia- 
induced injury in H9c2 cells by up-regulating 

miR-139. And repression of Sox8, the target of 
H19, activates the PI3K/AKT/mTOR pathway 
and MAPK, then ameliorates hypoxia-induced 
cell injury. The H19-miR-139-Sox8-PI3K/AKT/
mTOR and MAPK axis shows us alternative 
mechanism of lncRNA in cardiac ischemia [74]. 
Interestingly, they also observed the overexpres-
sion of H19 reversed the down-expression of 
SERCA2a which was induced by hypoxia and 
promoted contractility [74]. More specifically, 
targeting SERCA2a as H19 did, Zhang et  al. 
reported that lncRNA ZFAS1 exacerbated con-
tractile dysfunction in mouse models of myocar-
dial infarction. According to the research, ZFAS1 
was able to binding to SERCA2a protein and 
repress its expression so as to alter the transient 
of Ca2+, which caused intracellular Ca2+ overload, 
then contributed to cardiac contractile dysfunc-
tion [75]. Modulation of ZFAS1 provides us a 
new potential therapy to battle with ischemia- 
induced heart failure by elevating contractile 
function.

A microarray expression profile of circular 
RNAs by Wu et  al. showed differential expres-
sion of circular RNAs in myocardial tissue dur-
ing AMI-induced HF, comparing with 
transcriptome profiles of hypertrophy one. And 
they found a handful of deregulated circular 
RNAs showed up in this process, which meant 
circular RNAs were involved in post-AMI regu-
lation at least [76]. But how does circular work in 
cardiac ischemia? Wang et  al. reported that a 
mitochondrial fission and apoptosis-related cir-
cular RNA MFACR regulated cardiomyocytes 
death. MFACR downregulated miR-652-3p, 
which suppressed the expression MTP18. And 
MTP18 increased mitochondrial fission and pro-
moted cardiomyocyte apoptosis. Taking together, 
the MFACR-miRNA- 652-3p-MTP18 axis is cru-
cial to the regulation of mitochondrial fission and 
cardiomyocyte apoptosis in an ischemia/reperfu-
sion model [77]. Li et  al. found that a circular 
RNA NCX1, which was transcribed from the 
sodium/calcium exchanger 1 gene, acted as a 
miRNA-133a-3p sponge, thus weaken the effect 
of miRNA- 133a- 3p to suppress the expression 
pro-apoptotic gene cell death-inducing protein 
(CDIPI). As a result, less apoptosis and ischemic 
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myocardial injury happen when knockdown the 
expression of circNCX1 [78]. This circRNA-
miRNA interaction shows us a novel mechanism 
of circular RNA modulating manner in cardiac 

ischemia disease. However, specific signal path-
way involved in circular RNA regulation is under 
to be unpacked.

Alteration of noncoding RNAs in risk factors of heart failure

MiRNA [Refs.] LncRNA [Refs.] CircRNA [Refs.]
Hypertension miR-181a [24]

miR-505 [24]
lncRNA-XR007793 [25]
lncRNA GAS5 [26]
lncRNA AK098656 [27]

has-circ-0005870 [28]

Diabetes miR-106b
miR-222
miR-103
miR-107 [30]
miR-190b
miR-124a
miR-128a

lncRNA Gomafu [32] circHIPK3 [33, 34]
ciRS-7/CDR1as [33]

Hyperlipidemia miR-33a/b [36]
microRNA-24 [37]
MicroRNA-30c [38]

LncRNA LSTR [39]
LncRNA LeXis [40]

–

Obesity miR-34a [43]
miR-378 [44]

lncRNA Blnc1 [46]
lncRNA H19 [47]

–

Hyperuricemia miR-34a [48] – –
Age – – –
Genders – – –
Arteriosclerosis miR-155 [52]

miR-103 [53, 54]
miR-146a [55]
miR-499 [56]
miR-33 [57]
miR-155 [79]

lncRNA-p21 [60]
SMILR [61]
RNCR3 [62]
MALAT1 [63, 64]

ANRIL [65]

Ischemia miRNA-361 [68]
miRNA-143 [69]
miRNA-124 [70]
miRNA-150 [71]
miRNA-21 [72]
miRNA-146a [72]

H19 [74]
ZFAS1 [75]

MFACR [77]
NCX1 [78]

3  Noncoding RNAs as Pivotal 
Roles in HF Remodeling

The two most common modes of myocardial 
remodeling are cardiac hypertrophy and myocar-
dial fibrosis in heart failure. In the compensatory 
phase of cardiac hypertrophy, the cardiomyocyte 
increases its size to enhance the contractile force 
against abnormal resistance and maintain the 
blood supply to meet the body’s demand. If the 
pathological resistance persists, however, the 
increasing size of myocardial cells leads to an 
elevation in oxygen consumption, which results 
in a relatively insufficient blood supply from the 

coronary arteries, which causes the myocardial 
contractility to decrease and lack of blood supply 
to maintain normal pump function of heart. 
Myocardial fibrosis is characterized by excessive 
deposition of the extracellular matrix, which 
leads to a decrease in myocardial compliance. 
And the decreasing myocardial compliance 
causes reducing myocardial contractility and 
insufficient blood pumped to maintain the physi-
ological needs. It is meaningful to slow down, 
even reverse these pathological processes in case 
of occurrence of heart failure. And researchers 
have found that noncoding RNAs are involved in 
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cardiac remodeling and present a novel therapeu-
tic strategy for heart failure [80].

3.1  Cardiac Hypertrophy

Cardiac hypertrophy is a maladaptation to over-
load pressure. At the very beginning, cardiomyo-
cytes change into larger size to strengthen the 
contractibility so as to output enough blood vol-
ume to meet body’s need against the unusual 
obstruction, which termed compensate phase. 
But cardiomyocytes will not be of ability to cope 
with long-term lasting overload pressure and 
insufficient blood supplied, then leads to heart 
failure, which we term it decompensate phase. In 
decompensate phase, though no enough blood 
supplement, cardiomyocytes still try to suit the 
abnormal pressure condition, resulting in patho-
logical hypertrophy. Attenuating this maladapta-
tion has been proved a promising therapeutic 
method and thus reduces heart failure suffering. 
Researchers found that noncoding RNAs were 
able to regulate the process of hypertrophy and 
modulation of specific noncoding RNAs showed 
satisfied outcome against hypertrophy [80].

Micro RNA can alter the genes expression 
that have been pointed to cardiac hypertrophy, 
thus ameliorate heart failure [81]. And miRNA 
can modulate hypertrophy through various of 
signal pathways. For instance, Tijsen et  al. 
observed that miR-15 was a negative regulator to 
hypertrophy by inhibiting TGFβ signaling path-
way [82]. Li et  al. generated miR-199-sponge 
transgenic mice and figured out that the absence 
of endogenous miR-199 induced physiological 
cardiac hypertrophy [83]. Later, they showed 
more details about miR-199 in another research. 
They found that miR-199 acted as a negative 
regulator of cardiac autophagy by targeting 
GSKβ/mTOR complex signaling, then induced 
cardiac hypertrophy [84]. Sassi et  al. reported 
that inhibition of miR-29 attenuated cardiac 
hypertrophy and improved cardiac function by 
abolishing activating effect of miR-29 on Wnt 
signal pathway [85]. Besides, miRNA can play 
as a mediator in modulation of cardiac hypertro-
phic pathogenesis. Huang et  al. revealed that 

miR-18 acted as a mediator in regulation. In this 
process, P53 activation promoted heat shock fac-
tor 1(HSF1) expression and IGF- IIR- induced 
cardiomyocytes hypertrophy by downregulating 
miR-18 [86]. Right ventricular hypertrophy 
(RVH) is mainly caused by pulmonary arterial 
hypertension (PAH). So miRNA involved in PAH 
affects the pathogenesis of RVH indirectly [87]. 
Brock et al. reported that suppression of miR-20a 
with antagomiR-20a attenuated right ventricular 
hypertrophy by upregulating the expression bone 
morphogenetic protein receptor type 2(BMPR2), 
which is related with PAH occurrence [88]. 
Similarly, Baptista et  al. observed that miR-
424(322) upregulated BMPR2 pathway activity 
by targeting smad ubiquitination regulator fac-
tor1 (SMURF1) in right ventricular hypertrophic 
models. Besides, they revealed that the level of 
miR-424(322) was parallel to the severity of 
heart disease, which enabled miR-424(322) an 
novel prognostic biomarker [89].

Long noncoding RNA is an important regula-
tor in cardiac hypertrophy development as well. 
Viereck et  al. observed that a long noncoding 
RNA, selected by global lncRNA expression pro-
filing in cardiac hypertrophy mice heart tissue 
and named Chast (cardiac hypertrophy- associated 
transcript) promoted cardiac hypertrophy. 
Overexpression and suppression of Chast induced 
cardiac hypertrophy and attenuated pressure 
overload-induced pathological hypertrophy 
respectively. In mechanism, Chast inhibited car-
diomyocyte autophagy and led to hypertrophy by 
targeting Pleckstrin homology domain- containing 
protein family M member 1 [90]. And lncRNA 
can interact with miRNA in this regulation. Wang 
et al. firstly reported this novel hypertrophy regu-
lating mechanism. They revealed that long non-
coding RNA CHRF (cardiac hypertrophy related 
factor) functioned as an endogenous sponge of 
miR-489, which was found to be involved in car-
diac hypertrophy pathogenesis. Furthermore, 
suppression of miR-489 target gene Myd88 
attenuated hypertrophic response [91]. Taken 
together, they found a lncRNA-miRNA-miRNA 
target genes axis in cardiac hypertrophy regula-
tion at first. Since then, this regulation pattern 
was reported in dozens of researches, like 
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lncRNA XIST-miR-101-TLR2 axis [92], MIAT- 
miR- 93-TLR4 (toll like receptor 4) axis [93] etc. 
Differently, Liu et al. observed that long noncod-
ing RNA H19 and its encoded miR-675 cooper-
ated in cardiac hypertrophy regulation. They 
found that H19 overexpression attenuated hyper-
trophy while H19 suppression promoted hyper-
trophy. Furthermore, inhibition of miR-675 
abolished the inhibitory effect of H19 on hyper-
trophy. Next, they figured out that miR-675 tar-
geted CaMKIIδ directly in regulation of cardiac 
hypertrophy [94]. Overall, they showed us a 
lncRNA together with its own encoding miRNA 
regulating the process of cardiac hypertrophy.

Compared with miRNA and lncRNA, Circular 
RNA is much less reported in cardiac hypertro-
phic regulation. However, scientists do find its 
role in this modulation process. Wang et  al. 
reported that a heart-related circular RNA 
(HRCR) impeded cardiac hypertrophy. They 
found miR-233 was a positive regulator of car-
diac hypertrophy while HRCR functioned as a 
miR-233 sponge. As a result, HRCR blocked 
adverse effect of miR-233 on myocardium by 
modulating ARC, a downstream target of miR- 
233 which mediated cardiac hypertrophy induc-
tion [95]. For limited recognition, there are still 
lots of challenges on the way to unveil the secret 
of circular RNA in cardiac hypertrophy 
pathogenesis.

3.2  Cardiac Fibrosis

Similarly, cardiac interstitial fibrosis leads to left 
ventricular dysfunction resulting in the occur-
rence of heart failure [96]. Abundant research has 
provided evidences for the cellular and molecular 
mechanisms behind these pathological changes 
and the pathways by which it renders an adverse 
effect on cardiac function [97].

In particular, Thum T’s research shows that 
microRNA-21 (miR-21, also known as Mirn21) 
was involved in the regulation of the ERK-MAP 
kinase signaling pathway in cardiac fibroblasts, 
affecting global cardiac structure and function. 
MiR-21 levels are selectively up-regulated in the 
failing heart fibroblasts, enhancing ERK-MAP 

kinase activity through suppression of sprouty 
homologue 1 (Spry1). Therefore, in response to 
cardiac pressure overload in cardiac fibrosis, 
miR-21 is specifically enriched in cardiac fibro-
blasts facilitating fibroblast survival and growth 
factor secretion [98]. In Lorenzen’s study, fur-
thermore, miR-21 silencing in vivo prevented the 
development of Ang II-induced cardiac fibrosis 
[99]. Another well-studied miRNA involved in 
cardiac fibrosis is microRNA-101, which has 
been found to inhibit post-infarction myocardial 
fibrosis and improve left ventricular compliance 
through the FBJ osteosarcoma gene/transforming 
growth factor-1 pathway. Overexpression of miR-
101a can respite interstitial fibrosis and the fail-
ure of cardiac function, demonstrating miR- 101a 
therapeutic potential for cardiac disease associ-
ated with fibrosis [100]. Other cardiomyocyte- 
enriched miRNAs, such as miR- 378 and 
miR-133a, are also involved in cardiac fibrosis. 
Among them, miR-378 is secreted by cardiomyo-
cytes after mechanical stress and acts as an inhib-
itor of excessive myocardial fibrosis through a 
paracrine mechanism [101]. And overexpression 
of miR-133 in the heart can prevent fibrosis with-
out affecting the degree of hypertrophy during 
left ventricular pressure overload [102] or in a 
mouse model of type 1 diabetes [103].

In addition to microRNA, many long noncod-
ing RNAs were found to be involved in cardiac 
fibrosis with the advancement of bioinformatics 
analysis of microarray data [104]. For example, 
using an integrated genomic screen, Thum T’s 
research group characterized Wisper (Wisp2 
super-enhancer–associated RNA) as a cardiac 
fibroblast–enriched lncRNA regulating cardiac 
fibrosis after damage. Of note, ASO-mediated 
silencing of Wisper mitigated MI-induced fibro-
sis and cardiac dysfunction in vivo. Furthermore, 
its binding to TIA1-related proteins enables it to 
control the expression of profibrotic forms of 
lysine hydroxylase 2, which involves collagen 
cross-linking and matrix stabilization [105]. At 
the same time, the CF-rich lncRNA maternal 
expression gene 3 (MEG3) has also been found 
participating in the regulation of cardiac fibrosis. 
Researchers figure out that Meg3 regulated the 
matrix metalloproteinase-2 (MMP-2) production 
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in vitro, and that GapmeR-mediated silencing of 
Meg3  in CFs resulted in Mmp-2 transcription 
decrease, which, in turn, depending on P53 activ-
ity both in the absence and in the presence of 
transforming growth factor-β I [106]. In addition 
to the above lncRNA, by using microarray data 
for bioinformatics analysis, the researchers also 
found lncRNA NONMMUT022555, named pro- 
fibrotic lncRNA (PFL), and found that PFL is 
increased in the hearts of mice in response to 
myocardial infarction (MI) and in the fibrotic car-
diac fibroblasts (CFs). Further studies indicate 
that overexpression of PFL promotes fibroblast- 
myofibroblast transformation and fibrosis in CFs 
by regulating let-7d. PFL acts as a competitive 
endogenous RNA (ceRNA) for let-7d, thereby 
reducing the expression and activity of let-7d, 
and inhibition of let-7d leads to fibrosis of CFs 
[107]. Collectively, a growing number of studies 
have revealed the key role of lncRNAs in the reg-
ulation of fibrosis in  vitro and in  vivo in CFs, 

identifying new roles in the development of car-
diac fibrosis and potential new targets for pre-
venting cardiac remodeling.

As other ncRNAs, Circular RNA also plays a 
role in the regulation of cardiac fibrosis [108]. 
For instance, CircRNA_010567 was found to be 
significantly up-regulated in the circRNA expres-
sion profiles of cardiac and cardiac fibroblasts 
(CF) in Ang II treated diabetic mice. 
Bioinformatics analysis pointed out that 
 circRNA_010567, sponge miR-141 and miR-141 
directly target TGF-β1. In addition, functional 
experiments showed that circRNA_010567 
silencing up-regulated miR-141 and down- 
regulated TGF-β1 expression, and inhibited 
fibrosis-associated protein excision in CFs, 
including Col I, Col III and α-SMA [109]. 
Regrettably, little is known about the mechanistic 
function of circRNAs in the heart or vessels, 
which needs to be determined in future studies.

Noncoding RNAs involved in cardiac hypertrophy and fibrosis

MiRNA LncRNA CircRNA
Hypertrophy miR-15 [82]

miR-199 [83]
miR-29 [85]
miR-18 [86]
miR-20a [88]
miR-424(322) [89]

Chast [90]
CHRF [91]
XIST [92]
MIAT [93]
H19 [94]

HRCR [95]

Fibrosis miR-21 [98, 99]
miR-101a [100]
miR-378 [101]
miR-133a [102, 103]

Wisper [105]
MEG3 [106]
PFL [107]

CircRNA_010567 [109]

4  Conclusion

Heart failure is a worldwide problem that threat-
ens patients’ lifespan. The cognition of noncod-
ing RNA has shown us their expression patterns, 
regulation modes and roles in heart failure and 
heart failure related risk factors as well. And 
noncoding RNA provides a novel potential ther-
apy, diagnostic implication and prognostic pre-
diction. In human being research, some 
noncoding RNAs have proved to be potential 
biomarkers for heart, such as miRNA-19b, 
miRNA-148-3b, miRNA- 409- 3p, lncRNA 

LIPCAR etc. [110–112]. However, the sample 
amounts involved in these researches are limited 
and there is no multiple centers research yet. As 
a result, the conclusions they draw may ignore 
the existence of bias. As for noncoding RNA 
therapy in human, it still stays infancy. No matter 
technical safety nor ethical issue is a stumbling 
block at present.

Overall, identification of noncoding RNA in 
heart failure benefits the treatment for heart. And 
there is still a long way to go before universal 
clinical utilization against heart failure.
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Non-coding RNAs and Pathological 
Cardiac Hypertrophy

Jianfeng He, Yanhong Luo, Junxia Song, Tao Tan, 
and Hua Zhu

Abstract
Cardiovascular disease (CVD) is a common 
disease which poses a serious threat to human 
health and it is characterized by high preva-
lence, high disability and high mortality. 
Myocardial hypertrophy (MH) is a common 
pathological process of various cardiovascular 
diseases and is considered as an independent 
risk factor for increased cardiovascular mor-
bidity and mortality. Therefore, it is particu-
larly important to understand its pathological 
mechanism and treatment. In recent years, it 
has been found that many non-coding RNAs 
(ncRNAs) play key regulatory roles in 
humans’ various pathophysiological pro-
cesses. Abnormal expression of ncRNAs in 
different types of cardiac cells is associated 
with pathological cardiac hypertrophy. 
Understanding the relationship between vari-
ous ncRNAs and intercellular communication 
through extracellular vesicles (EV) can iden-
tify the key ncRNAs which are the accurate 
targets of precise therapy in this network of 
action, it also can potentially be a marker for 

clinical disease diagnosis, which will reflect 
the progress of the disease earlier and more 
accurately. There are many factors that regu-
late the occurrence and development of car-
diac hypertrophy, ncRNAs are only a part of 
them. There are also mutual promotion or 
inhibition between ncRNAs and other mole-
cules. It will be helpful for us to comprehend 
the mechanism of cardiac hypertrophy better 
and provide a sufficient theoretical basis for 
clinical diagnosis and treatment by defining 
these relationships.

Keywords
Myocardial hypertrophy · Non-coding RNA · 
Extracellular vesicles

1  Background

Normal myocardium consists of cardiomyocytes 
and non-cardiomyocytes. The cardiomyocytes 
account for only one-third in the number, but they 
assume the two-thirds of the function of the heart; 
the non-cardiac cells include cardiac fibroblasts, 
smooth muscle cells, macrophages and so on. 
Cardiac hypertrophy is classified into physiologi-
cal hypertrophy and pathological hypertrophy. 
Physiological hypertrophy is a protective 
response. In order to adapt to the increase of 
work force under the action of various physiolog-
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ical factors, it increases the contraction to 
increase the myocardial reserve capacity, which 
is mainly shown as increased myocardial weight 
and myocardial cells hypertrophy along the hori-
zontal axis of the cell, but it isn’t accompanied by 
fibrosis and is usually reversible [1]. Pathological 
cardiac hypertrophy refers to an injurious reac-
tion that occurs when the heart is overloaded, 
including long-term mechanical stimulation [2, 
3] or endocrine factors change or metabolic dis-
orders [4–6], which mainly due to an increase of 
myocardial cell volume, protein synthesis and 
sarcomere, and also due to the re-expression of 
embryonic genes and the proliferation of mesen-
chymal cells, the proliferation of collagen and 
other connective tissues. It eventually leads to 
myocardial structure disorder, reduced contrac-
tility, insufficient blood supply, myocardial con-
traction and diastole dysfunction, which prone to 
heart failure, arrhythmia, and even sudden death 
[7]. At present, pathological cardiac hypertrophy 
is considered to be one of the independent risk 
factors for increased cardiovascular morbidity 
and mortality [8]. Cardiac hypertrophy is com-
mon in clinical practice, and there is a high risk in 
the progression of the disease. Therefore, it is 
particularly important to understand its patho-
logical mechanism and treatment. However, the 
pathogenesis of cardiac hypertrophy is compli-
cated, and there is still no thorough research. The 
main mechanisms of cardiomyocyte involvement 
in cardiac hypertrophy are as follows: calcium 
regulation mechanism, metabolism-related regu-
lation, gene expression regulation, and cell death 
process (such as apoptosis process and autoph-
agy process) [9]. Pathological cardiac hypertro-
phy is usually accompanied by cardiomyocyte 
death and myocardial fibrosis, resulting in func-
tional deficits in contraction and relaxation, 
which further progress to heart failure. 
Neurohormonal regulation, such as the adrena-
line and renin-angiotensin system, is widely acti-
vated, with early protective effects, and later 
decompensation will result in irreversible cardiac 
dysfunction. Studies have confirmed that it can 
be achieved by activating NFAT, CaMKII, cGMP/
PKG, MAPK, PI3/Akt and other pathways [10]. 
In recent years, studies have found that non- 

coding RNA plays an important role in the occur-
rence and development of cardiac hypertrophy.

Recent data show that less than 2% of the 
human genome encodes proteins, and most 
sequences can be transcribed but not encoded. 
These gene sequence transcripts cannot encode 
proteins are called as non-coding RNAs 
(ncRNAs). Until now, we have discovered many 
of the ncRNAs play roles in DNA replication, 
chromatin processing, transcription and post- 
transcriptional gene expression of other RNAs, 
genomic integrity, and the controlling stability 
of mRNA [11]. Different ncRNAs have been 
found to play a key role in regulating pathophys-
iological process. In different types and tissues 
of cardiomyocyte, abnormal expression of miR-
NAs and lncRNAs is associated with many car-
diovascular diseases. Circular RNA (circRNA) 
is another RNA which is classic, diversity, 
endogenous and lack of research, it also regulate 
eukaryotic gene expression leading to cardiovas-
cular disease. Below is a summary of the rela-
tionship between non-coding RNA and cardiac 
hypertrophy (Fig. 13.1).

2  MicroRNAs in Cardiac 
Hypertrophy

So far, there are about 2000 microRNAs (miR-
NAs) found in humans, and new microRNAs are 
constantly being discovered [12, 13]. MicroRNAs 
are endogenous small molecule non-coding 
RNAs, whose length is from 21 to 25 nucleo-
tides. The sequence and hairpin structure of 
mature miRNAs are highly evolutionarily con-
served among different species; gene clustering 
and space-time specificity [14, 15]; mature miR-
NAs expression is tissue-specific; the same 
miRNA can regulate multiple messenger RNAs 
at the same time, and a messenger RNA can also 
be regulated simultaneously by multiple miR-
NAs. These features are the functional basis for 
miRNAs to play important regulatory roles in the 
development of different organs at different 
stages of growth and development of organisms. 
There are two ways for microRNAs to silence the 
target mRNA expression: ① the single-stranded 
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microRNA is complete complementary pairing 
to the specific sequence base of the 3′-non- coding 
region (3′-UTR) of the mRNA of the target pro-
tein, cleaving the messenger RNA;②The single- 
stranded microRNA is incomplete complementary 
pairing to the 3′-UTR specific sequence base of 
the mRNA of the target protein, restraining the 
translation of target mRNA without affecting the 
stability of messenger RNA. MicroRNAs partici-
pate in the regulation of multiple physiological 
and pathological activities by the above two 
methods. Studies have reported that the changes 
in microRNAs are closely related to the occur-
rence development of cardiac hypertrophy. The 
network of microRNAs regulating cardiac hyper-
trophy is very complicated. The role of 
MicroRNAs in cardiac hypertrophy ventricular 
remodeling is described below.

2.1  MicroRNAs That Inhibit 
Cardiac Hypertrophy

miR-1 is highly expressed in heart tissue and its 
absence can lead to cardiac malformations. 
Tracking the changes of miRNA expression lev-
els timely, during the 14-day stress overload 
period, miR-1 was the only miRNA that was first 
discovered to be down-regulated. The specific 
overexpression of miR-1 in myocardium leads to 

inhibition of target genes such as Ras GTPase 
activating protein (RasGAP), cyclin-dependent 
kinase 9 (Cdk9), fibronectin and Ras homolog 
(Rheb), which means that the miR- 1 by acting on 
multiple target genes associated with cardiac 
hypertrophy can reduce cardiac hypertrophy, 
reduce fibrosis, reduce myocardial apoptosis and 
improve calcium signaling [16]. miR-1 reduces 
the expression of CaM and MEF2a at the level of 
post-transcriptional modification by binding to 
calmodulin (CaM) and 3″-UTR of MEF2a. In 
cardiomyocytes, NFATs and MEF2a can act 
together on GATA4, activating the transcription 
of hypertrophic genes. GATA4 mRNA 3′-UTR 
lacks a sequence which directly binds to miR-1, 
so it is speculated that miR-1 reduces the expres-
sion of GATA4 protein by direct action of MEF2a 
to act indirectly on GATA4, without altering the 
level of GATA4 mRNA [17]. In addition, the 
direct target of miR-1 acting on cardiomyocytes 
including insulin-like growth factor (IGF1) and 
IGF1-receptor (IGF1-R). IGF1 usually binds to 
IGF1-R to activate different pathways, such as 
PI3K-AKT and hence inhibitory FOXO3A.  In 
turn, these factors in cardiomyocytes also directly 
affect the level of miR-1 expression [18]. In sum-
mary, the interaction of miR-1 with IGF1 plays a 
role in many processes of regulating cardiac 
function.

Fig. 13.1 Part of non-coding RNAs which is signifi-
cantly associated with cardiac hypertrophy
Different types of non-coding RNAs are essential regula-
tors for cellular function. The chronic stress of cardiomy-
ocytes can induce hypertrophic growth, microRNAs, long 

non-coding RNAs (lncRNAs) and circular RNAs (cir-
cRNAs) interact with their respective targets to regulate 
specific cellular functions and induce pathological cell 
hypertrophic growth, which will eventually develop into 
heart failure

13 Non-coding RNAs and Pathological Cardiac Hypertrophy



234

miR-133 is abundant in cardiomyocytes and 
markedly decreased on serious pathological 
hypertrophy. MiR-133 regulates extracellular 
matrix deposition via acting as a repressor of con-
nective tissue growth factor (CTGF). During 
pathological cardiac remodeling CTGF is secreted 
by cardiomyocytes as well, although it is mostly 
expressed in fibroblasts [19]. In addition, miR-
133 regulates cell proliferation, cytoskeletal for-
mation and rearrangement of muscle fibers mainly 
by inhibiting the expression of its target gene 
RHOA (a GTP-GDP exchange protein gene), 
CDC42 (a signal transduction kinase gene) and 
NELF-A/WHSC2 (a nuclear factor gene involved 
in cardiac development) [20]. The nuclear factor-
activated T (NFAT)-mediated hypertrophic sig-
naling pathway plays an important role in cardiac 
hypertrophy caused by various stimuli. It has been 
confirmed that NFAT is a target gene of miRNA-
133, and miRNA-133 can also participate in the 
regulation of cardiac hypertrophy by affecting the 
expression of NFAT. miR- 133a inhibits the 
expression of NFAT3. NFAT3 has two regions in 
the 3-UTR that can bind to miR-133a. With over-
expression of miR-133a, the expression of NFAT3 
mRNA and protein were both reduced, and the 
cardiomyocyte hypertrophy was alleviated. It is 
suggested that miR-133a can protect the heart by 
inhibiting the CaN- NFATs signaling pathway 
[21]. Specific transgenic mice with miR-133 heart 
can maintain cardiac performance and decrease 
myocardial apoptosis and collagen deposition 
under overload stress, which is related to inhibi-
tion of, a target gene of miR-133,β1-adrenergic 
receptor kinase [22].

miR-378 is mainly expressed in cardiomyo-
cytes. MiR-378 overexpression in neonatal rat 
cardiomyocytes can inhibit PE-stimulated car-
diomyocyte hypertrophy; under the same condi-
tions, the number of hypertrophic cardiomyocytes 
increased significantly after myocardial cells 
were transfected with anti-miR-378. In the myo-
cardium, miR-378 can inhibit the expression of 
the following proteins: MAPK, insulin-like 
growth factor receptor 1 (IGF1R), growth factor 
receptor-bound protein 2(GRB2), kinase sup-
pressor of ras l (KSP1). miR-378 inhibit cardiac 
hypertrophy by binding with the 3′-UTR of 

mRNA and regulating the expression of these 
four proteins at the post-transcriptional level 
[23]; in addition, miR-378 overexpression in pri-
mary cardiomyocytes inhibits PE-stimulated Ras 
activity, thus suppressing the activation of two 
major cell growth signaling pathways, PI3K- 
AKT and Raf1-MEK1-ERK 1/ 2, which act in 
the downstream of Ras signaling [24].

miR-9 reduces the expression of myocardin. 
Myocardin is a transcriptional cofactor, and vari-
ous hypertrophic stimulating factors can up- 
regulate myocardin, which mediates cardiac 
hypertrophy signals. Overexpression of myocar-
din can induce cardiac hypertrophy. Myocardin is 
a member of the CaN-NFAT4 signaling pathway. 
Knockout of the myocardin gene can attenuate 
the amplification of surface area in NFAT4- 
induced myocardial cell. miR-9 can binds directly 
to the 3 UTR of myocardin mRNA, affecting the 
translation of myocardin protein to reduce car-
diac hypertrophy [25].

miR-98/let-7i reduces cyclin D2 expression. 
AngII significantly up-regulates the expression 
of cyclin D2, which promotes AngII-induced car-
diac hypertrophy. Up-regulation of miR-98/let-7i 
can significantly reduce the basal expression of 
cyclin D2. It partially inhibits AngII-induced car-
diac hypertrophy by inhibiting the expression of 
cyclin D2 induced by AngII. The overexpression 
of miR-98/let-7i can significantly reduced the 
expression of atrial natriuretic peptide (ANP) 
mRNA and cardiomyocyte hypertrophy induced 
by AngII, suggesting that miR-98/let-7i can 
inhibit AngII-induced cardiac hypertrophy [26].

miR-26b reduces the expression of GATA4. 
GATA4 has a zinc finger structure that binds to a 
specific DNA.  GATA4 regulates the expression 
of some genes in the myocardium by interacting 
with other transcription factors such as myocyte 
enhancer factor 2a (MEF2a), NFATs, and plasma 
response factor (SRF). miR-26b can regulate the 
occurrence of cardiac hypertrophy by acting on 
the 3′-UTR of GATA4 mRNA. Down-regulation 
of miR-26b can up-regulate GATA4 expression 
and cause cardiac hypertrophy induced by pres-
sure overload; overexpression of miR-26b can 
inhibit cardiac hypertrophy [27].
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In a mouse model with cardiac hypertrophy 
conducted by TAC and AngI1, miR-21-3p was 
found to effectively inhibit cardiac enlargement, 
inhibit cardiomyocyte hypertrophy and reduce 
the expression of cardiac hypertrophy marker 
protein. It was also detected that it can directly 
target the 3′-UTR of histone deacetylase 
8(HDAC8) mRNA, and can also inhibit the 
expression of HDAC8. HDAC8 belongs to the 
class II of HDACs and is a group of proteases that 
promote cardiac hypertrophy [28].

Thioredoxin 1 (Trx1) produced by miR-98 
can inhibit cardiac hypertrophy. Therefore, in a 
rodent model with cardiac hypertrophy induced 
by angiotensin II (AngII), the down-regulation of 
miR-98 accelerates the cardiac growth, which 
most likely due to the increased expression levels 
of its target gene cyclin D2. Trx1 acts as a nega-
tive feedback regulator of cardiac hypertrophy 
induced by Ang II [26].

The miR-30 family is significantly down- 
regulated in hypertrophic heart of mouse and car-
diac biopsies from patients with left ventricular 
hypertrophy (LVH). MiR-30c regulates connec-
tive tissue growth factor (CTGF), and plays a role 
in myocardial matrix remodeling and participates 
in cardiac remodeling [19]. By culturing rat pri-
mary cardiomyocytes in vitro, the level of miR- 
30a in myocardial cells of cardiomyocyte 
hypertrophy induced by AngII were down- 
regulated. The overexpression of miR-30a in car-
diomyocytes can attenuate myocardial autophagy 
and myocardial cell morphological hypertrophy 
induced by AngII; inhibiting the activity of miR- 
30a in myocardial cell can aggravate myocardial 
autophagy and morphological hypertrophy of 
cardiomyocytes induced by AngII [29].

The expression of miR-92b-3p was signifi-
cantly decreased in the hypertrophic myocar-
dium of rat induced by Ang-II perfusion and 
also decreased in the myocardium of patients 
with cardiac hypertrophy. miR-92b-3p can 
inhibit the expression of MEF2D at the post-
transcriptional level. Enhancing the expression 
of miR-92b-3p or decreasing the level of 
MEF2D can consistently inhibit the cardiomyo-
cytes hypertrophic phenotype in milk mouse 

induced by AngII. miR-92b-3p can inhibit car-
diomyocyte hypertrophy [30].

2.2  MicroRNA That Promotes 
Cardiac Hypertrophy

miR-350 plays an important role in regulating the 
pathological process of cardiac hypertrophy, 
especially in the late stage of cardiac hypertro-
phy. The expression of miR-350 is increased in 
rats with myocardial hypertrophy induced by 
pressure overload. miR-350 inhibits protein syn-
thesis of P38 and JNK at the post-transcriptional 
level, leading to dephosphorylation of NFAT4, 
promoting NFAT4 entry into the nucleus, and 
increasing transcription of ANP, brain natriuretic 
peptide (BNP) and α-actinin. Transfection of 
H9c2 cells with anti-miR-350 can reduce the 
level of intracellular miR-350 and inhibit the 
silencing effect of miR-350 on its target gene and 
reduce cardiac hypertrophy [31].

miR-206 increases in cardiac hypertrophy. 
Adenovirus transfectes mouse ventricular myo-
cytes leading to the overexpression of miR-206, 
and 48  hours later, cardiomyocyte hypertrophy 
happens; mice with cardiac-specific overexpres-
sion of miR-206 is prone to catch cardiac hyper-
trophy; inhibition of miR-206 can reduce cardiac 
hypertrophy induced by stress. miR-206 inhibits 
the expression of forkhead box protein P1 
(FOXP1). FOXP1 is an anti-cardiac-hypertrophy 
protein. Down-regulation of FOXP1 can signifi-
cantly enlarge cardiomyocytes. Overexpression 
of FOXP1 attenuates cardiac hypertrophy 
induced by miR-206 [32].

MiR-195 was one of the first miRNAs which 
demonstrated to be up-regulated in pathological 
cardiac remodelling. Increased expression of 
miR-195 leads to cardiomyocytes growth disor-
ganization followed by development of severe 
hypertrophy already at 6 weeks of age in mice 
[33]. The AMPK pathway is also involved in the 
regulation of cardiac hypertrophy. The  MO25/
Ste20 Related Adaptor (STRAD)/liver kinase 
B1 (LKB1) complexus is an important molecule 
of the AMPK pathway. miR-195 can target 
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mouse protein-25 (MO25) to promote cardiac 
hypertrophy [34].

The overexpression of miR-208 induces car-
diac hypertrophy by inhibiting the nuclear trans-
fer factor SOX6 (Y-box 6 protein, SOX6). It 
shows that miR-208 is increased and SOX6 is 
decreased in hypertrophic cardiomyocytes 
induced by PE. After knocking out miR-208  in 
cardiomyocytes, SOX6 expression is increased, 
accompanied by decreased expression of ANP 
and α-actinin, and cardiomyocyte hypertrophy 
was inhibited [35].

miR-19a/b inhibits the expression of atroginl 
and Murfl. Atroginl and muscle ring finger pro-
tein (Murf1) are the two common E3 ligases in 
ubiquitination. Atroginl inhibits cardiac hyper-
trophy by inhibiting the expression of calcineurin 
and alpha-actinin. The overexpression of miR- 
19a/b in neonatal mouse cardiomyocytes can sig-
nificantly induce cardiomyocyte hypertrophy. 
The miR-19a/b family directly inhibits the 
expression of atroginl and Murfl, increases the 
expression of CaN, and then activates the CaN- 
NFATs signaling pathway to promote cardiac 
hypertrophy [36].

miR-328 inhibits the expression of Serca2a. 
And the expression of ANP, BNP and β-myosin 
heavy chain (β-MHC) is significantly increased 
in mice with overexpressing miR-328 induced by 
pressure overload. Sarco/endoplasmic reticulum 
Ca2 + -ATPase 2a(ATP2a2 or Serca2a) is respon-
sible for maintaining intracellular Ca2+ balance. 
The expression of miR-328 increased during car-
diac hypertrophy. It can directly act on Serea2a to 
reduce its expression, and increase the intracel-
lular Ca2+ concentration to activate CaN-NFATs 
signaling pathway, then promote cardiac hyper-
trophy [37].

miR-199a inhibits the expression of GSK313. 
Overexpression of miR-199a in neonatal rat can 
increase the size of cardiomyocytes; knocking out 
miR-199a reduces cardiomyocyte hypertrophy 
induced by isoproterenol. In mice with overex-
pressing miR-199a, miR-199a inhibits the expres-
sion of GSK3B by binding to the 3′-UTR terminus 
of GSK3B, which activates the PI3K- AKT- mTOR 
signaling pathway to attenuate autophagy and 
promote cardiac hypertrophy [38].

We also discover the up-regulation of MiR- 
499  in human and mouse hypertrophic hearts. 
Under cardiac stress overload, the expression of 
miR-499 is increased, leading to cardiac malad-
aptation and accelerates the transition to heart 
failure, via Akt and MAPK targeting the cardiac 
kinase and phosphatase pathways [39].

The up-regulated expression of the miR- 
212/132 family results in cardiac hypertrophy, 
heart failure, and death through regulation of 
their target gene FOXO3 and its subsequent alter-
ation of calcineurin-NFAT signaling. Thus, in a 
genetic animal model or animals treated with 
antagomir, the reduction of miR-212/132 inhibits 
cardiac hypertrophic growth [40].

2.3  Controversial microRNA 
in Cardiac Hypertrophy

The role of miR-21 in cardiac hypertrophy is still 
controversial. Studies have shown that the expres-
sion of miRNA-21  in myocardial tissue under 
pressure load continues to increase [41]. In car-
diomyocytes whose miRNA-21 gene is knocked 
out, cell proliferation and embryonic gene 
expression induced by factors that promote car-
diac hypertrophy were both inhibited. MiRNA- 21 
may promote cardiomyocyte proliferation by 
regulating the expression of SPRY2 protein as 
the inhibitor of the mitogen-activated protein 
kinase MAPK [42]. However, in neonatal rat car-
diomyocytes, inhibiting the expression of miR- 
21 can prevent cardiomyocyte hypertrophy 
caused by adrenal and angiotensin 2 [43]. Some 
studies show that, in the regulation of cardiac 
hypertrophy, miR-21 does not directly regulate 
the target but regulate it by an indirect mecha-
nism [44].

3  Long Non-coding RNAs 
in Cardiac Hypertrophy

Long non-coding RNA (lncRNA) is a class of 
pseudogenes (about 200 nucleotides in length) 
that lose the function of protein coding. It belongs 
to the non-coding RNA family and its diversity 
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and complexity in function is determined by its 
high heterogeneity in sequence structure [45]. By 
targeting promoters, enhancers and insulators as 
a cis- or trans- functional regulatory element, 
lncRNA is the central component to regulate and 
modify epigenetics, regulate alleles (genomic 
imprinting) and regulate transcription/transcrip-
tional genes [46]. Studies have found that changes 
in lncRNA structure or expression levels can 
cause many diseases by affecting gene expres-
sions and the regulatory of signaling pathways. 
More and more scholars have begun to study 
long-chain non-coding RNAs that affect myocar-
dial function and value their pathophysiological 
effects in the heart [47].

3.1  Myosin Heavy Chain 
Associated RNA Transcripts 
(Mhrt)

Long non-coding RNA Mhrt is an antisense tran-
script of myosin heavy chain 7(Myh7) [48]. In 
mouse myocardium with Pre-overexpression of 
Mhrt and pathological stimulation, we find the 
progression of cardiac hypertrophy becomes 
slow, suggesting that Mhrt has a protective effect 
on the heart. During this process, Mhrt achieves it 
by inhibiting cardiac stress-activated chromatin 
remodeling factor (Brg1). First, Mhrt recognizes 
the target gene of Brg1 and represses its abnor-
mal gene expression under pathological stimula-
tion (inhibit the pathological conversion of 
α-MHC to β-MHC). At the same time, Mhrt 
inhibits chromatin remodeling by competitively 
inhibiting the combination of chromatinized 
NDA and Brg1, thereby inhibiting cardiac 
hypertrophy.

3.2  Chaer (Cardiac-Hypertrophy- 
Associated Epigenetic 
Regulator)

Chaer affects the function of the PRC2 sequence, 
rendering PRC2 unable to target its genomic 
locus, thereby inhibiting the methylation of his-
tone H3 lysine 27 on the promoter region of 

genes associated with cardiac hypertrophy. 
Studies have shown that, by inhibiting the 
expression of Chaer in the heart, it can signifi-
cantly reduce cardiac hypertrophy and myocar-
dial dysfunction caused by stress stimulation. 
Chaer and PRC2 can be transiently induced to 
interact with each other under the stimulation of 
hormones, which is one of the prerequisites for 
epigenetic reprogramming and related patholog-
ical gene expression in the occurrence of cardiac 
hypertrophy [49].

3.3  Chast (Cardiac-Hypertrophy- 
Associated Transcript)

In a model of cardiac hypertrophy in the mouse 
with thoracic aortic coarctation, the expression 
of Chast in cardiomyocytes is specifically up- 
regulated. The expression of this lncRNA is ris-
ing in cardiac tissue derived from human aortic 
stenosis and cardiomyocytes derived from 
human embryonic stem cell under hypertrophic 
irritation. The overexpression of Chast in cell 
and animal models with cardiac hypertrophy is 
sufficient to induce cardiomyocyte hypertrophy, 
while the silence of Chast can prevent and 
reverse pathological cardiac remodeling induced 
by pressure overload. The mechanism is to acti-
vate Chast by NFST which is the factor of pro-
moting hypertrophic transcrition, and up-regulate 
the expression of the Plekhm1 protein (Plekhm1, 
also known as platelet-leukocyte C kinase sub-
strate) of the autophagy regulator protein family 
M member 1, then block the myocardium cell 
autophagy [50].

3.4  Cardiac Hypertrophy Related 
Factor (CHRF)

The expression of cardiac hypertrophy related 
factor (CHRF) is up-regulated in the mouse heart 
with transverse aortic coarctation and the human 
samples with heart failure, it is also extensively 
expressed in cardiovascular cells and has peculiar 
functions in cardiomyocytes. CHRF induces car-
diomyocyte hypertrophy and apoptosis by acting 
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as a sponge of miRNA-489. By chelating with 
miR-489, CHFR up-regulates its target gene, 
myeloid differentiation primary response gene 
(Myd88), and induces cardiac hypertrophy 
through NFkB pathway [51]. In addition, studies 
have found that CHRF inhibits the expression of 
miR-93 by direct interaction, and the inhibition 
of miR-93 attenuates the anti-hypertrophic 
response mediated by si-CHRF in Iso-treated 
cardiomyocytes. miR-93 blocks the hypertrophy 
induced by Iso, which can be reversed by exoge-
nous overexpression of Akt3 [52]. Study finds 
that the persistent overexpression of Akt3 trig-
gers systolic dysfunction and enhances the sensi-
tivity to injury for heart, ultimately making 
adaptive hypertrophy evolve into maladaptive 
hypertrophy [53]. In summary, at least, CHRF 
promotes cardiac hypertrophy by partially modu-
lating the miR-93 / Akt3 axis in Iso-induced car-
diomyocytes. These studies connect the effects of 
long non-coding RNA, microRNA and its down-
stream target genes, inflammatory signaling 
pathways and so on, by the specific combination 
role of long non-coding RNA, which is the latest 
discovery of the mechanism of cardiac 
hypertrophy.

3.5  Long Non-coding RNA H19

It is up-regulated in the cardiac hypertrophy 
model of mouse with thoracic aortic coarctation, 
and the silence of H19 or microRNA-675 in pri-
mary cardiomyocytes of mouse can both lead to 
cardiomyocyte hypertrophy. The overexpression 
of microRNA-675 can reverse the cell hypertro-
phy induced by the knockdown of H19, but the 
overexpression of H19 and knockdown of 
microRNA-675 can not inhibit cardiomyocyte 
hypertrophy. Thus, it is confirmed that long non- 
coding RNA H19 can inhibit cardiac hypertrophy 
by regulating microRNA-675. And it is deter-
mined that Ca/calmodulin-dependent protein 
kinase IIδ (CaMKIIδ) is the direct target of 
microRNA-675, and partially mediating the 

effect of H19 on cardiomyocyte hypertrophy. It 
reveals a new function of H19-microRNA-675 
axis targeting CaMKIIδ as a negative regulator of 
cardiac hypertrophy, which shows its potential 
therapeutic effects in heart disease [54].

3.6  Long Non-coding RNA ROR 
(Reprogramming Regulator)

Long non-coding RNA ROR, which is up- 
regulated during cardiac hypertrophy, is also 
involved in the occurrence and development of 
cardiac hypertrophy. ROR has been verified to 
regulate reprogramming and inhibit the damage 
from P53 to DNA. Its function is to promote the 
occurrence of cardiac hypertrophy by adsorbing 
microRNA-133 [55].

3.7  Long Non-coding RNA TINCR 
(Terminal Differentiation 
Inducing Non-coding RNA)

TINCR is down-regulated in a mouse model 
with aortic coarctation. While up-regulating 
TINCR can reduce cardiac hypertrophy. It was 
also found that primary cardiomyocyte hyper-
trophy caused by angiotensin II (Ang II) in 
blood culture was associated with the decreased 
expression of TINCR.  TINCR can directly 
combine with EZH2  in cardiomyocytes, and 
EZH2 can directly combine with the promoter 
region of CaMKII, which mediates the modifi-
cation of h3k27me3. So the knock-down of 
TINCR can reduce its combination with EZH2 
and decrease the combination between CaMKII 
promoter and h3k27me3  in cardiomyocytes. 
Furthermore, the enhanced expression of 
TINCR can reduce the expression of CaMKII 
and attenuated cardiomyocyte hypertrophy 
induced by Ang II. TINCR can alleviate cardiac 
hypertrophy by epigenetic silencing of CaMKII, 
which may provide a new therapeutic strategy 
for cardiac hypertrophy [56].

J. He et al.



239

3.8  Long Non-coding RNA HOX 
Transcript Antisense RNA 
(HOTAIR)

HOTAIR facilitates the pathogenic mechanism of 
cardiac hypertrophy mainly by functioning as a 
miRNA sponge to derepress the miRNA target 
mRNAs in the ceRNA regulatory network. It may 
serve as a ceRNA for miR-19 to modulate the 
dis-inhibition of its endogenous target phospha-
tase and tensin homolog (PTEN) and attenuate 
cardiac hypertrophy progress [57].

3.9  Long Non-coding RNA MIAT

LncRNA myocardial infarction-associated tran-
script (Miat), MIAT was upregulated while miR- 
93 was downregulated in cardiac hypertrophy 
induced by Ang-II, and the expressions of the 
hypertrophic markers including ANF and β-MHC 
were increased. Knockdown of MIAT inhibited 
AngII-induced cardiac hypertrophy by decreas-
ing cell surface area and lowering the expressions 
of ANF and β-MHC.  It has been varified that 
TLR4 as a target of miR-93, and MIAT acted as a 
ceRNA to up-regulate TLR4 expression by 
sponging miR-93  in cardiac hypertrophy. The 
over-expression of TLR4 facilitated AngII- 
induced cardiac hypertrophy through PI3K/Akt/
mTOR pathway. Knockdown of MIAT inhibited 
AngII-induced cardiac hypertrophy by regulating 
miR-93/TLR4 axis. It clarifies a potential therapy 
target for cardiac hypertrophy [58]. In addition, it 
was identified that MIAT which was increased in 
AngII-induced cardiac hypertrophy was contrib-
uted to the pathological process of cardiac hyper-
trophy by sponging miR-150 [59].

4  Circular RNAs in Cardiac 
Hypertrophy

Circular RNAs (circRNAs) is a kind of special 
noncoding RNAs (ncRNAs). Unlike linear RNAs, 
circRNAs have a covalently closed circular struc-
ture and, lacking of both 5’ and 3’polarity and a 
poli-A tail [60]. The current study suggests that 

circRNAs have stable structure and high conser-
vation, and have tissue-specific and developmen-
tal stage-specific expression [61]. Studies have 
found that circRNAs have the following func-
tions: the sponge of microRNAs [62, 63]; regulat-
ing cleavage or transcription [64, 65]; regulating 
gene expression by interacting with RNA binding 
proteins (RBPs) [66, 67]. Recently, they have 
been received many attentions in in many pro-
cesses, including ageing, cancer, cardiovascular 
diseases and tissue development [60].

4.1  Heart-Related circRNA (HRCR)

As an endogenous sponge of miR-223, HRCR 
can inhibit cardiac hypertrophy by adsorbing 
miR-223 and inhibiting the action of miR-223. 
miR-223 can induce cardiac hypertrophy by 
modulating the apoptotic repressor with CARD 
domain (ARC). ARC can inhibit cardiac hyper-
trophy, which is high-expressive in myocardium 
and skeletal muscle cells. ARC is a downstream 
target of miR-223. And HRCR inhibits the activ-
ity of miR-223 by adsorbing miR-223, resulting 
in the increased expression of cytoskeleton- 
associated protein ARC which targeting gene 
activity in downstream increased, it is associated 
with mitigating cardiac hypertrophy induced by 
stress overload [62], a novel regulatory pathway 
consisting of HRCR, miR-223 and 
ARC. Regulating their levels provides promising 
therapeutic targets for the treatment of cardiac 
hypertrophy.

4.2  Circular RNA ciRS-7/CDR1as

ciRS-7/CDR1as has the binding sites of miR-7 
up to 70 and can adsorb miR-7 to inhibit its bio-
logical function [62]. miR-7a inhibits cardio-
myocyte apoptosis by inhibiting the expression 
of PARP (poly ADP-ribose polymerase) and tran-
scription factor SP1; ciRS-7 inhibits the action of 
miR-7a by adsorbing it. The up-regulated PARP 
and SP1, which aggravates the apoptosis of myo-
cardial cells after myocardial infarction, can be 
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reversed by the overexpression of miR-7a and 
reduce cardiac hypertrophy [68].

4.3  Circular RNA circ-Foxo3

In the mouse model of cardiac hypertrophy stim-
ulated by doxorubicin, the extremely high expres-
sion of circ-Foxo3 can aggravate myocardial 
lesions induced by doxorubicin, and the inhibi-
tion of circ-Foxo3 expression can inhibit aging of 
mouse embryonic fibroblasts, while the abnor-
mally high expression of circ-Foxo3 can promote 
the aging of mouse embryonic fibroblasts. Circ- 
Foxo3, which is mainly distributed in the cyto-
plasm, takes effect by combining with the 
aging-related proteins ID-1, E2F1 and stress- 
related proteins FAK and HIF1α. The expression 
of ID-1, E2F1, FAK, and HIF1αis inhibited by 
the up-regulation of circ-Foxo3. The decreased 
expression of these anti-aging proteins can accel-
erate myocardial cell aging. However the down- 
regulation of circ-Foxo3 can inhibit 
cardiomyocyte and apoptosis again, and can 
reduce cardiac hypertrophy [69].

5  Other Non-coding RNAs 
in Cardiac Hypertrophy

A new class of small RNAs, tRFs (tRNA-derived 
fragments), are produced by stress-released ribo-
nuclease cleaves mature tRNA into fragments. 
Study has been reported that lots of stress condi-
tions can specifically induce tRNA cleavage [70]. 
Besides, tRFs could function as a paternal epi-
genetic factor in sperm, and mediate the intergen-
erational inheritance of paternal disease [71]. 
Other studies also revealed that tRFs could serve 
as small interfering RNA that modulated diverse 
biological processes [72]. In a model of typical 
cardiac hypertrophy induced by isoproterenol, 
the tRFs were extremely enriched (84%) in the 
hypertrophic heart. tRFs1 and tRFs2 overexpres-
sion would both increase cardiomyocytes area 
and elevation the expression of hypertrophic 
markers (ANF, BNP, and β-MHC) through target 
3’UTR of Timp3. Besides, tRFs1, tRFs2, tRFs3, 

and tRFs4 were highly expressed in Hyp F0 
sperm and in Hyp F1 offspring hearts. Compared 
to Con F1 offspring, Hyp F1 offspring had ele-
vated expression levels of β-MHC and ANP 
genes, as well as increased cardiac fibrosis and 
apoptosis. These data revealed that tRFs are 
involved in regulating the response of myocardial 
hypertrophy. Also, tRFs might serve as novel epi-
genetic factors that contribute to the intergenera-
tional inheritance of cardiac hypertrophy [73].

6  Intercellular Delivery of Non- 
coding RNA in Cardiac 
Hypertrophy

Different Cell types cross-talk with each other 
and create specific microenvironments to share 
resources that are essential to maintain homeo-
stasis and respond to external stimuli. To gain 
deep views into the molecular mechanisms 
underlying pathological cardiac hypertrophy, the 
contribution of cell to cell communication in the 
heart related to this process must be taken into 
consideration. More researches have been 
focused on extracellular vesicles (EVs) that allow 
long-range cellular communication. EVs are 
secreted by cells and act as transport vehicles for 
a lot of small molecules like mRNA, miRNAs, 
lncRNAs, small amounts of DNA, as well as low 
molecular weight lipids and proteins [74, 75]. 
EVs can be classified in three different sub-
groups: microvesicles (MVs) (0.1–1  μm), exo-
somes (20–100 nm) and apoptotic bodies (ABs) 
(0.5–2 μm). All major cardiac cell types, includ-
ing cardiomyocytes, endothelial cells and fibro-
blasts, can release exosomes to modulate 
recipient cellular functions under physiological 
and pathological conditions, and might hence be 
involved in the process of cardiomyocyte 
hypertrophy.

6.1  Cardiomyocytes 
and Endothelial Cells

In the heart, cardiomyocytes-derived exosomes 
can lead to different metabolic functions when 
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taken in by different cells [76]. In the glucose 
deprivation conditions, both the number and the 
contents of cardiomyocytes secreted exosomes 
are markedly differing from the normal glucose 
conditions [77]. Cardiomyocytes can exchange 
the exosomes’ content with the recipient cells 
and therefore affecting their angiogenesis. 
Besides, in starved conditions, on one side, a 
class of miRNAs which have pro-angiogenic 
effects are enriched in exosomes derived from 
starved conditions in ECs. On the other side, car-
diomyocytes could also absorbed ECs secreted 
exosomes and subsequently affect their physio-
logical functions and responsive mechanisms to 
stress. As in women suffered from peripartum 
cardiomyopathy (PPCM), the anti-angiogenic 
16-kDa  N-terminal prolactin fragment (16  K 
PRL) acts on ECs, inducing the release of miR- 
146a- enriched exosomes. These released exo-
somes could be absorbed by cardiomyocytes, and 
consequently, increased miR-146a will affect the 
physiological metabolism of cardiomyocytes, 
leading to the development of hypertrophy [78].

6.2  Cardiac Fibroblasts 
and Cardiomyocytes

Fibroblasts would secrete exosomes to induce the 
expression of angiotensin and its receptor (AT1R 
and AT2R) in cardiomyocytes while stimulated 
with angiotensin II.  These could finally cause 
hypertrophic cell growth. Therefore, AT1R and 
AT2R antagonists or with exosome inhibitors 
could both attenuate this exosome-induced effect. 
Besides, fibroblasts can cross-talk with cardio-
myocytes via paracrine effects. Specifically, 
release the exosomes which contain the passen-
ger strand of miR-21 (miR-21∗) and absorbed by 
cardiomyocytes. In cardiomyocytes, miR-21∗ 
induces cardiac hypertrophy by down-regulating 
sorbin and SH3 domain containing 2 (SORBS2) 
or PDZ and LIM domain 5 (PDLIM5), both 
involved in regulation of cardiac muscle structure 
and function [79].

6.3  Immune Cells 
and Cardiomyocytes

Mir-155 has been demonstrated to modulate 
pathological cardiac hypertrophy, while miR-155 
knockout mice could prevent mice hearts from 
this pathological process. It has been reported 
that this benefit effect are due to the decreased 
miR-155 level in macrophages rather than in car-
diomyocytes [80]. miR-155-deficient macro-
phages could prevent this hypertrophic phenotype 
through a paracrine effect.

7  Perspective

Cardiovascular disease (CVD) is a common dis-
ease which poses a serious threat to human health 
and it is characterized by high prevalence, high 
disability and high mortality. It imposes a heavy 
burden on society and family. Myocardial hyper-
trophy (MH) is a common pathological process 
of various cardiovascular diseases and is consid-
ered to be an independent risk factor for increased 
cardiovascular morbidity and mortality. 
Therefore, understanding its pathological mecha-
nism and treatment is particularly important. 
However, the pathogenesis of cardiac hypertro-
phy is complicated, and there is still no thorough 
research.

In recent years, ncRNAs have been reported to 
take important parts in pathophysiological pro-
cesses, and abnormal expression of ncRNAs in 
different cardiac cell types being associated with 
many cardiovascular abnormalities. The types of 
ncRNAs involved in different kind of cardiovas-
cular disease are not unique. Different cardiovas-
cular diseases may also be regulated by the same 
ncRNAs. Extracellular vesicles (EV) secreted by 
cells play an important role in cell-to-cell com-
munication. A more detailed understanding of 
the relationship between ncRNAs can help us 
find the key ncRNAs of this network of action, 
provide a target for precise treatment, and may 
also become a marker for clinical disease diagno-
sis, reflecting the progress of the disease earlier 
and more accurately. NcRNAs have promising 
therapeutic potential. Using antisense oligonu-
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cleotides to inhibit the ncRNAs may bring hope 
to the treatment of the disease, but currently the 
technical means are still immature, and there are 
still some problems left to be solved. There are 
many factors regulating the development of car-
diac hypertrophy, and NcRNAs are only a part of 
them. There are also mutual promotions or inhi-
bition between ncRNAs with other molecules. 
Defining these relationships will inspire us to 
understand the mechanism of cardiac hypertro-
phy better, and it also will be beneficial to pro-
vide a sufficient theoretical basis for clinical 
diagnosis and treatment.
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Aging
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Abstract
Aging is an important risk factor for cardio-
vascular diseases. Aging increasing the mor-
bidity and mortality in cardiovascular disease 
patients. With the society is aging rapidly in 
the world, medical burden of aging-related 
cardiovascular diseases increasing drastically. 
Hence, it is urgent to explore the underlying 
mechanism and treatment of cardiac aging. 
Noncoding RNAs (ncRNAs, including 
microRNAs, long noncoding RNAs and circu-
lar RNAs) have been reported to be involved 
in many pathological processes, including cell 
proliferation, cell death differentiation, hyper-
trophy and aging in wide variety of cells and 
tissues. In this chapter, we will summarize the 
physiology and molecular mechanisms of car-
diac aging. Then, the recent research advances 
of ncRNAs in cardiac aging will be provided. 
The lessons learned from ncRNAs and cardiac 

aging studies would bring new insights into 
the regulatory mechanisms ncRNAs as well as 
treatment of aging-related cardiovascular 
diseases.

Keywords
Cardiac ageing · miRNA · Long noncoding 
RNA · Circular RNA

1  Introduction

Aging is a main factor for cardiovascular dis-
eases. It has been reported that the incidence of 
myocardial infarction, cardiac hypertrophy, atrial 
fibrillation and coronary arteriosclerosis were 
dramatically increased with aging [1–3]. Besides, 
myocardial structure and function changed with 
ageing always accompanied with pathological 
conditions, such as aortic stiffening, atrial 
enlargement, loss of myocytes, pathological 
hypertrophy and proliferation of cardiac fibro-
blasts [4]. Additionally, aged heart making it 
more sensitive to cardiovascular risk factors [5, 
6]. Therefore, exploring the molecular mecha-
nism of cardiac aging is helpful to prevent cardio-
vascular risk and reveal the occurrence of 
cardiovascular diseases.

Along with transcriptomics, next generation 
sequencing and bioinformatics development, the 
concept that proteins were the main regulators in 
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gene expression regulation has been updated in 
the past two decades. Only 2% of the transcribed 
genomic DNA can be translated into protein, 
mostly of the transcripts can’t translatable, which 
were known as noncoding RNAs (ncRNAs). 
NcRNAs have been shown to be involved in 
almost all physiological and pathological pro-
cesses of heart. In this chapter, we will summa-
rize (1) the physiology and molecular mechanisms 
of cardiac aging, (2) the function of ncRNAs in 
cardiac aging.

2  Cardiac Ageing

Cardiac aging is a heterogeneous process which 
is characterized by damaged genomic DNA, 
shortened telomere length, altered epigenetic 
modifications, as well as accumulated senescent 
cells [7].With the growth of age, the performance 
of the heart gradually decline, thus, the structural 
and functional capacity of the heart would be 
impaired, which is the mainly inducing factor of 
cardiovascular disease in elderly. Cardiovascular 
disease is the major reason of death in the west-
ern world. Recent statistical study has reported a 
171% increase in cardiovascular deaths among 
patients ages 65–85 [8]. The physiological 
changes of cardiac aging mainly include left ven-
tricular hypertrophy, diastolic dysfunction, valve 
degeneration, increased cardiac fibrosis, 
increased prevalence of atrial fibrillation, and 
decreased maximum exercise ability [9]. 
Although the phenotype of heart aging can be 
well characterized, the study on the molecular 
mechanism of heart aging is just beginning. Here, 
we mainly focus on the physiological change and 
molecular mechanism of cardiac aging in view of 
the recent research progress, and provide new 
treatment opportunities for age-related cardio-
vascular diseases.

2.1  Physiology of Cardiac Aging

2.1.1  Ventricular Changes
Increased left ventricular thickness is an impor-
tant factor for cardiovascular disease. According 

to the Framingham Heart Study and the Baltimore 
Longitudinal Study of aging, left ventricular wall 
thickness significantly increased with age in both 
men and women regardless of whether they pre-
viously had hypertension. Caused by decreased 
ventricular elasticity, fibrosis and delayed ven-
tricular active diastole, left ventricular filling in 
early diastole may gradually weaken in elderly. 
Moreover, the decreased rate of calcium ATPase 
calcium reuptake in myocardial reticulum will 
further aggravate this damage. As a result, in 
order to maintain the filling of left ventricle with 
increase of age, atrial contraction gradually 
increases, leading to increased atrial pressure, 
which is not benefit to hypertrophy and increases 
the incidence of atrial fibrillation [1, 2, 10]. 
Studies have shown that, the ratio of early (E) and 
late (A) diastolic left ventricular filling decreased 
in elderly people [11, 12], which is clinically 
defined as cardiac diastolic dysfunction [13] In 
addition, cardiac aging also leads to a decrease in 
maximal heart rate and induces a range of cardio-
vascular diseases [14, 15].

2.1.2  Valvular Changes
Echocardiography revealed that 30–80% of the 
elderly had aortic valve sclerosis [16–18], mainly 
including aortic lobular calcification and aortic 
ring [19, 20]. Valve sclerosis are age-related 
valve lesions which include myxomatosis degen-
eration and collagen deposition. Elderly patients 
with cardiac hypertrophy, hyperlipidemia, hyper-
tension, end-stage renal disease, and congenital 
bicuspid aortic valve have an increased risk of 
cardiovascular disease and mortality compared 
with their peers [21–24].

The prevalence of aortic stenosis increased 
with age. Fibrosis and valve calcification can lead 
to aortic stenosis [21]. In order to maintain ade-
quate systolic function, left ventricular wall 
thickening enables effective pumping of blood, 
while excessive left ventricular wall thickening 
causes left ventricular dilatation, result in systolic 
function. In addition, with age, aortic valve insuf-
ficiency, blood flows from the aorta to the left 
ventricle, resulting in increased left ventricular 
volume, accounting for 13–16% of the elderly 
with aortic regurgitation [17].
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Mitral annular calcification (MAC) is a degen-
erative disease involving the mitral annulus. 
MAC patients often suffer from a complications, 
such as hypertension, aortic stenosis, mitral valve 
prolapse, heart failure, atrial fibrillation, and so 
on [25, 26]. Besides, mitral regurgitation is 
another common abnormality in the elderly. 
Mitral regurgitation happens when the mitral 
valve does not seal tightly, causing blood to flow 
back to the heart, resulting in insufficient blood 
flow. Two major causes of mitral regurgitation 
are myxomatous degeneration and ischemic heart 
disease [27]. Changes in central ventricles and 
valves during cardiac aging result in cardiac 
functional impaired and more likely to develop-
ment into heart failure [14]. Which makes the 
elderly heart more sensitive to risk factors, lead-
ing to cardiovascular mortality in the elderly 
population.

2.2  Molecular Mechanisms 
of Cardiac Aging

2.2.1  Nutrition and Growth Signaling
There are many cell signaling regulators involved 
in the process of heart failure, many of which are 
associated with cardiac hypertrophy. Insulin-like 
growth factor-1 (IGF-1) is an important signaling 
pathway participate in this process [30, 31], 
Normally, depression of IGF-1 level can lead to 
heart failure, which may be reduced if drugs are 
used to increase IGF-1 levels in the body [32–
34]. At the same time, IGF-1 can weaken the oxi-
dative stress response in the organ, making it less 
sensitive [28]. Therefore, IGF-1 pathway can be 
an effective target to ameliorate cardiac function 
[35, 36], Another important cell signaling regula-
tor in the heart failure process is 
mTOR. Overexpression of eIF4E in this signal-
ing pathway can lead to impairment in cardiac 
function. Therefore, the mTOR/eIF4E signaling 
pathway also a great influence on the aging pro-
cess of the heart [29].

SIRTs are a conserved family of NAD+-
dependent deacetylases (class III histone deacet-

ylases). Additional copies of the Sirt gene in 
fermentation were associated with increased 
longevity [29–31]. There are seven SIRTs sub-
types in mammals, sirt1-7. Sir2 controls the 
extension of replication life under the effect of 
DR (decreased glucose) [32, 33]. Mice lacking 
SIRT1 showed shorter life span compared with 
peers. In addition, SIRTs also taken important 
regulatory role in mitochondria of cardiomyo-
cytes. Sirt3 was reported expression decreases 
with age in people who have been sedentary for 
a long time, and can be increased after endur-
ance training [34]. The low to medium expres-
sion of Sirt1  in the heart can reduce the age 
dependence of cardiac hypertrophy, cardiac dys-
function and aging markers. Besides, SIRT3 
knockout showed signs of accelerated aging, 
including myocardial hypertrophy and acceler-
ated fibrosis [35]. Increased SIRT3 expression 
was associated with longer human lifespan [36]. 
SIRTs are involved in nutritional signal trans-
duction and epigenetic regulation of histone 
deacetylation and DNA expression directly 
related to cardiac aging. This is consistent with 
the growing recognition of the epigenetic modi-
fications in aging [37] and cardiovascular dis-
ease [38]. DNA hypomethylation is link with 
cardiovascular disease risk [39].

2.2.2  Abnormal Mitochondrial 
Function

Studies have been suggested that the accumula-
tion of mitochondrial reactive oxygen species 
(ROS) would cause damage of mitochondrial 
DNA and proteins, leading to dysregulation of 
cellular activity, organ dysfunction, and ulti-
mately limiting health and lifespan [40]. Besides, 
ROS production in the heart increases signifi-
cantly in age [41]. Mitochondrial ROS can lead 
to mitochondrial dysfunction and cardiomyopa-
thy in the elderly [42, 43]. In addition, abnormal 
overexpressed catalase-targeted mitochondria is 
clearly detected in the aging heart of mice, which 
is the most direct evidence of mitochondrial oxi-
dative damage leading to cardiac aging. 
Therefore, decreasing mitochondrial oxidative 
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damage is one of the important strategies to pre-
vent heart aging. Further studies have shown that 
peroxisome proliferator-activated receptor 
gamma coactivator 1α (PCG-1α) is a major mol-
ecule in regulating mitochondrial function. 
Overexpression of PCG-1α can ameliorate the 
function of mitochondrial in the myocardium. 
Thus, interfering PCG-1α expression might be an 
effective way to alleviate the occurrence of mito-
chondrial oxidation [44]. Knockout PCG-1α in 
mice, the mitochondrial gene expression was 
reduced but developed cardiac dysfunction [45]. 
In adult mice, PCG-1α overexpression was 
directly associated with cardiomyopathy [46].

Some studies have shown that mitochondrial 
dysfunction increases with age, which is associ-
ated with abnormal production of mtROS [42, 
43, 47]. For example, reduced mitochondrial oxi-
dative phosphorylation is associated with reduced 
activity of electron transport complexes I and IV, 
while compounds II, III, and V are relatively 
unaffected [48]. Damage to electron transport 
function may be result in increased electron leak-
age and mtROS generation. Mitochondrial 
energy dysfunction resulting from mitochondrial 
decoupling, decreased substrate availability [49] 
and increased mitochondrial DNA deletion have 
been demonstrated in human and experimental 
heart failure animals [50, 51].

2.2.3  Neurohormonal Regulation
Renin-angiotensin aldosterone system (RAAS) is 
an important system regulating hypertension and 
is associated with cardiovascular disease and 
age-related failing in cardiac function [52]. The 
concentration of Ang II in the heart significantly 
increased with age, and many structural, func-
tional and molecules alterations consistent with 
the action of Ang II were found in the elderly 
heart [12, 53]. Inhibitor captopril or angiotensin 
receptor I inhibitor could reduce myocardial 
fibrosis and fibrosis-related arrhythmias in older 
mice [54]. And destroy angiotensin receptor type 
I would extend the lifespan [55]. RAAS is associ-
ated with tissue aging in a variety of tissues. Such 
as in kidneys, angiotensin blocking was benefi-
cial for kidney aging [56].

Epinephrine have adverse effects on cardio-
vascular health. β-adrenergic signaling pathway 
is associated with aging, and adenylate cyclase 5 
can significantly improve the effects of age- 
related cardiac dysfunction, and lifespan [57–59]. 
With increasing evidence supporting that the 
important role of epinephrine is mediated by 
mitochondrial ROS [60]. The increase of ROS 
plays an important role in β adrenalin. Although 
β-adrenergic antagonists are commonly used in 
heart disease [61], their effect on longevity has 
not been evaluated. To determine a safety and 
effective approach, these inhibitors are combined 
with other signaling pathways inhibitors for max-
imum positive effect.

Insulin-like growth factor (IGF) signaling is 
another important element of longevity. Lack of 
the insulin-like receptor extends the lifespan of 
mammals [62, 63], and could reduce the specific 
benefits of the IGF-1 signaling pathway for heart 
aging in mouse models [64, 65]. Unfortunately, 
the role of IGF-1 signaling in human heart aging 
is complex. IGF-1 levels significantly decreased 
with age, and in elderly patients without a history 
of heart disease, low serum IGF-1 levels are asso-
ciated with an increased risk of heart failure [66]. 
In growth hormone therapy, IGF-1 pathway was 
proposed to be beneficial for heart failure patients 
[67]. Insulin activates a phosphorinosine-3- 
kinase (PI3K) signaling cascade that phosphory-
lates and activates AKT.  Activated AKT is 
transferred into the nucleus, and then inhibit the 
transcription activity of FOXO by phosphoryla-
tion. In the heart, the FOXO family is link with 
oxidative stress [68], metabolic regulation [69], 
and apoptosis [70]. FOXO transcription factor 
has an anti-aging effect, therefore, inhibiting 
insulin signaling or overexpression of FOXO can 
prevent cardiac function from declining with age-
ing [65].

3  Noncoding RNAs (ncRNAs)

In the early of the molecular biology, RNA was 
divided into two groups: protein-coding RNAs 
and functional RNAs, such as ribosomal RNAs 
(rRNAs), small nuclear RNAs (snRNAs), small 
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nucleolar RNAs (snoRNAs), and transfer RNAs 
(tRNAs). With the development of transcriptome, 
especially the innovation of RNA-sequencing, 
more and more ncRNAs have been discovered. 
The study of RNAs from protein-coding RNAs to 
ncRNAs. Many ncRNAs, demonstrated new reg-
ulatory function. Considering the complexity of 
such ncRNAs in structures, genomic orientation, 
function, cellular localization, or other emerging 
criteria, a simple and common ncRNAs classifi-
cation was needed to be raised. The most well- 
accepted classification model was based on the 
length of RNA: (1) small RNAs, the transcripts 
are shorter than 200  nt, including microRNAs 
(miRNAs, miRs). (2) long noncoding RNAs 
(lncRNAs), the transcripts are longer than 200 nt. 
In addition, a class of special lncRNA, circular 
RNA (circRNA), which is covalently closed, 
single- stranded RNA molecules, recently 
obtained much attention. These ncRNAs display 
distinct temporal and spatial expression patterns, 
and almost involved in all biological processes 

[71]. As details of the impact of ncRNAs on 
molecular and cellular processes are becoming 
better understood, their roles in aging-associated 
physiologic processes and disease conditions are 
also starting to emerge. Some ncRNAs have a 
connection between cardiac aging (Fig.  14.1). 
The research of ncRNAs in aging-associated 
heart dysfunction provides new perspective in 
deeper insights into disease mechanisms and 
innovative therapeutic strategies.

4  MiRNAs in Cardiac Ageing

MiRNAs are single-stranded RNAs ~22  nt in 
length and found in both the intergenic and cod-
ing regions of the genome. The primary miRNAs 
(pri-miRNAs) are transcribed from both intronic 
and exonic regions by RNA polymerase II. Then 
the pri-miRNAs are processed to precursor miR-
NAs (pre-miRNAs) in nucleus by Drosha and 
DGCR8. The pre-miRNAs were stem-loop 

Fig. 14.1 Noncoding 
RNAs in cardiac ageing
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 structures with ~70  nt long. The pre-miRNAs 
exported to cytoplasm from nucleus with the 
assistance of exportin-5. In cytoplasm, the stem-
loop structures cleaved by Dicer and turn into a 
mature miRNAs with ~22 nt length. Classically, 
miRNAs repress the expression of their target 
mRNA by binding to the specific untranslated 
regions (UTRs) based on complementary base 
pairing. The single stranded miRNA, associated 
with Ago, assembled into the RNA-induced 
silencing complex (RISC), miRNA–RISC com-
plex induces translation inhibition and mRNA 
degradation, result in mediates post-transcrip-
tional repression of a target mRNA. In this mode, 
miRNAs can regulate all physiological and path-
ological processes.

Some miRNA arrays or miRNA profiling 
were performed to identify the dysregulated 
miRNAs in the hearts of young and aged mice. 
65 miRNAs changed over 1.5-fold in aged heart, 
among them, 34 miRNAs were up-regulated 
while 31 were down-regulated [72]. Addition, the 
expression of the miRNA machinery proteins 
Ago1 and Ago2 were also found to be increased 
with age, and synergistically induced miR-21 and 
miR-21∗ in ageing. MiR-21was involved in myo-
cardial diseases [73]. MiR-21 was up-regulated 
in left ventricular myocardium, myocardial 
hypertrophy and failing human left ventricular 
myocardium. Also, miR-21 was enriched in 
fibroblasts, and increased in fibroblasts of failing 
heart, inhibiting ERK-MAP kinase pathway via 
inhibiting Spry1. Inhibiting miR-21 by antagomir 
in  vivo could reduce fibrosis and attenuate car-
diac dysfunction. Interestingly, miR-21 was also 
found to be increased in 15-month old mice com-
pared with 2-month old mice [74]. Overexpression 
of miR-21 promoted Dox-induced cardiomyo-
cytes, whereas miR-21 knockout mice demon-
strated the ability of resist to Dox-induced cardiac 
alterations. Mechanistically, PTEN was a target 
gene of miR-21 involved in D-gal and Dox- 
induced cardiac senescence.

From another miRNA profiling, Reinier 
A. Boon found that miR-34a was up-regulated in 
ageing heart, and significantly correlated with 

age in human heart biopsies [75]. Inhibit the 
expression of miR-34a would prevent age-related 
and myocardial infarction-induced cardiomyo-
cytes death and improve cardiac function. Pnuts 
was the target gene of miR-34a that mediated 
age-induced cardiac cell death and functional 
decline. miR-34a has also been reported to be 
involved in the repair and regeneration of myo-
cardial infarction in neonatal mice, increasing the 
level of miR-34a could suppress the neonatal car-
diomyocytes reentry into cell cycle and reduce 
the survival rate of neonatal cells [76]. Also, 
miR-34a has been reported to mediate a variety 
of myocardial injuries [77–80]. Some new thera-
pies have been developed by inhibiting the 
expression of miR-34a, such as miRNA sponges 
and drug interventions [81, 82]. In addition, miR- 
22 was also found to be elevated in 19 months old 
mice [83]. Overexpression of miR-22 would 
induce cellular senescence and promote migra-
tory activity of cardiac fibroblasts via inhibiting 
mimecan.

Accumulation of the extracellular matrix 
(ECM) are recognized as a key feature of cardiac 
ageing [84]. miR-17-92 cluster has been proved 
taken the crucial role in regulating matrix genes 
in ageing cell [85]. Among them, miR-18 and 
miR-19 were down-regulated in ageing induced 
heart failure and regulated the fibrosis in ageing 
cardiomyocytes through miR-18/19- CTGF/
TSP-1 axis [86] MiR-17, another member of 
miR-17-92 cluster, was also reported to partici-
pate in cardiac ageing [87]. Unlike miR-18 and 
miR-19 mainly expressed in cardiomyocytes, 
miR-17 was expressed in ageing cardiac fibro-
blasts and inhibited the cellular senescence and 
apoptosis of fibroblasts via targeting par4. 
Furthermore, miR-17 transgenic mice suppressed 
mouse cardiac senescence. Additionally, TGFβ- 
Smad signaling is one of the prominent pathways 
both involved in fibrosis and senescence [88–91] 
TGFβ-Smad regulates expression of miR-29 
(miR-29a, miR-29b and miR-29c), which medi-
ated the reduction of H4K20me3 through target-
ing Suv4-20  h, leading to premature cellular 
senescence and cardiac dysfunction [92].
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5  Long Noncoding RNAs 
in Cardiac Ageing

LncRNAs are defined as being ncRNA sequences 
of >200 nucleotides. LncRNAs are transcribed 
by RNA polymerase II or III, may be multi- 
exonic, 5′-capped, and poly-adenylated. 
According to their genomic location, lncRNAs 
have been classified into six categories, which is 
intergenic, intronic, bidirectional, enhancer, 
sense, and antisense lncRNAs. LncRNAs local-
ized in the nucleus or cytoplasm where they may 
regulate gene expression at transcriptional or 
posttranscriptional levels, respectively. Briefly, 
when lncRNA located in nuclear, the regulated 
models of lncRNA acted as signal, decoy, guide, 
scaffold or enhancer [93]. While the cytoplasm- 
localized lncRNAs were usually mediates the sta-
bility the ribonucleoprotein complexes and 
mRNA, as well as sponge miRNAs [94]. 
Especially, some lncRNAs hold the ability to 
encode small peptides, such as LINC00961, 
LOC100507537 (NONMMUG026737  in mice) 
and LINC00948 (2310015B20Rik in mice) [95–
97]. LncRNAs extensively participates in physi-
ological processes such as cell proliferation, 
hypertrophy and metabolic regulation. The dys-
function of lncRNA is closely related to the 
occurrence of tumors and other diseases [98–
102]. Specifically, SAL-RNA1, H19 and lncRNA 
Chronos involved in regulating senescence [103–
105]. However, there are few studies on lncRNA 
in cardiac aging have been reported.

Detected by lncRNA/mRNA microarray, a 
total of 1957 lncRNAs and 984 mRNAs were 
found to be uniquely differentially expressed 
between young and aged heart tissue. Among 
then, lncRNA (ENSMUST00000134285) was 
increasing in aged heart as well as aged cardiac-
myocytes. Overexpression of lncRNA 
(ENSMUST00000134285) significantly reduced 
cardiomyocyte apoptotic. LncRNA 
(ENSMUST00000134285) was co-expressed 
with MAPK11 and promoted MAPK11 via miR- 
760 [106]. Besides, lincRNA-p21 was investi-
gated in Dox-induced cardiomyocytes 
senescence. Knockdown of lincRNA-p21 was 
significantly increased the cellular viability and 

decreased the cell cardiomyocytes senescence 
via regulation of senescence-related genes p53 
and p16. Furthermore, the pro-senescent effect of 
lincRNA-p21 via Wnt/β-catenin signaling path-
way [107].

6  Circular RNAs in Cardiac 
Ageing

Circular RNAs (circRNAs) is a special type of 
lncRNAs. They are generated from either intron 
or exon. Its specialty lies in forming a loop with-
out 5′-3′ polarity or polyadenylated tail through 
back splicing of the 5′ and 3′ ends after tran-
scribed from genomic DNA.  The regulation 
mechanisms of circRNAs have been revealed by 
increasing studies. Such as miRNA sponges, 
binds to RNA binding proteins (RBPs), competes 
with canonical pre-mRNA splicing in gene regu-
lation, and translated [108]. CircRNAs have been 
identified as crucial regulators of diverse cellular 
processes [109]. Only one circRNA was reported 
to involved in cardiac senescence so far [110]. 
Circ-Foxo3 was found to be up-regulated in old 
heart patients, older mice and H2O2 treated pri-
mary cardiomyocytes. In Dox-induced cardio-
myopathy, in vivo overexpression of circ-Foxo3 
could worsen the heart function, myocardial 
hypertrophy and myocardial fibrosis, whereas 
repressed circ-Foxo3 would reverse that. Also, 
in  vitro, circ-Foxo3 overexpress could worsen 
cellular senescence independent of linear Foxo3. 
Specifically, circ-Foxo3 could bind to senescence- 
related proteins ID1 and E2F1, and stress-related 
proteins HIF1a and FAK in cytoplasm. Result in 
its associated proteins arrest in cytoplasm and 
abolished the transcriptional regulation, and 
induced cellular senescence in heart.

7  Conclusion

With elderly population in the world increases, 
ageing-related diseases are attracting more and 
more attention. Aging increases the risk of car-
diovascular disease, thus there is an urgent need 
to reveal the underlying mechanisms of cardiac 
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ageing. As we discussed here, some ncRNAs 
have been reported to involved in cardiac ageing. 
However, the researches focus on cardiac ageing 
obviously fewer and more efforts definitely need 
to be taken. Besides, the circulating ncRNA 
(miRNAs, lncRNAs and circRNAs) have been 
proposed to serve as biomarkers in many dis-
eases. Unfortunately, there is no research on car-
diac ageing so far. Further studies taken into this 
aspect should be of great interests. In conclusion, 
ncRNAs have been demonstrated to be excellent 
therapeutic targets in many diseases, and more 
depth and extensive investigations in cardiac age-
ing should be of great significant.
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Abstract

The Ischemic Heart Disease (IHD) is consid-
ered a clinical condition characterized by 
myocardial ischemia causing an imbalance 
between myocardial blood supply and 
demand, leading to morbidity and mortality 
across the worldwide. Prompt diagnostic and 
prognostic represents key factors for the treat-
ment and reduction of the mortality rate. 
Therefore, one of the newest frontiers in car-
diovascular research is related to non-coding 
RNAs (ncRNAs), which prompted a huge 

interest in exploring ncRNAs candidates for 
utilization as potential therapeutic targets for 
diagnostic and prognostic and/or biomarkers 
in IHD. However, there are undoubtedly many 
more functional ncRNAs yet to be discovered 
and characterized. Here we will discuss our 
current knowledge and we will provide insight 
on the roles and effects elicited by some 
ncRNAs related to IHD.
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Abbreviations

AGO Argonaute
AMI acute myocardial infarct
BNIP3 Bcl2 interacting protein 3
CVD Cardiovascular Disease
DGCR8 DiGeorge critical Region 8
ENCODE Encyclopedia of DNA elements
GLP-1 glucagon like peptide 1
HGNC Hugo Gene Nomenclature 

Committee
H/R hypoxia/reoxygenation
IHD Ischemia Heart Disease
lncRNAs long non-coding RNAs
miRISC miRNA-induced silencing complex
miRNAs microRNAs
ncRNAs non-coding RNAs
NRF necrosis related factor
PARP peroxisome proliferator activated 

receptor
PDCD4 programme cell death 4
piRNAs piwi-interacting RNAs
pri-miRNA primary-miRNAs
ROS reactive oxygen species
siRNA silencing RNAs
SIRT1 sirtuin-1
snoRNAs small nucleolar RNAs
STEMI ST Elevation myocardial infarct

1  Introduction

Ischemic Heart Disease (IHD) is the leading death 
cause in the western countries, which happens 
when the heart became unable to pump blood 
properly due to myocardial damage provoked by 
ischemia. Ischemia is mainly caused by the inter-
ruption of heart blood flow, which leads to heart 
infarcts [1–3]. During short ischemia and despite 
of the decrease in oxygen supply, there is a revers-
ible loss of cardiac contractile function. However, 
when ischemia is sustained for a prolonged period, 
there is an irreversible cardiac muscle damage 
resulting in adverse cardiac remodeling [1]. 
Remodeling is primarily achieved by myocardial 
fibrosis resulting in decreased cardiac function, 
impairment of cardiac conduction system and at 
last arrhythmia. Actually, prompt and rapid myo-

cardial reperfusion reduces significantly myocar-
dial infarct size and improves clinical outcome 
[4]. Paradoxically, the subsequent reperfusion 
also activates various injury responses and tissue 
lesions. This phenomenon is known as Ischemia 
and Reperfusion (I/R) injury [4]. The absence of 
oxygen and nutrients during ischemia causes met-
abolic and biochemical changes. Furthermore, 
reperfusion provokes calcium overload, oxidative 
stress, mitochondrial dysfunction and activation 
of apoptotic and autophagy pathways, which 
worsen the cardiac remodeling [5–7].

Current therapeutic strategies applied in the 
treatment of myocardial infarction have effec-
tively lowered early mortality from 
IHD. However, significant number of myocardial 
infarcted patients still suffers from the adverse 
left ventricular remodeling and further heart fail-
ure progression. For this reason, a better under-
standing of the pathophysiology of IHD and 
novel therapeutic strategies to provide more 
effective monitoring of disease progression are 
eagerly needed. Non-coding RNAs (ncRNAs) 
represent one of the increasing areas in the car-
diovascular research field [8, 9]. There are differ-
ent types of ncRNAs according to their sequences 
length: silencing RNA (siRNAs), small nucleolar 
RNAs (snoRNAs), microRNAs (miRNAs), long 
non-coding RNAs (lncRNAs), and the latest 
Piwi-interacting RNA (pi-RNAs) [10, 11].

There are increasing amount of studies of 
ncRNAs in recent years explained by the amount 
of biological functions and pathologies where 
ncRNAs seem involved [12–14]. In heart, 
ncRNAs regulate a plethora of cellular pro-
cesses, including cardiomyocyte apoptosis, 
necrosis and fibrosis [15, 16]. They have been 
related to different Cardiovascular Diseases 
(CVD) processes such as atherosclerosis, I/R 
injury and myocardial infarction. ncRNAs are 
also examined as sensitive biomarkers for IHD 
that will allow early prognostic of patients with 
high risks of post- infarction remodeling and 
malfunction of the left ventricle [9, 17]. 
Currently, an extensive list of cardiovascular 
ncRNAs as well as mRNA targets have been 
reported. In this review, we will discuss the most 
relevant ncRNAs involved in I/R and 
cardioprotection.
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2  Classification, Synthesis 
and Regulation of Non- 
coding RNAs

Until 1970s, central dogma of molecular biology 
established RNA as an intermediate in the pro-
cess of protein translation from genes encoded in 
DNA [18]. Later on, this idea was challenged due 
to new discoveries of RNA molecules and the 
publication of the result of the International 
Human Genome Sequencing Consortium [19–
21]. This consortium stated that approximately 
98% of human genome contained non-protein 
coding sequences. Initially, these non-coding 
sequences were qualified as “DNA junk”. With 
the recent emergence of high-throughput tech-
nologies and the establishment of new consor-
tiums, like the Encyclopedia of DNA Elements 
(ENCODE), transcripts generated from these 
DNA were re-valued and given the importance 
that they deserved [22, 23]. Nowadays, these 
transcripts are named ncRNAs [24]. ncRNAs are 
divided into short non-coding (sncRNAs; 
<200  nt), including miRNAs, piRNAs, siRNAs 
as well as snoRNAs and lncRNA (200 nt–100 kb) 
[10, 11].

2.1  Long Non-coding RNAs

LncRNAs covers a heterogeneous group involved 
principally in the regulation of transcription at 
different levels. LncRNAs are transcripts which 
own a range of nucleotide from 200  nt to over 
100 kb [10, 25]. Currently, 392 human lncRNAs 
are registered and published in the HUGO-Gene 
Nomenclature Committee (HGNC) (https://
www.genenames.org/cgi-bin/genefamilies/
set/788) and NONCODE collection of lncRNAs 
includes a number of 96,308 human lncRNAs 
gene loci and 172,216 human lncRNAs tran-
scripts (http://www.noncode.org/analysis.php) 
[11].

LncRNAs can be grouped attending to differ-
ent criteria, such as their sequence, structure, 
function, metabolism or interaction with genes 
and other DNA elements [26]. Nevertheless, a 
single and acceptable classification remains 
needed [27]. The most used classification is 

based on their localization with regard to protein- 
coding genes. Thus, there are sense lncRNAs, 
antisense lncRNAs, intronic lncRNAs, intergenic 
lncRNAs and enhancer lncRNAs [28]. Briefly, 
sense lncRNAs are located within exons; anti-
sense lncRNAs are synthesized from the anti-
sense DNA strand of protein exons; intronic 
lncRNAs are produced from protein intron; inter-
genic lncRNAs are positioned between protein- 
coding genes; and enhancer lncRNAs, transcripts 
from enhancer regions of protein-coding genes 
which can be mono or bidirectional [25, 29–31]. 
Conversely, in reference to their mechanism of 
action, lncRNAs can act as: signals enabling 
transcription control like a transcription factor, 
decoys that bind with effector to prevent their 
access and action, guides to ribonucleoprotein/
chromatin complexes to locate target genes, scaf-
folds to generate a ribonucleoprotein complex 
acting as an adapter, and enhancers to build loops 
that connect enhancer and promoters regions [28, 
32]. Furthermore, lncRNAs can also act as a reg-
ulator of alternative splicing in three ways. 
Concisely, lncRNAs interact directly with splic-
ing factors, create a RNA-RNA complex with 
other pre-mRNA and/or interfere with chromatin 
remodeling [33]. Likewise, lncRNAs modulate 
post-transcriptional expression through transla-
tion control or altering mRNA stability [34, 35].

In relation to others ncRNAs, lncRNAs can be 
precursor of sncRNAs such as siRNAs or can 
control expression and action of miRNAs [32]. 
Interestingly, circular lncRNAs have been 
described as “sponges” able to sequestrate miR-
NAs [36, 37].

2.2  Small Non-coding RNAs

2.2.1  miRNAs
Huge number of studies made special attention to 
miRNAs within the ncRNAs, due to their high 
stability and the possibility to quantify easily in 
biological fluids. Nowadays, more than 2600 
human mature miRNAs are known (http://www.
mirbase.org/cgi-bin/query.pl?terms=hsa). miR-
NAs are molecules of sncRNAs (18–25 nt) vastly 
conserved, which participate in genetic regula-
tion [22, 38, 39]. Generally, transcription of 
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miRNA to primary-miRNAs (pri-miRNAs) is 
carried out by RNA polymerase II [40, 41]. There 
are two pathways to complete miRNAs biogene-
sis: canonical, the most typical pathway, and 
non-canonical. The pri-miRNA is next endonu-
cleolytically cleaved by the nuclear microproces-
sor complex formed by the RNase III enzyme 
Drosha and the DiGeorge critical region 8 
(DGCR8) protein Exportin 5/RanGTP complex 
is the responsible to transport the pre-miRNA to 
the cytoplasm and then other RNase III, Dicer, 
cleaves the terminal loop and generates a mature 
miRNA duplex. Once associated with the 
Argonaute (AGO) family of proteins, this duplex 
of RNA removes the passenger strand. Hence, 
AGO with mature miRNA guide strand conform-
ing miRNA-Induced Silencing Complex 
(miRISC) [41, 42]. Non-canonical pathways are 
less characterized; they do not use one of the 
RNases (DROSHA or DICER) to reach the 
miRISC construction and use alternative ways 
and molecules. Interestingly, through this path-
way “mirtrons”, pre-miRNAs created from 
introns of mRNA during splicing are generated 
[43, 44]. Generally, miRNAs have a guide role 
within RISC in RNA silencing 3′UTR level, 
whereas, other seed matches region have been 
described [45].

2.2.2  siRNAs
siRNAs are 19–24  nt widely used in gene 
silencing studies, including therapeutic pur-
poses [46–48]. This kind of sncRNAs were 
characterized due to their highly stable double 
strand of RNA and a perfect complementarity 
with the target mRNA [49]. siRNAs are tran-
scribed by RNase III, and the rest of the bio-
genesis is roughly similar to miRNAs 
biogenesis. Thus, siRNAs conducted the silenc-
ing post-transcriptional process through RISC 
complex too. Interestingly, in the same way as 
miRNAs, there are evidences suggesting that 
siRNAs actively participate in epigenetic modi-
fications [50, 51]. Therefore, siRNAs are con-
sidered as valuable experimental tools [52]. 
However, their clinical use still remain limited 
because of the low efficacy of their delivery to 
tissue [53].

2.2.3  piRNAs
piRNAs are special sncRNAs with a 26–31 nt of 
length able to bind with a kind of argonaute pro-
teins, Piwi. The association of Piwi and Piwi-like 
proteins with piRNAs generates a complex which 
participates in gene’s expression at epigenetic 
and post-transcriptional level, mainly in germline 
and gonadal somatic cells [54–56]. piRNAs are 
single strand sncRNAs with 2′-O-methylation at 
the 3′end [56]. According to the meiotic phase 
where piRNAs acts, there are two different sub- 
clusters called pachytene and pre-pachytene 
piRNA cluster. Currently, scientists hypothesize, 
but still with no consensus, about the piRNAs 
biogenesis. Two main ways comprise primary 
and secondary amplification cycle, known as 
“ping-pong cycle” [57]. What is clear is that piR-
NAs biology is more complex than other ncRNAs, 
and more studies are necessary to elucidate these 
emerging tools of genes’ expression.

3  Non-coding RNAs 
in Ischemia and Reperfusion

Relevant advances have been made in determin-
ing the role of ncRNAs in cellular process associ-
ated with ischemia. Earlier, most research focus 
on the role of miRNAs in ischemic responses. 
Only in recent years and thanks to the advances 
in OMICs technologies (genomics, transcrip-
tomics, proteomics, metabolomics, and beyond), 
there is an increasing interest on studying the oth-
ers ncRNAs. Here, we will highlight role of miR-
NAs and lncRNAs in responses to I/R, as well as 
in strategies of cardioprotection.

3.1  Role of miRNAs

miRNAs control many processes in the infarcted 
heart, such as cardiomyocyte cell death and pro-
liferation, neovascularization and progenitor- 
cell- mediated repair [25, 58]. Initial attentions 
have been given to describe the role of miRNA in 
cellular processes associated with ischemia and/
or revascularization in patients undergoing per-
cutaneous coronary intervention and in vitro and 
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in vivo, using animal models of Acute Myocardial 
Infarcts (AMI) [59, 60]. During the AMI, miR-
NAs can be up- or down-regulated, having either 
a pathological or protective role because they are 
involved in genes’ regulation, inflammation, 
stress responses, angiogenesis or apoptosis [3, 
61–63]. Independent reports suggested a protec-
tive role of miRNAs, whereas others demon-
strated deleterious effects of miRNAs 
dysregulation in AMI and I/R [3, 64–68].

Since the number of miRNAs related to isch-
emia and/or reperfusion is substantially increas-
ing, here we will describe the role of only few of 
them on cell-death and survival.

3.1.1  miRNAs and Cardiomyocytes 
Survival

Earlier studies highlighted the role of miRNAs in 
cardiomyocytes survival and the regulation of 
apoptosis, necrosis or autophagy after consider-
able duration of ischemia. Gain- and loss-of- 
function studies were conducted in  vivo and 
in  vitro to demonstrate that miRNAs may pro-
mote or impair cardiomyocyte survival by regu-
lation of caspases, Bcl-2 family or p53, among 
other apoptotic signaling pathways [58, 69].

Plenty of miRNAs families have been related 
to anti-apoptosis effects and cell survival during 
cardiac I/R as illustrated in Fig.  15.1, such as 
miR-1, miR-21, miR-24, miR-125, miR-133 or 
miR-98 [3, 70–78] as illustrated in Fig.  15.1. 

Using experimental model of AMI and I/R previ-
ous studies indicated that miR-21 has anti- 
apoptotic action regulating the called 
Programmed Cell Death 4 (PDCD4) [70], PTEN/
Akt signaling pathway [71] or via Akt and the 
Bcl2/Bax pathway [72]. miR-1 and miR-133a 
mimics also attenuate apoptosis by the inhibition 
of caspase 9. In contrast pre-treatment of rat 
hearts with antimiR-133a increases caspase-9 
and the apoptosis rate induced by I/R.  Other 
reports demonstrated that miR-24 and miR-214 
suppress cardiomyocyte apoptosis by Bim-1 
repression, and attenuate infarct size in mouse 
model of AMI [74, 75]. A recent report suggested 
that miR-214 mimic suppresses the expression 
and translocation of Bim1 from cytosol to mito-
chondria and induces Bad phosphorylation, 
involving PTEN suppression in H9c2 cardiac cell 
line under I/R [75]. Similarly, miR-93 inhibits 
cardiomyocyte I/R-mediated apoptosis by target-
ing PI3K/Akt/PTEN signaling in H9c2 [79]. 
miR-98 also attenuates apoptosis-induced by I/R 
in H9c2, by inhibiting of Bcl-2, Bax and caspase-
 3 among others apoptotic genes [77]. Recently, 
we demonstrated that the transfection of neonatal 
cardiac myocyte with miR-125a-3p mimics 
inhibits the expression of BRCA1 [3].

In contrast, other reports revealed that miR-
NAs might promote pro-apoptotic action and cell 
death in ischemic condition as shown in Fig. 15.1. 
Actually, significant upregulation of miR-15 was 

Fig. 15.1 Scheme showing a list of miRNAs and lncRNAs with confirmed pro- and anti-apoptotic effects in cardiac 
myocyte under ischemia and/or reperfusion
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observed in the infarcted zone of porcine and 
mice cardiac tissue in response to ischemic 
injury, which was associated with cell-death 
through Bcl-2 activation [80, 81]. Similarly, miR- 
195 that is related to the miR-15 family, contrib-
utes to apoptosis by its downregulation of 
NAD-dependent protein deacetylase sirtuin-1 
(SIRT1) [82]. Another study described that the 
inhibition of miR-143 with antagomir prevents 
its pro-apoptotic effects by caspase-3 inhibition 
and LDH release [83]. miR-29a and miR-29c 
also negatively regulate cardiac cell survival 
under I/R, because they increase the expression 
of Mcl-1, an anti-apoptotic Bcl-2 family member 
[84]. Indeed, miR-29a or miR-29c downregula-
tion with antagomiRs significantly reduce myo-
cardial infarct size and apoptosis in hearts 
subjected to I/R injury [84]. Likewise, significant 
upregulation of miR-34 family (miR-34a, miR- 
34b, and miR-34c), was observed after AMI. 
miR-34 family are regulated by cellular tumor 
antigen p53, and contribute to cardiomyocyte cell 
death. In fact, the inhibition of the three miR-34 
in vivo using antimiRs or antagomiRs improves 
cardiomyocyte survival after AMI and preserves 
cardiac contractile function [85, 86].

Altogether, these independent studies demon-
strated that gain- and loss-of-functions of some 
miRNAs may play a pivital role in AMI-mediated 
cardiac malfunction and cell death.

3.1.2  miRNAs and Cardioprotection
Compelling evidence confirmed the important 
role of miRNAs under different strategies of car-
dioprotection as summarized in Fig. 15.2. In fact, 
several miRNAs are released in patients with 
AMI after coronary reperfusion with percutane-
ous coronary intervention, namely miR-1, miR- 
133a, miR-133b, and miR-499-5p [87]. 
Interestingly, a protocol using remote ischemic- 
preconditioning to attenuate myocardial I/R 
injury releases up to 26 miRNAs in blood sample 
of anaesthetized patients undergoing coronary 
artery bypass surgery [88].

Moreover, anesthetic and pain drugs have con-
firmed cardioprotective effects [11, 89, 90], 
involving miRNAs activation (90). For example, 
isoflurane protects mouse and rat hearts from I/R 
injury by miR-21 activation, involving Akt/nitric 
oxide synthase pathway [91] and PDCD4 respec-
tively [92]. Fentanyl, a synthetic opiates, also 
reduces injury evoked by Hypoxia/Reoxygenation 
(H/R), a simulated in  vitro protocol of I/R, 
through the inhibition of miR-145-5p and Bcl-2 
Interacting Protein 3 (BNIP3) [93]. Others stud-
ies demonstrated that the administration of the 
δ-opioid receptor agonist in rats, under normoxic 
conditions, increases cardiac expression of miR- 
107- 3p, miR-141-3p, and miR-350-5p, while it 
rises miR-7a/b, miR-107-3p, miR-200b-5p, miR- 
376a- 3p, and miR134-5p levels under hypoxic 

Fig. 15.2 Scheme indicating miRNAs and lncRNAs involved in cardioprotection against ischemia and reperfusion 
injury
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conditions [94]. Although, the exact contribution 
of these miRNAs and their targets to cardiopro-
tection have not been examined. Nevertheless, 
another study demonstrated that the activation of 
δ-opioid receptor mediated-cardioprotection 
modifies the expression of 39 miRNAs, while it 
decreases cell death and LDH levels in isolated 
cardiomyocytes subjected to H/R (93). This study 
demonstrated an upregulation of miR-7a-5p 
which inhibits I/R-induced apoptosis by nega-
tively regulating the expression of PARP 
(Peroxisome Proliferator-Activated Receptor) 
[95], and miR-107-3p that regulates HIF-1β stim-
ulation od endothelial progenitor cells differenti-
ation [95]. Other group suggested that 
miR-133b-5p has a preponderant role in mor-
phine signaling and cardioprotection by targeting 
Fas gene [96]. Recently, the upregulation of miR- 
133b- 5p was demonstrated to contribute to pre-
conditioning mediated cardioprotection in 
cardiomyocytes, associated with inhibition of 
caspase-8 and caspase-3 apoptotic signaling [97].

Others stimuli also changes the expression of 
miRNA under I/R. For example, pioglitazone, an 
agonist of PPAR-gamma, protects against myo-
cardial I/R injury by miR-29a and miR-29c down-
regulation [84]. Recently, we showed that the 
addition of urocortin at the onset of reperfusion 
protects the heart from I/R injuries and dysregu-
lates the expression of several miRNAs, such as 
miR-125a-3p, miR-139 and miR-324-3p [3]. We 
demonstrated that mimics of miR-125a-3p, miR-
324-3p and miR-139-3p modify the expression of 
genes involved in cell death and apoptosis 
(BRCA1, BIM, STAT2), in cAMP and Ca2+ sig-
naling (PDE4a, CASQ1), in cell stress (NFAT5, 
XBP1, MAP 3K12) and in metabolism (CPT2, 
FoxO1, MTRF1, TAZ). Interestingly, a recent 
study described that circadian rhythm is involved 
in ischemia preconditioning through the upregula-
tion of the light elicited-circadian rhythm protein 
Period 2 (Per2). This study identified miR-21 as 
cardioprotective downstream target of Per2 [98].

Recently, a study belonging to the discussions 
of the European Union-CARDIOPROTECTION 
COST Action, confirmed that the concentration 
of numerous ncRNAs molecules is altered by 
ischemia, I/R, conditioning stimuli and medica-

tions to conclude that miR-21 and miR-125b are 
highly relevant for cardioprotection [99].

3.2  Role of LncRNAs in Ischemia 
and Reperfusion

3.2.1  LncRNAs and Cardiomyocytes 
Survival

LncRNAs play different roles in cellular physiol-
ogy. Concretely, they participate in immune 
responses, chemotaxis, cell death and/or in the 
production of Reactive Oxygen Species (ROS) in 
I/R [100–103]. Actually, an aberrant expression 
of lncRNAs was observed at early stages of 
reperfusion in a mouse model of I/R, where the 
microarray analysis of sample taken from the 
infracted zone shows differential expression of 
151 lncRNAs as compare to sham [100]. Using 
quantitative-PCR the upregulation of five 
lncRNAs was confirmed in the infarcted zone, 
namely; uc007prv.1, AK080112, 
ENSMUST00000170410, AK156124 and 
ENSMUST00000166777. Using gene ontology 
and pathways analyses, authors revealed several 
target genes for theses lncRNAs, related with 
immune responses, cytokine activity, NOD-like 
receptor and chemokine signaling pathways, 
which have been linked to I/R injury [100].

Recent studies demonstrated that lncRNAs 
might interact with miRNAs to modulate cell 
death. For instance, lncRNA Necrosis-Related 
Factor (NRF) inhibits the expression of miR-873 
which blocks RIPK1 and RIPK3, involved in I/R- -
induced myocardial necrosis [104]. Meanwhile, 
lncRNA FTX regulates cardiomyocyte apoptosis 
in I/R animal models, through modulation of the 
Bcl2l2 expression, which is mediated by 
 miR- 29b- 1-5 [105]. A recent research demon-
strated that the upregulation of lncRNA RMRP 
exacerbates H/R injury by downregulation of 
miR-206 and subsequently upregulation of 
ATG3 in H9c2. In contrast, suppression of RMPR 
improves cardiac function and inhibited apopto-
sis after H/R [106]. Other studies also demon-
strated the contribution of lncRNAs to apoptosis 
(Fig.  15.1). For instance, UCA1 stimulates p27 
protein and caspase3  in I/R rat model [107] as 
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well as ROR, which aggravates H/R-induced 
myocardial injury through the stimulation of 
ROS production and apoptosis in H9c2 cells 
[101]. Indeed, ROR increases the expression of 
Bax, cytochrome C, Smac/Diablo, cleaved-cas-
pase-3 and cleaved- caspase- 9 expressions, but it 
also decreases Bcl-2 expression in H9c2 under 
H/R [101]. Finally, lncRNA E230034O05Rik is 
considered as effective modulator of autophagy 
since it repressed autolysosome formation under 
H/R in in H9c2 [108]. In fact, silencing of this 
lncRNA markedly decreased autophagy and 
increased H9c2 myocytes viability during H/R 
[108].

3.2.2  LncRNAs and Cardioprotection
The role of lncRNAs in cardioprotection has 
been barely explored. Nevertheless, recent stud-
ies suggested that they could be valuable thera-
peutic target in myocardial I/R (Fig.  15.2). For 
example, knockdown of lncRNA AK12348 pre-
vents I/R-induced LDH release and inhibits 
PARP and caspase-3 [109]. Similarly, MALAT1 
was suggested as a key mediator of cardioprotec-
tive effects of fentanyl against I/R injury. 
MALAT1 inhibition prevents LDH release and 
apoptosis, involving miR-145 and BNIP3 axis 
[93]. Furthermore, suppression of the lncRNA 
LINC00652 restores sevoflurane-induced cardio-
protection. Moreover, its silencing reduces I/R 
injury and alleviates inflammatory damage by 
targeting the receptor of Glucagon-Like Peptide-1 
(GLP-1), a protein with known anti-oxidative 
effect on various tissues [110].

4  ncRNAs as Biomarkers 
for Ischemic CVD

Great interest has arisen toward the potential use 
of ncRNAs as promising novel biomarkers for 
the diagnosis and/or prognosis of 
CVD.  Researchers made special emphasis on 
miRNAs because of their high stability against 
circulating RNases, their easy detection in human 
samples obtained through minimal invasive 
methods (e.g. serum), their specific expression 
pattern in the disease and their long expectance 

and easy quantification by quantitative PCR [39, 
111–114]. Precisely, it has been demonstrated 
that ncRNAs participate actively in the patho-
physiology of ischemic CVD [60, 113, 115, 116].

Increasing data are confirming that changes in 
the expression of miRNAs were observed in 
plasma of patients with AMI [117–119]. Recently, 
a pilot study examined and compared the expres-
sion profile of circulating miRNAs in patients 
with normal coronary artery, unstable angina and 
with ST elevation myocardial infarct (STEMI). 
This study identified 38 miRNAs whose expres-
sion level is consistently changed in unstable 
angina and STEMI patients compared with con-
trol patients. This fact indicates dynamic changes 
of miRNAs expression with the pathogenesis and 
progression of coronary artery disease [119]. 
Bioinformatic analysis suggests that target genes 
of these miRNAs are involved in various biologi-
cal processes including angiogenesis, inflamma-
tion, proliferation, migration and apoptosis [119]. 
Another study suggested that miRNA-1254 fairly 
predicts ventricular remodeling at 6 months after 
STEMI [120]. Similarly, the analysis of circulat-
ing miRNAs in patients with an acute coronary 
syndrome determined that 3 miRNAs (miR- 
26b- 5p, miR-320a and miR-660-5p) are signifi-
cantly and differentially expressed in patients 
with Major Cardiovascular Event (MACE), 
defined as cardiac death or recurrent myocardial 
infarction, within 1 year of follow-up. These data 
suggest that these three miRNAs may reflect the 
activation of molecular pathways that will 
improve the clinical outcome after STEMI [121].

In the case of lncRNAs, information is limited 
comparing to miRNAs, however the number of 
lncRNAs associated with diagnosis and/or prog-
nosis of ischemic CVD keep increasing [122–
124]. Precisely, changes in the expression of 
MYHEART, HIF1A-AS2, KCNQ1OT, 
MALAT1, LIPCAR and UCA1 were proposed as 
warning sign for the diagnosis of STEMI [125, 
126]. Actually, LIPCAR is considered a potential 
biomarker of STEMI, which could predict the 
severity and progression of coronary artery dis-
ease [126]. Interestingly, another study analyzed 
the expression of lncRNAs in peripheral blood 
mononuclear cells to evaluate their role as diag-
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nostic biomarkers to differentiate between 
STEMI and non-STEMI patients. This study 
identified 58 lncRNAs and confirmed by qRT- 
PCR that ENST00000508020.2, LNC_002011, 
LNC_000303, LNC_000898, 
ENST00000573866.2 and ENST00000562710.1 
are abnormally expressed in mononuclear cells 
of STEMI compared with non-STEMI partici-
pants [127]. Future studies will be helpful to 
understand whether lncRNAs may serve as a 
potential noninvasive diagnostic for AMI.

5  Conclusions 
and Perspectives

ncRNAs have emerged in recent years as key fac-
tors in a multitude of pathways across several dis-
eases including CVD and specially 
IHD.  Clinicians are in pursuit of a reliable 
ncRNAs marker similar to the widely used car-
diac troponin, to evaluate the extent of AMI 
injury. Whereas, it remains challenging to under-
stand which of them are important and how their 
implication and effect is completely achieved.

We recommend to take in consideration:

• New bioinformatic tools to predict the 
ncRNAs-IHD associated. Certainly, they will 
be helpful in identifying biological functions 
of ncRNAs in disease prevention, diagnosis 
and management.

• Specific ncRNAs-disease associated (and/or 
-disease severity associated), to be used as 
novel diagnosis biomarkers.

• For cardioprotection purpose; specific and 
reliable method to deliver possible therapeutic 
ncRNAs to the heart during ischemia, or dur-
ing primary percutaneous coronary interven-
tion to modulate gene’s expression in the 
infarcted heart.

• It can be envisaged that deep understanding of 
ncRNAs identification, characterization and 
regulation in cardiovascular health and dis-
ease will yield novel therapeutic interventions 
tailored to the development of patients’ 
disease.FundingThis work was supported by 
Spanish Ministry of Economy and 

Competitiveness [BFU2016–74932-C2]; 
Institute of Carlos III [PI15/00203; 
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Abstract
Coronary artery disease (CAD) is the leading 
death cause worldwide. Non-coding RNA 
(ncRNA) are key regulators of genetic expres-
sion and thus can affect directly or indirectly 
the development and progression of different 
diseases. ncRNA can be classified in several 
types depending on the length or structure, as 
long non-coding RNA (lncRNA), microRNA 
(miRNA) and circularRNA (circRNA), among 
others. These types of RNA are present within 
cells or in circulation, and for this reason they 
have been used as biomarkers of different dis-
eases, therefore revolutionizing precision 
medicine. Recent research studied the capabil-
ity of circulating ncRNA to inform about 
CAD presence and predict the outcome of the 
disease. In this chapter we present a list of the 
miRNA, lncRNA and circRNA which are 
potential biomarkers of CAD.

Keywords
Coronary artery disease (CAD) · miRNA · 
lncRNA · circRNA · Biomarker

1  Introduction

Coronary artery disease (CAD), also known as 
coronary heart disease (CHD), is currently the 
major cause of death worldwide [1, 2] account-
ing for almost 110  million affected people in 
2015 [3] and generating nearly 7.6 million deaths 
[2].

CAD has a complex etiology, which begins 
with chronic inflammation and endothelial inju-
ries in coronary arteries. Afterwards, atheroscle-
rotic plaques are formed in the intima of coronary 
arteries [4], where they can reduce or even block 
the blood supply to the heart, in turn leading to 
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myocardial ischemia due to the decreased blood 
flow through the lumen or breakdown of athero-
sclerotic plaques and complete occlusion of coro-
nary arteries with superimposed thrombosis. All 
these events can finally lead to the onset of unsta-
ble angina, acute myocardial infarction (AMI) or 
sudden coronary death, which are the major clini-
cal manifestations of CAD [5].

There are several molecular processes under-
lying CAD and atherosclerotic plaque formation. 
An excess of oxidized low-density lipoproteins 
(ox-LDL) or proinflammatory molecules trigger 
the recruitment of monocytes at sites of endothe-
lial dysfunction caused by oxidative stress. 
Molecular signaling favors monocytes to adhere 
to endothelium and to transendothelial migration 
into intima, which would enhance chronic inflam-
mation. In the intima, monocytes are engulfed 
with oxidized fat, which leads to their transfor-
mation into foam cells, and promoting the large 
deposition of lipids and cell debris [6, 7]. In the 
process of atherosclerotic plaque formation vas-
cular smooth muscle cells migrate from the 
tunica media to intima. These cells can prolifer-
ate and produce extracellular matrix components, 
thus generating a fibrous cap which ultimately 
covers the plaque. This plaque can remain stable 
or undergo a necrotic process, culminating in 
possible breakdown of the plaque and thrombosis 
[8]. In summary, several cell types and processes 
can be affected and participate in the develop-
ment of this disease, sharing an interaction in the 
artery wall: endothelial cells dysfunction, macro-
phage activation, vascular smooth muscle cells 
migration, deposition of lipids and fibrosis [9].

Is it widely accepted that the development of 
CAD is determined by genetics and epigenetics 
also plays an important role. The most important 
risk factors for CAD are high blood pressure, 
hypercholesterolemia, diabetes, smoking, seden-
tary life, poor diet, obesity, depression and exces-
sive alcohol intake [10].

Because CAD is a starting point for other car-
diovascular diseases such as AMI, biomarkers for 
early diagnosis and prognostication play an 
essential role to prevent progression. Currently, 
the most common biomarkers in CAD are inflam-
matory proteins, being C-reactive protein (CRP) 

the best studied [11]. Moreover, PPBP (pro- 
platelet basic protein) and DEFA1/DEFA3 
(α-defensin) are correlated with CAD develop-
ment [12]. Therefore, these biomarkers are occa-
sionally used in CAD.

Noncoding RNAs (ncRNAs) are major com-
ponents of the human transcriptome accounting 
for the majority of RNA transcribed by human 
genes, including microRNA (miRNAs), long 
noncoding RNA (lncRNA) and circular RNA 
(circRNA), among others. These ncRNAs play 
important roles regulating, either directly or indi-
rectly, key biological processes in cells, and so 
contributing to the development and progression 
of human diseases [13]. Beyond their regulatory 
role in many molecular pathways, ncRNAs can 
also act controlling the expression of other 
ncRNAs, such is the case of the potential of 
lncRNAs and circRNAs to sequester miRNAs, 
therefore acting as miRNA sponges [14]. There is 
cumulative evidence that these ncRNAs are 
largely implicated in cardiovascular disorders 
[15]. In recent years, the study of non-coding 
RNA has help to unravel the comprehension of 
these molecular mechanisms, so ncRNAs such as 
miRNAs, lncRNAs and circRNAs have emerged 
as important regulators for CAD development 
and candidate biomarkers for diagnosis and prog-
nostication (see Fig. 16.1).

2  miRNAs

miRNAs are a class of conserved, short (18–
24 nt), non-coding RNAs, with the potential of 
regulating gene expression at the posttranscrip-
tional level in different biological networks. 
Importantly, miRNAs have demonstrated the 
potential to be used as biomarkers [16]. The 
miRNA mechanism of genetic regulation is based 
in the pairing of bases of miRNA and 3′-UTR (3′ 
untranslated region) of target mRNA, although it 
has been also described that some miRNA are 
able to bind to translated regions and to 5′-UTR 
regions [17]. Firstly, miRNAs were considered to 
be only able to dysregulate gene expression by 
inhibiting target mRNA translation or enhancing 
target mRNA degradation, but some cases have 
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been described where miRNA are capable of 
enhancing target mRNA translation [18]. Each 
miRNA can bind to multiple target mRNA, and a 
mRNA can be regulated by multiple miRNA 
[19], in a complex network of interactions. As 
occur for other diseases, miRNAs are the most 
studied ncRNA in CAD.

2.1  Circulating miRNAs

2.1.1  Plasma and Serum miRNAs
In recent years, a large number of studies has 
been published showing a correlation between 
levels of circulating miRNA and presence of 
CAD. These results prompted the researchers to 
propose circulating miRNAs as promising bio-
markers for diagnostics and prognosis of this dis-
ease. Fichtlscherer et al. [20] studied circulating 
miRNA by using a microRNA profiling of 8 

healthy subjects and 8 CAD patients. After evalu-
ation of miRNA profiling, the authors confirmed 
the results obtained in an independent cohort of 
36 patients with CAD and 17 healthy volunteers. 
They found that circulating levels of cardiac, 
muscle-enriched microRNAs miR-133 and miR- 
208a were upregulated. Conversely, miR-126, 
miR-17, miR-92a (miR-17/92a cluster, associ-
ated with endothelial cells), miR-145 (associated 
with vascular smooth cells) and miR-155 (par-
ticipating in inflammation) were decreased in 
CAD patients compared to healthy subjects. The 
results obtained by Fichtlscherer and collabora-
tors seem contradictory, because an up-regulation 
of circulating levels of miRNA related with these 
processes in CAD patients would be expected as 
consequence of enhancement of inflammation 
and vascular remodeling during CAD. However, 
the authors hypothesize that this unexpected 
reduction in the levels of circulating miRNAs 

Fig. 16.1 Circulating and blood cell-associated Long non-coding RNA (lncRNA), microRNA (miRNA), and circular 
RNA (circRNA) associated with atherogenesis and coronary artery disease
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could be a consequence of sequestration of circu-
lating miRNA into atherosclerotic lesions instead 
of remaining into the circulation [20]. This 
hypothesis become relevant as some studies 
showed that miRNA can be transported by apop-
totic bodies to atherosclerotic lesion [21].

In another study, Faccini et al. [22] compared 
69 CAD patients and 32 healthy controls and 
obtained results similar to those described by 
Fichtlscherer et al. (i.e., downregulation of circu-
lating miR-155 and miR-145  in CAD patients 
compared with control subjects). They also found 
that let-7c was also downregulated in CAD 
patients [22]. Interestingly, a research by Gao 
et al. compared circulating miRNA in 167 CAD 
patients and 28 controls, confirmed the associa-
tion between low circulating levels of miR-145 
and CAD, but also found a strong correlation 
between miR-145 and CAD severity [23]. 
Regarding miR-133, other studies found similar 
results. In the work of Wang et al. based on three 
different cohorts (13 AMI patients, 176 with 
angina pectoris and 127 control subjects), con-
cluded that miR-133 can be used as a potential 
biomarker to identify and evaluate the severity of 
lesions in CAD patients, since miR-133 levels 
were efficient predictors of acute myocardial 
infarction or coronary stenosis. Importantly, 
miR-133 was more strongly correlated with CAD 
than other traditional biomarkers, such as cardiac 
troponins [24]. Similar to the results reported by 
Fichstslcherer et al. [20], two additional studies 
observed upregulated miR-208a levels in patients 
with CAD.  Zhang et  al. found an association 
between miR-208a and CAD severity in a study 
based on 290 CHD patients and 110 healthy sub-
jects [25]. On the other hand, Liu et al. [26] per-
formed another study in a cohort of 95 CAD 
patients and 50 healthy controls, and found that 
miR-208a and miR-370 were upregulated. 
Notably, the combination of both circulating 
miRNA showed the best performance for diag-
nosing CAD [26]. It is noteworthy to mention 
here that miR-208a is expressed in heart (a tissue 
strongly vulnerable to CAD) whilst miR-370 
interplays with lipid metabolism, since its mis-
regulation leads to hyperlipidemia, one of the 
major risk factors of CAD.

Some studies have also unveiled differences in 
miRNA levels depending on type of CAD 
patients. D’Alessandra et al. performed a study to 
assess differences in plasma miRNA profile 
between control and CAD patients. Interestingly, 
two groups of CAD patients were compared, the 
former including 34 subjects with stable angina 
(SA) and the latter 19 subjects with unstable 
angina (UA). The miRNA profile was then com-
pared with those obtained in another cohort of 20 
healthy controls. Interestingly, miR-1, miR-122, 
miR-126, miR-133a, miR-133b, and miR-199a 
were found to be upregulated in both UA and SA 
patients, and the combination of cardiac-enriched 
miR-1, endothelial-enriched miR-126, and miR- 
485- 3p allowed discriminating between CAD-SA 
patients and control subjects. In addition, the 
combination of miR-1, miR-126 and miR-133a 
has the potential of differentiating CAD-UA 
patients from control subjects [27]. Regarding, 
UA diagnosis miR-28-5p was found to be a fea-
sible biomarker, since this miRNA was increased 
in UA patients compared to control subjects [28].

From the previous works which analyzed cir-
culating miRNAs profiles in CAD patients, it can 
be concluded that miR-145, miR-155, miR-133a 
and miR-208a are the circulating miRNA most 
strongly associated with CAD.  However, other 
relevant studies proposed other circulating 
miRNA which can be related with CAD. This is 
for example the case of upregulated miR-149 
[29], miR-223 [30], miR-33 [31], miR-320A 
[32], miR-122 and miR-370 [33], and downregu-
lated miR-214 [34], miR-10a [35], and miR-126 
[36].

Several other studies revealed that miRNA 
become biomarkers of atherosclerosis develop-
ment. For instance, miR-221 and miR-222 were 
found to be downregulated in atherosclerotic 
patients compared to controls in a study per-
formed by Yilmaz et al. in serum samples of 89 
CAD patients and 93 subjects without atheroscle-
rosis [37].

Some miRNA can reflect atherosclerosis in 
some pathologies. For example, some circulating 
miRNA can be useful to detect atherosclerosis in 
patients with hypertension, including miR-92a 
[38], and upregulated miR-21 [39]. In the case of 
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subclinical hypothyroidism, circulating miR- 
146a was also found to correlate with CAD 
severity [40].

2.1.2  Blood Cell-Specific miRNAs
As previously discussed, subclinical inflamma-
tion is one of the main features associated to 
CAD [8]. miRNAs participate in the regulation of 
immune cells during disease progression [41]. 
For this reason, it seems reasonable to analyze 
those miRNAs more strongly related to inflam-
mation, or those controlling the differentiation 
and function of immune cells, for finally using 
these molecules as CAD biomarkers. Hoekstra 
et al. [42] studied miRNA signatures of periph-
eral blood mononuclear cells (PBMCs) from 
CAD patients and controls. The authors found 
that miR-135a was fivefold higher and miR-147 
was fourfold lower in CAD patients compared to 
ostensibly healthy people, whilst the ratio miR- 
135a/miR-147 was also 19-fold higher in CAD 
patients [42]. Interestingly, these two miRNAs 
are part of the pathway of Wnt/Cadherin. In addi-
tion, miR-134, miR-198, and miR-370 were 
upregulated in PBMCs of UA-CAD compared to 
SA-CAD patients, and this may represent a 
promising perspective for discriminating unsta-
ble from stable CAD [42].

miRNA signatures have been also explored in 
monocytes. In this regard, miR-181a was found 
to be downregulated in patients with CAD and 
obesity [43]. Notably, obesity is one of the lead-
ing risk factors of CAD. Dong et al. [44] studied 
161 CAD patients and 149 healthy controls, and 
identified a panel of 4 miRNA (miR-24, miR- 
33a, miR-103a, and miR-122) in PBMCs that 
were upregulated in CAD patients and correlated 
with blood lipid concentration.

Platelets are also responsible of CAD progres-
sion, as they participate in atherosclerotic plaque 
development and in thrombus formation after the 
plaque disruption [45]. A study performed by 
Sondermeijer et al. [46], including two different 
cohorts, found that miR-340∗ and miR-624∗ 
were upregulated in platelets of CAD patients 
compared to healthy controls. Nevertheless, the 
function of these miRNA remains still uncertain.

3  Long Non-coding RNAs

Long non-coding RNA (lncRNA) are a heteroge-
neous group of transcripts, ranging from 200 to 
over 10,000 nucleotides. This type of ncRNA has 
the largest proportion of non-coding transcrip-
tome [47]. However, many of these lncRNA are 
functional and are involved in physiological and 
pathological processes through epigenetics and 
transcriptional or post-transcriptional regulatory 
mechanisms [48].

3.1  Circulating lncRNAs

3.1.1  Plasma and Serum lncRNAs
LncRNAs are thought to regulate a wide array of 
pathways related to inflammation. Local or sys-
temic inflammation plays an important role in the 
development of atherosclerotic plaques charac-
teristic of CAD [49]. Some researchers found a 
correlation between the amounts of circulating 
lncRNAs and proinflammatory mediators. A reli-
able example is the case-control study (compris-
ing 102 CAD patients and 89 controls) of Xu 
et al. in which lncRNA IFNG-AS1 was found to 
be significantly upregulated in CAD patients. 
This lncRNA was also positively associated with 
proinflammatory cytokines such as TNF-α, and 
IL-6, whilst negatively correlated with IL-10. 
These findings would suggest that the presence of 
this lncRNA in plasma reflect a proinflammatory 
state in CAD patients [50].

Pro-inflammatory responses can be activated 
by several pathways. One of these key mecha-
nisms is regulated by the mammalian target of 
rapamycin (mTOR). Gao et  al. [51] found that 
the activation of mTOR pathway initiates the 
monocytes pro-inflammatory response in patients 
with CAD, thus contributing to disease progres-
sion. The lncRNA GAS5 was found to be down-
regulated in plasma of CAD patients in a study 
including 30 CAD patients and 30 healthy con-
trols [52]. Similar results were found in other 
study performed by Li and collaborators [53]. 
The lncRNA GAS5 can be transported within 
exomes, with the ability to regulate macrophage 
and vascular cells apoptosis [54]. Although many 
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studies were focused on the identification of the 
relationship of circulating lncRNAs levels with 
cytokine expression, in this study the authors 
explored the association with mTOR pathway, 
and lncRNA GAS5 was found to regulate mTOR 
responses [55], thus pointing out its role mediat-
ing an indirect activation of pro-inflammatory 
responses. This event acquire major relevance 
since the knockdown of lncRNA GAS5 leads to 
increasing activation of mTOR pathway through 
phosphorylation of mTOR. However, a inhibition 
of mTOR does not seemingly affect lncRNA 
GAS5 levels, which would lead us to conclude 
that lncRNA GAS5 plays a role as upstream reg-
ulator of mTOR pathway and participate in CAD 
development [52]. Notably, the fact that lncRNA 
GAS5 can modulate indirectly mTOR pro- 
inflammatory responses remains to be definitely 
elucidated.

There are other key molecular upstream path-
ways involved in atherosclerotic development 
and CAD progression. This is the case of PI3K/
Akt/mTOR, which signal transduction can be 
modulated by the lncRNA ENST00113. This 
lncRNA is upregulated in serum of atheroscle-
rotic patients compared to healthy subjects. In 
vitro experiments performed in HUVEC and 
VSMCs (Vascular smooth muscle cells) demon-
strated that lncRNA ENST00113 has the ability 
to control PI3K/Akt/mTOR axis, so promoting 
cell proliferation, cell survival and migration of 
many cellular types implicated in atherosclerosis 
and CAD development [56]. LncRNA TUG1 was 
found to be upregulated in serum of atheroscle-
rotic patients as well as in a model of mice ath-
erosclerotic plaques. It was hence hypothesized 
that lncRNA TUG1 may alter the proliferation 
VSMCs by affecting PTEN function, a phospha-
tase that inhibits PI3K/Akt pathway [57].

Other study performed by Zhong et al. identi-
fied other relevant lncRNA, called lncRNA 
MIAT, which was found to be upregulated in the 
serum of patients with atherosclerosis compared 
to controls. When assessing its functional role, 
lncRNA MIAT, enhanced the proliferation and 
prevent apoptosis in a cellular model of athero-
sclerosis treated with ox-LDL by regulating miR- 
181b and STAT3 activities [58].

Zhang et al. [59] proposed lncRNA H19 and 
LIPCAR as biomarkers for CAD.  In this study, 
the authors investigated the circulating levels of 
eight lncRNA related with atherosclerosis 
(THRIL, LincRNA-Cox2, LIPCAR, 
LincRNA-p21, HULC, SLC26A4-AS1, 
APOA1-AS, and H19) in 480 subjects. Both 
lncRNA H19 and LIPCAR were significantly 
increased in CAD patients. Interestingly, this two 
lncRNA were also increased with CAD patients 
with heart failure compared to patients with nor-
mal cardiac function. Moreover, this study 
showed that all lncRNAs associated to athero-
sclerosis are not characteristic of CAD [59]. 
Another study showed that lncRNA H19 overex-
pression may promote atherosclerosis by activa-
tion of MAPK and NF-Κβ inflammatory signaling 
pathways [60]. Other studies were successful to 
demonstrate that cardiac lncRNA H19 was 
increased in ischemic end-stage failing hearts 
[61] and that LIPCAR had the ability to predict 
survival in patients with heart failure [62].

3.1.2  Blood Cell-Specific lncRNAs
Some studies showed that circulating PBMCs 
play a pivotal role in development of CAD by 
migrating into arterial wall and increasing the 
size of atherosclerotic lesions [63]. Therefore, 
the study of transcriptional differences in 
PBMCs’ lncRNAs can be useful to garner infor-
mation about their role as possible biomarkers of 
CAD.

Cai et al. studied expression levels of lncRNA 
transcribed in PBMCs in 15 CAD patients and 15 
healthy subjects. Up to 86 lncRNAs were found 
to be differentially expressed in CAD patients; 3 
of these lncRNAs were then validated in a larger 
cohort. In an ensuing study based on a much 
larger cohort, lncRNA OTTHUMT0000038702 
(renamed as CoroMarker) was found to be the 
most upregulated lncRNA in PBMCs. 
Interestingly, CoroMarker upregulation was an 
independent risk factor of CAD and its expres-
sion was not associated with other risk factors or 
with CAD. The design of a CoroMarker siRNA 
demonstrated that this strategy was effective to 
lower the concentration of some proinflamma-
tory cytokines (such as IL-1b, IL-6 and TNF-a) in 
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cell culture medium of a human leukemia mono-
cyte THP-1 cells, thus suggesting that this 
lncRNA plays an important role regulating proin-
flammatory cytokine expression [64]. lncRNA 
OTTHUMT0000038702 was also found in 
plasma of CAD patients, thus supporting its 
potential role as cardiovascular biomarker due to 
its relative stability, high sensitivity and specific-
ity. Interestingly, the stability of this lncRNA in 
plasma was found to be due to the fact that it is 
incorporated within extracellular vesicles, prob-
ably released from monocytes [65].

The same group of authors identified another 
monocyte lncRNA (ONHSAT112178, also called 
LncPPARδ) as possible candidate biomarker for 
CAD using a similar strategy. This lncRNA regu-
lates the expression of neighboring protein- 
coding genes such as peroxisome 
proliferator-activated receptor-δ (PPARδ), adi-
pose differentiation-related protein (ADRP), and 
angiopoietin-like 4 (ANGPTL4), which are 
involved in the pathogenesis of CAD. In contrast 
with CoroMarker, the authors found differences 
in LncPPARδ according to the sex of the sub-
jects, as well as depending on other variables 
such as hypertension, tobacco and alcohol intake. 
This evidence leads the authors to conclude that 
LncPPARδ, combined with other risk factors, can 
be a useful biomarker for CAD, with the ability 
to differentiate CAD patients from healthy sub-
jects [66].

Other lncRNAs from PBMCs such as lncRNA 
ENST00000444488.1 and lncRNA uc010yfd.1 
are also putative candidate biomarkers of 
CAD. In a study performed by Li et al. [67], in 
which PBMCs-associated lncRNA expression in 
93 CAD patients and 48 healthy controls was 
compared, the authors identified up to 1210 
lncRNA with differential expression between 
groups. Afterwards, the authors validated up to 7 
of them in a larger cohort, and found that lncRNA 
ENST00000444488.1 and lncRNA uc010yfd.1 
were the most specific biomarkers for diag-
nosing CAD.  Interestingly, lncRNA 
ENST00000444488.1 also contributed to the 
diagnosis of AMI. The functional significance of 
these findings remains unclear, but the knock-out 
of these lncRNAs downregulate the synthesis of 

pro-inflammatory cytokines and near genes, so 
relating with the chronic vascular inflammation 
of CAD [67].

In other studies, focused on involvement of 
lncRNAs in CAD, the presence of circulating 
lncRNAs from blood cells in peripheral whole 
blood was explored. Li et  al. [68] reported dif-
ferential expression of 31 lncRNAs of peripheral 
blood from 6 CAD patients and 6 healthy sub-
jects. The authors studied the most differentially 
expressed lncRNA in a larger cohort with similar 
results, thus identifying upregulation of lncRNA 
ENST00000512246.1 (renamed “Upperhand”). 
The authors concluded that “Upperhand” is a 
potential diagnostic biomarker of CAD, although 
further research is needed for validating their 
potential value as CAD biomarkers in other inde-
pendent studies [68].

Taken together, albeit these studies provide 
valuable information on the use of either PBMCs 
lncRNAs or circulating lncRNAs for diagnosing 
CAD they also have some limitations, mainly 
related to the relatively small sample cohorts and 
the limitation to some specific patient cohorts 
(e.g., Chinese populations). It shall hence be nec-
essary to design additional validation studies for 
lncRNAs as candidate biomarkers of CAD.

ANRIL, one of the most studied lncRNA, has 
been recently associated with CAD and Type 2 
diabetes susceptibility and ink4/arf locus SNP on 
human chromosome 9p21.3 [69, 70]. ANRIL is 
expressed in tissues and cell types affected by 
atherosclerosis [70]. Likewise, ANRIL polymor-
phisms such as rs2383207, rs4977574, 
rs1333040, rs1333049, rs2383206 in east Asians, 
and rs2383207, rs10757274, and rs1075727 have 
been also associated with CAD [71–73], there-
fore analysis of the presence of these polymor-
phisms at the ANRIL gene would provide a 
biomarker of CAD.  Regarding the function of 
this lncRNA, previous studies have shown that 
ANRIL increased miR-181b expression through 
inhibiting endothelial cell activation which ulti-
mately induced vascular inflammation [74]. Guo 
et  al. reported the connection between ANRIL, 
miR-181b and NF-κB to control CAD related- 
cellular proliferation and apoptosis as well as the 
release of inflammatory mediators such as 
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 cytokines IL-6, IL-8, TNF-α, NF-κB, the induc-
ible nitric oxide synthase (iNOS), the adhesion 
molecules ICAM1, VCAM1 and the inducible 
pro- inflammatory cycloxigenase-2 (COX2) [75]. 
The DQ485454 ANRIL transcript is downregu-
lated in endothelial cells of CAD patients. 
Moreover, the deficiency of this transcript leads 
to an increased monocyte adhesion to endothelial 
cells, transendothelial monocyte migration, and 
endothelial cell migration [76].

4  CircularRNAs

Circular RNAs (circRNA) are single stranded 
RNAs that form a covalently closed loop without 
free terminals. Circular RNAs (circRNAs) are 
abundant and stable RNAs formed by back- 
splicing events. During last few years a large 
number of studies have been planned to assess 
their functions. CircRNAs can act as miRNA 
sponges since they possess binding sites for 
miRNA, so that they can finally modulate gene 
expression of miRNA targets [77, 78]. Moreover, 
they can serve as RNA binding protein sponges 
[79] and scaffolds for assembly of other compo-
nents [80], as well as they enhance splicing and 
transcription [81]. Finally, they can also be trans-
lated, in a limited number of cases [82].

4.1  Plasma and Serum circRNAs

Recent studies showed that circRNA levels found 
in plasma and serum are substantially modified in 
CAD.  In a study performed by Pan et  al. [83], 
comparing plasma samples between CAD 
patients and controls, 24 differentially expressed 
circRNAs were found (18 up-regulated and 6 
down-regulated). Moreover, they compared 
plasma miRNAs levels in an independent popula-
tion of 648 CAD patients and 284 healthy sub-
jects, and found 9 CAD-related miRNA, 3 of 
which were downregulated in CAD subjects 
(miR-221, miR-155, and miR-130a) [83]. 
Interestingly, some of these circRNA can bind to 
miRNA, with an effect known as miRNA sponge. 
Using miRanda database tool a competing endog-

enous RNA network was constructed for hsa- 
miR- 130a-3p, a miRNA whose downregulation 
is related with endothelial progenitor cell dys-
function, one of the early steps of atherosclerotic 
plaques formation [84, 85]. The network was 
composed of mRNA of TRPM3 and nine of the 
circRNA earlier identified by Pan and co-workers 
[83]. The down-regulation of hsa-miR-130a-3p 
resulted in the up-regulation of TREMP3 expres-
sion, a gene which regulates proliferation and 
contractility of VSMCs in co-ordination with 
cholesterol [86].

cNZF609 is other example of circRNA acting 
as miRNA sponge and dysregulated in patients 
with CAD, diabetes and hypertension. In CAD, 
cNZF609 is downregulated, and therefore miR- 
615- 5p is upregulated. The authors conclude that 
cZNF609 regulates vascular dysfunction through 
a signaling network which is composed of 
cZNF609, miR-615-5p, and MEF2A, the mRNA 
targeted by miR-615-5p [87, 88].

4.2  Whole Blood-Associated 
circRNAs

Zhao et  al. compared the levels of circRNA in 
whole blood from 12 CAD patients and 12 con-
trols, discovering up to 22 differentially expressed 
circRNA (12 upregulated and 10 downregulated). 
Five upregulated circRNAs (hsa-circ-0082081, 
hsa-circ-0113854, hsa-circ-0124644, hsa- 
circ- 0098964, and hsa-circ-5974-1) were identi-
fied as candidate biomarkers, and were validated 
in 30 CAD patients and 30 controls. hsa- 
circ- 0124644 was found to be the circRNA with 
the highest diagnostic performance (area under 
the curve, 0.769), displaying a sensitivity of 0.86 
and a specificity of 0.62, respectively. Its diag-
nostic value was then validated in a larger cohort 
of 115 controls and 137 CAD patients. The diag-
nostic performance was hence re-evaluated by 
adjusting data for CAD risk factors, yielding to 
an area under the curve of 0.804, a sensitivity of 
0.76 and a specificity of 0.70, respectively. The 
authors concluded that this circRNA could be 
potentially used as a diagnostic biomarker for 
CAD [89]. Interestingly, the area under the curve 
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was recalculated combining hsa_circ_0124644, 
has-circ-0098964 and other risk factors. With this 
further strategy, the area under the curve increased 
to 0.843, whist the sensitivity was 0.83 and the 
specificity 0.70. The previous findings suggest 
that the analysis of blood circRNA is a feasible 
strategy to identify new biomarkers for CAD 
diagnostics [89].

Li et al. performed a similar research studying 
circular RNA from 6 control individuals, 6 CAD 
patients, 6 diabetes mellitus patients and 6 CAD 
and diabetes mellitus patients [90]. Interestingly 
40 circRNA were found to be differentially 
expressed (13 upregulated and 27 downregulated. 
A further analysis of data revealed that hsa- 
circRNA11783- 2 (downregulated) is the cir-
cRNA more closely related to both CAD and 
type 2 diabetes mellitus.

It is noteworthy that since these circRNA have 
been found in whole blood, it is not possible to 
know whether they are cell-free circulating 
ncRNA or they are blood cell-associated cir-
cRNAs. Other concern regarding circRNAs is 
that most studies were performed using cohorts 
with low sample size.

5  Conclusions

Further studies are needed to establish the diag-
nostic value of circulating ncRNAs in CAD, as 
well as for establishing the settings where 
ncRNAs may provide the most useful informa-
tion for screening, diagnosis and prognostication 
of patients with AMI, either alone or in combina-
tion with cardiac troponins [91]. Specifically, 
there is still a low number of studies assessing 
circulating circRNA levels and its possible role in 
CAD, although we predict that in the coming 
years the research in this type of ncRNAs will 
increase exponentially as occurred for miRNAs 
and lncRNAs.

Nevertheless, growing evidence seemingly 
attests that the measurement of ncRNAs may be a 
reliable and suitable alternative to other conven-
tional cardiac biomarkers once technical issues, 
reference values, appropriate setting within diag-
nostic algorithms, and time course of ncRNAs 

release from affected tissues will be definitely 
clarified [92]. Finally, it is only a matter of time 
that silencing or mimicking agents of miRNAs 
such as antagomirs (also named also known as 
anti-miRs or blockmirs) or agomirs will be evalu-
ated to treat certain CVD.
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Abstract
Cardiac arrhythmias represent wide and het-
erogenic group of disturbances in the cardiac 
rhythm. Pathophysiology of individual 
arrhythmias is highly complex and dysfunc-
tion in ion channels/currents involved in gen-
eration or spreading of action potential is 
usually documented. Non-coding RNAs 
(ncRNAs) represent highly variable group of 
molecules regulating the heart expression pro-
gram, including regulation of the expression 
of individual ion channels and intercellular 
connection proteins, e.g. connexins.

Within this chapter, we will describe basic 
electrophysiological properties of the myocar-
dium. We will focus on action potential 

generation and spreading in pacemaker and 
non-pacemaker cells, including description of 
individual ion channels (natrium, potassium 
and calcium) and their ncRNA-mediated regu-
lation. Most of the studies have so far focused 
on microRNAs, thus, their regulatory function 
will be described into greater detail. Clinical 
consequences of altered ncRNA regulatory 
function will also be described together with 
potential future directions of the research in 
the field.

Keywords
MicroRNA · Non-coding RNA · Connexin 
43 · CACNA1C · Ion channels · Arrhythmia

1  Introduction

Cardiac arrhythmias represent wide and hetero-
genic group of disturbances in the cardiac rhythm 
and they arise as a result of plentiful functional 
and structural changes of the myocardium (e.g. 
changes in the ion channels expression or distri-
bution, calcium handling abnormalities, cardiac 
fibrosis, ischemia etc.) [1]. Based on the location 
of the arrhythmic focus, they can be divided into 
supraventricular and ventricular; based on their 
rate, we can distinguish fast tachyarrhythmias and 
slow bradyarrhythmias. The most  common 
supraventricular arrhythmia affecting up to 1% of 
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general population and up to 8% of elderly popu-
lation (age > 80 years) is atrial fibrillation (AF) – 
presence of AF significantly affect patients 
quality of life, increases the risk of embolic 
events (such as stroke) and thus substantially 
contributes to morbidity and mortality [2]. 
Ventricular arrhythmias are generally less com-
mon; however, their presence significantly 
increases the risk of sudden cardiac death [3].

Non-coding RNAs (ncRNAs), as a huge and 
heterogenic group of molecules, intracellularly 
regulate gene expression and orchestrate 
numerous processes occurring in our body, 
extracellularly they represent novel means of 
intercellular communication. Extracellular 
RNAs can easily be identified in the bodily flu-
ids and as such they represent clinically relevant 
and intriguing group of novel diagnostic or 
prognostic biomarkers [4].

Within this chapter, we will mainly focus on 
the role of ncRNAs, especially microRNAs 
(miRNAs, miRs), in the regulation of cardiac 
automaticity and conductance and its pathophysi-
ological and potentially clinical consequences.

2  Cardiac Electrophysiology 
in a “Nutshell”

Myocardial cells (cardiomyocytes) maintain 
cardiac function by precise orchestration of the 
electrical activation (including generation of 
action potentials in pacemaker cells and conduc-
tion of these potentials among other cardiomyo-
cytes, i.e. non-pacemaker cells) and mechanical 
contractions (including signal transduction from 
activated cellular membranes to cardiomyocytes 
contractile apparatus). All of these processes 
include series of events orchestrated by four main 
groups of ion channels  – natrium (Na+), potas-
sium (K+), calcium (Ca2+) and chloride (Cl−). 
Generally Na+ and Ca2+ ions are entering cardio-
myocytes (via several types of ion channels) 
resulting in the rise of their resting membrane 
potential from negative to more positive values, 
which is called depolarization, subsequently 
resulting in the initiation of the action potential. 
Various intercellular proteins, mainly connexins, 

are responsible for spreading the generated 
potential from pacemaker cells to non-pacemaker 
cells and generally among individual cardiomyo-
cytes. Efflux of K+ ions then results in return of 
the action potential to the resting membrane 
potential. Ca2+ ions further regulate excitation- 
contraction coupling and generation of the mus-
cle contraction [5, 6]. All processes described 
above are summarized in the Fig. 17.1 separately 
for pacemaker cells (A) and non-pacemaker 
cells (B).

3  Non-coding RNAs 
in the Regulation of Cardiac 
Automaticity 
and Conductance

3.1  Regulation of Cardiac 
Automaticity

Common sign of the cardiac pacemaker cells is 
the expression of f-channels for Na+ ions [7]. 
After previous action potential is ended, Na+ ions 
slowly influx into the cells through this channel 
causing spontaneous depolarization, which then 
opens T-type Ca2+ channels resulting in action 
potential development (Fig. 17.2).

HCN (hyperpolarization-activated cyclic 
nucleotide-gated) protein isoforms create for 
f-channels in the pacemaker cells. HCN4 is pre-
dominantly expressed in pacemaker cells, and its 
levels are known to be reduced in AF [8]. HCN4 
posttranscriptional regulation is partially medi-
ated by cardio-specific miRNAs, i.e. miR-1 and 
miR-133 [9]. During ageing it was shown that 
miR-1 and miR-133 levels decrease while levels 
of HCN2 and HCN4 increase which may par-
tially contribute to development of age- dependent 
atrial fibrillation [10]. Vice versa, endurance 
training increases miR-1, which explains the 
downregulation of HCN4 which partly explains 
resting heart rate adaptation [11]. Another 
miRNA shown to be associated with HCN4 func-
tion was miR-423-5p, which was also upregu-
lated during endurance training and knockdown 
of miR-423-5p with anti-miR-423-5p reversed 
training-induced bradycardia via rescue of HCN4 
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[12]. Lastly, HCN2 isoform levels were also 
shown to be regulated by miRNAs, as multi- 
targeted anti-miRNA anti-sense inhibitors (anti- 
miR- 1/anti-miR-133) caused their increase [13].

All in all, these studies show that miR-1 and 
miR-133 are post-transcriptional regulators of 
HCN4 and HCN2 and their alterations corre-
spond with the changes in the resting heart rate or 
with the occurrence of AF.

3.2  Regulation of Na+ Channels 
Involved in Depolarization

Cardiac action potential is initiated by a fast- 
activating and fast-inactivating sodium current 
(INa) that is generated by the Na+ channel com-
posing of α- and one or more β-subunits [14]. 
SCN5A/Nav1.5 gene encodes for the α-subunit 

of this channels and its mutations are associated 
with several arrhythmogenic syndromes, e.g. 
Long QT syndrome, Brugada syndrome etc. [6]. 
In the whole genome network analysis, SCN5A 
was one of the targets identified to be highly 
regulated by miRNAs, together with CACNA1C 
and connexin 43 [15] (Fig. 17.2). In the study by 
Daimi et  al. using HL-1 cardiomyocytes and 
luciferase assays they showed that SCN5A is 
directly (miR-98, miR-106, miR-200, and miR-
219) and indirectly (miR-125 and miR-153) reg-
ulated by several miRNAs. Out of these miRNAs, 
miR-219 was shown to increases the sodium cur-
rent in  vitro and to abolish QRS prolongation 
induced by flecainide intoxication in mice [16]. 
Study by Poon et al. further focused on miR-200c 
and showed progressive down-regulation of this 
miRNA both during cardiac development and 
differentiation of human embryonic stem cells 

Fig. 17.1 Simplified action potential of pacemaker and 
non-pacemaker cardiomyocytes
(A) Action potential in pacemaker cells. After previous 
action potential is ended, Na+ ions slowly enter pacemaker 
cells, causing their membrane potential to slowly increase 
from the resting membrane potential. This is further pro-
moted by Ca2+ influx leading to action potential genera-
tion. K+ efflux then returns membrane potential back to 
negative values, which again opens Na+ channel resulting 
in Na+ influx into cells.

(B) Action potential of non-pacemaker cells. At rest, non-
pacemaker cells present with very negative resting mem-
brane potential. After stimulation, rapid influx of Na+ ions 
induce fast depolarization followed by initial transient 
repolarization by K+ efflux. After this short period, both 
influx of Ca2+ and efflux of K+ occur, resulting in plató 
phase of the action potential. At the end of the plató phase, 
K+ efflux is more prominent resulting in repolarization 
and return of the membrane potential back to its negative 
resting values.
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(hESCs) to cardiomyocytes – miR-200c knock-
down or overexpression was associated with 
changes in SCN5A levels, together with the lev-
els of K+ and Ca2+ channels (as mentioned fur-
ther) [17]. Zhao et al. proved that 3′-untranslated 
region (UTR) of human SCN5A is targeted by 
miR-192-5p causing its downregulation [18]. 
Recently, Zhang et al. showed that common sin-
gle nucleotide polymorphism in SCN5A 
(rs1805126) alters miR-24 binding and that 
minor allele associates with decreased cardiac 
SCN5A expression [19]. This associated with 
decreased ejection fraction and increased mortal-

ity, but not increased occurrence of ventricular 
tachyarrhythmias, in homozygous subjects for 
the minor allele with heart failure [19]. Lastly, 
miR-34b/c was shown to  target SCN5A and even 
SCN1B (gene encoding for β-subunit), and 
expression of miR-34 was shown to be mediated 
by KChIP2 (Potassium Channel Interacting 
Protein), through interaction with genetic ele-
ments; as long as KChIP2 reduced expression is 
consistently observed in numerous cardiac 
pathologies, KChIP2 may represent interesting 
therapeutic target for treating arrhythmogenesis 
in cardiovascular diseases [20].

Fig. 17.2 Non-coding RNA regulation of individual ion 
channels in the non-pacemaker cardiomyocytes
Grey dashed line in the background of the figure sche-
matically represents changes in the non-pacemaker car-
diomyocytes action potential. Individual ion currents are 

visualized accordingly to approximate time correspond-
ing with ion channels opening. Grey boxes linked to indi-
vidual genes summarizes which ncRNAs are involved in 
their post-transcriptional regulation. Further explanation 
is provided in the text.
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3.3  Regulation of Ca2+ Handling 
(Depolarization 
and Contractility)

3.3.1  L-Type Ca2+ Currents
Voltage gated Cav1 channels mediate L-type 
Ca2+ currents through the heart. Cav1.3 channels 
are dominantly expressed in the sinoatrial node, 
atria and atrioventricular node and are responsi-
ble mainly for action potential generation, while 
Cav1.2 channels are expressed through the heart 
and regulate action potential duration and 
excitation- contraction coupling [21]. Cav1.2 
channel comprise of α-subunit (encoded by 
CACNA1C gene) and β-subunit (encoded by 
CACNB1/2 genes), and their mutations are 
known to be associated with sudden infant death 
syndrome [21, 22].

One of the first attempts to prove association 
of miRNAs with Ca2+ channels and AF was made 
by Lu et al. [23] They performed transcriptomics 
profiling of the left atrial samples from canine 
model of AF and of human atrial samples from 
AF patients with rheumatic heart disease. They 
identified 3 miRNAs to be upregulated (miR- 
223, miR-328, and miR-664) and another 3 to be 
downregulated (miR-101, miR-320, and miR- 
499). Computational prediction showed miR-328 
to regulate both CACNA1C and CACNB1 and 
forced expression of miR-328 in both murine and 
canine experiments enhanced AF vulnerability, 
diminished L-type Ca2+ current, and shortened 
atrial action potential duration [23]. Moreover, it 
was recently shown that long non-coding RNA, 
TCONS_00075467, serves as a sponge for miR- 
328 and thus regulates CACNA1C expression, 
which further underlines importance of miR-328 
and Ca2+ handling in AF pathogenesis [24].

Wang et  al. further identified miR-155 as a 
direct regulator of CACNA1C expression and 
their team also showed that miR-155, miR- 
142- 3p, miR-19b, miR-223, miR-146b-5p, miR- 
486- 5p, miR-301b, miR-193b, miR-519b were 
upregulated and miR-193a-5p was down- 
regulated in the left atrial appendages from 
patients with AF compared to those without AF 
[25, 26]. Other miRNAs, miR-21 and miR-208b, 
were also shown to be increased in patients with 

chronic AF, leading to both CACNA1C and 
CACNB2 downregulation [27, 28], in the latter 
case, miR-208b was also shown to target SERCA, 
thus further affecting Ca2+ handling in cardiomy-
ocytes [28]. In the setting of cardiac arrhythmias, 
miR-29a was another miRNA found to target 
CACNA1C [29] and similarly, miR-499 was 
shown to regulate CACNB2 expression [30]. In 
the mice long-term exposed to isoproterenol, lev-
els of miR-21 and miR-132 were significantly 
increased while levels of CACNB2 were signifi-
cantly decreased, decreasing arrhythmias suscep-
tibility [31].

Apart from the arrhythmias, CACNA1C regu-
lation was also studied in numerous diseases and 
tissues. In the cardiac hypertrophy model, miR- 
135b was significantly downregulated which led 
to the upregulation of CACNA1C [32], showing 
potential involvement of CACNA1C in the regu-
lation of cardiomyocyte hypertrophy. In the 
myotonic dystrophy, it was shown that expres-
sion of miR-1 in the heart is lost, which leads to 
the overexpression of GJA1 gene (i.e. expression 
of connexin 43) and CACNA1C in the heart 
of affected individuals and partially explains 
cardiac dysfunction that is known to occur in 
these patients [33]. In the psychiatric patients, 
CACNA1C is known to be associated with 
bipolar disorder and Genome-Wide Association 
Study (GWAS) study performed by 
Schizophrenia Psychiatric GWAS Consortium 
identified miR-137 gene polymorphism to be 
associated with schizophrenia [34] and subse-
quent study by Kwon et al. confirmed CACNA1C 
as one of the targets for miR-137 using lucifer-
ase assays [35]. In the osteoblasts, where Cav1.2 
is one of the important transductor of mechani-
cal stimuli, miR-103 was shown to regulate 
CACNA1C expression [36]. Interestingly, miR-
153, which is an intronic miRNA embedded in 
the islet antigen (IA) genes (IA-2 and IA-2β), 
was shown to regulate CACNA1C and thus regu-
late insulin and dopamine secretion [37].

Taken together data about CACNA1C and 
CACNB2 indicates that these proteins are highly 
regulated by various ncRNAs and they thus 
represent potential targets for the personalized 
therapy of individual arrhythmias.
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3.3.2  SERCA Regulation
Besides Ca2+ channels, many other proteins are 
involved in Ca2+ handling in cardiomyocytes. 
These are represented but not limited to trans-
membrane calcium ATPase – SERCA. Compared 
to L-type Ca2+ channels, SERCA is mostly stud-
ied in the models of cardiac hypertrophy, which 
will be described into more detail in the corre-
sponding chapter of this book.

Similarly to CACNA1C, SERCA-2A is also a 
target of miR-328, which was studied in several 
models of cardiac hypertrophy [38] and by miR- 
208b, as shown in the HL-1 atrial myocytes in the 
context of chronic AF [25]. Resistance training 
was shown to increase levels of miR-214 and 
decrease levels of SERCA [39], while endurance 
training in Wistar rats after myocardial infarction 
caused opposite effect, i.e. decrease in miR-214 
levels [40]. Other miRNAs, like miR-25 or miR- 
22 were shown to regulate Ca2+ levels, partially 
and probably indirectly via SERCA in failing 
hearts [41, 42]. miR-29 was shown to be upregu-
lated by the hypoxia-inducible factor-1 (HIF-1) 
which, in turn, inhibited SERCA2 expression and 
reduced cardiac contractility [43].

3.4  Regulation of K+ Channels 
Involved in Repolarization

After depolarization generally driven by Na+ and 
Ca2+ channels, plató phase and depolarization 
occur. During plató phase, delicate balance 
between inward and outward currents is estab-
lished, while during repolarization, mostly out-
ward efflux of K+ ions occurs that is driven by the 
series of K+ currents. These K+ currents include:

• Ito (transition outward K+ current).
• IKr (rapid delayed rectifier K+ current).
• IKs (slow delayed rectifier K+ current).
• IK1 (inward rectifier current).

and others.
Early studies in the field of ncRNAs in 

arrhythmogenesis performed in 2007 focused 
mainly on miR-1 and regulation of K+ channels 
expression. Zhou et al. performed targeted deletion 

of miR-1-2  in murine model which led to the 
50% lethality mainly due to ventricular septal 
defects and further to sudden death of approxi-
mately half of the surviving animals, due to con-
duction blockade [20]. Transcription factor Irx5 
was identified as miR-1 target and KCND2, 
which encodes for Kv4.2 subunit of K+ channel 
responsible for Ito, was found to be downregu-
lated. Yang et  al. showed that miR-1 is overex-
pressed in individuals with coronary artery 
disease and that it promotes arrhythmogenesis in 
murine model of myocardial infarction mainly by 
targeting KCNJ2 (which encodes the channel 
subunit Kir2.1, that is responsible for IK1 current) 
and GJA1 (which encodes connexin 43 that is 
responsible for action potential spreading over 
the myocardium as described further) [44]. Both 
of these studies hallmark dysregulation of miR-1 
under various pathological conditions and link 
it to the arrhythmogenesis. Further studies 
were then performed focusing on individual K+ 
currents, their underlying ion channels expres-
sion and other miRNAs, as described further.

3.4.1  Ito (Transition Outward K+ 
Current)

Besides miR-1, KCND2 (i.e. Ito K+ current) is 
also regulated by miR-223-3p as studied in the 
murine model of myocardial infarction [45] and 
miR-34 as studied in neonatal rat ventricular 
myocytes and human derived cardiomyocytes 
[20]. Expression of miR-223-3p was significantly 
upregulated, while protein level of Kv4.2 and Ito 
density were significantly downregulated in the 
infarcted myocardium and direct intramuscular 
injection of anti-miR-223-3p into the ischemic 
myocardium decreased the propensity of ischemic 
arrhythmias [45]. miR-34 levels were upregu-
lated by KChIP silencing, which then caused 
KCND2 depletion. Inhibition of miR- 34b/c then 
restores cellular excitability and limited the 
occurrence of conduction block and reentry [20].

Last but not the least, Ito is regulated by 
miR- 200c [17] together with long non-coding 
RNA (lncRNA) Metastasis Associated Lung 
Adenocarcinoma Transcript 1 (MALAT1) [46]. 
MALAT1 acts as a competing endogenous RNA 
for miR-200c. Binding of miR-200c to MALAT1 
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leads to upregulation in the expression of high- 
mobility group box 1 (HMGB1) and downregula-
tion in cardiac Ito.

3.4.2  IKr (Rapid Delayed Rectifier K+ 
Current)

Changes in the IKr current/Kv11.1 channel that is 
encoded by ether-a-go-go-related gene (hERG) 
are known to be associated with long QT syn-
drome and life-threatening arrhythmias such as 
torsade de pointes [47]. hERG was shown to be 
targeted by several miRNAs in the recent study 
by Lien et al. [48] – using dual-luciferase reporter 
assay they showed that miR-134, miR-103a-1, 
miR-143, and miR-3619 directly regulates hERG 
expression and by patch-clamping they proved 
that miR-103a-1 decreased the maximum current 
and tail current amplitudes of the IKr. Interestingly, 
miR-328, mentioned previously in the context of 
atrial fibrillation and CACNA1C and SERCA 
regulation, was shown to have binding site in the 
3’UTR of the hERG mRNA  – in the in  vitro 
study, administration of arsenic trioxide inhibited 
breast cancer cell growth at least partly via miR- 
328/hERG pathway [49]. Future electrophysio-
logical studies are needed to determine, whether 
miR-328 dysregulation may have functional 
impact in the settings of AF or other arrhythmias 
by altering atrial K+ currents changes.

3.4.3  IK1 (Inwardly Rectifying K+ 
Channel)

In 2009, Girmatsion et  al. described decreased 
levels of miR-1  in atrial tissues from patients 
with AF.  This decrease was associated with 
increased IK1 density and corresponding increase 
in Kir2.1 protein expression [50]. Similarly, 
tachypacing of human atrial slices further 
decreased miR-1 levels and increased expression 
of Kir2.1 protein indicating potential primary 
role of atrial rate in miR-1 down-regulation [50]. 
Similarly, miR-26 levels were also decreased in 
atrial samples from animals and patients with AF 
and this downregulation was accompanied by 
upregulation of Kir2.1 protein [51]. Furthermore, 
in the canine model of chronic heart failure 
induced by ventricular tachypacing, miR-26a 

was also found to be downregulated in heart 
fibroblasts, while IK1 current and KCNJ2 expres-
sion were upregulated [52]. miR-26a knockdown 
was sufficient to mimic the effect of ventricular 
tachypacing on IK1 dysregulation. All of the stud-
ies are indicative that loss of specific miRNAs 
(miR-1, miR-26) may promote AF development 
partly by Kir2.1 upregulation.

Further miRNAs that were shown to regulate 
KCNJ2 expression are miR-212 [53] and miR-16 
[54]. Regulation by miR-16 was studied in the 
settings of myocardial infarction related arrhyth-
mias  – miR-16 expression was increased in 
infarct border which led to decrease in IK1/Kir2.1 
level and this decrease was reversible by valsar-
tan administration via NF-κB pathway [54].

3.4.4  IKs (Slow Delayed Rectifier K+ 
Current)

IKs is another K+ current critical for the late phase 
repolarization that is known to be associated 
with long QT syndrome and severe ventricular 
arrhythmias [55]. In the rabbit model of diabetes 
(induced by alloxan administration), IKs density 
was significantly reduced and QT interval pro-
longed. This may be partly due to miR-1/133 
upregulation in response to hyperglycemia [56]. 
In the rabbit right atrium tachypacing model, 
KCNE1 and KCNB2, which encodes for the IKs 
channel subunits, were also confirmed as 
miR-1 targets, and knockdown of miR-1 by anti-
miR-1 inhibitor alleviated the downregulation 
of KCNE1 and KCNB2, the shortening of atrial 
effective refractory period and the increase in the 
IKs [57]. Besides miRNAs, lncRNA, Kcna2 
Antisense RNA (KCNA2 AS) was shown to reg-
ulate IKs in rat model of chronic heart failure – 
ventricular levels of KCNA2 AS expression is 
increased in rats with heart failure, which con-
tributes to reduced IKs and prolonged action 
potential duration [58].

3.4.5  Other K+ Channels
There are many other diverse K+ channels that 
may be involved in arrhythmogenesis. Among 
them, small-conductance calcium-activated 
potassium channel 3 (SK3) encoded by KCNN3 
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gene is known to be associated with AF [59]. In 
the atria of the AF patients, SK3 protein expres-
sion was shown to be downregulated by 46% 
whilst miR-499 was upregulated by 2.33-fold. 
Luciferase assay confirmed miR-499 binding to 
KCNN3, thus linking it to the AF pathophysiol-
ogy [59]. Another K+ channel, acetylcholine- 
sensitive inward-rectifier K+ current (IKAch), was 
also shown to be downregulated in atria from 
the AF patients and levels of miR-30d were 
accordingly increased – transfection of the miR-
30 precursor to the cultured cardiomyocytes 
significantly decreased IKAch [60].

3.5  Regulation of Action Potential 
Intercellular Spreading

Discrete cardiomyocytes are functionally inter-
connected by a variety of molecules, one of them 
being connexins at the sites of the gap junctions. 
Connexins are transmembrane proteins that con-
nect individual cardiomyocytes together thus 
enabling intercellular action potential spreading 
and generally intercellular cardiomyocytes com-
munication. Connexin 40 (Cx40) is dominantly 
expressed in the atria and the conduction system, 
whereas Connexin 43 (Cx43) is highly expressed 
in the ventricles. Cx43 levels are also increased 
in rat female cardiomyocytes compared to male 
cardiomyocytes, and miR-1 levels corresponds 
with this expression pattern, which may partly 
contribute to the resistance of female hearts to 
arrhythmias [61]. After menopause, miR-23a 
regulation of Cx43 may also partly explain the 
loss of this cardioprotective effect  – estrogen 
decrease is known to increase the incidence of 
arrhythmias in women and Wang et  al. showed 
that estrogen decrease also increases levels of 
miR-23a, which decreases levels of Cx43 caus-
ing gap junction remodeling [62]. Estrogen sup-
plementation or suppressing miR-23a by 
transfection of miR-23a specific inhibitory oligo-
nucleotide reversed these effects.

In the context of non-coding RNAs, Cx43 was 
even shown to act as a miRNA transfer tool  – 
Kim et al. showed that mesenchymal stem cells 
are able to transfer miR-210 to host cardiomyo-

cytes via Cx43, thus improving their survival 
under hypoxic conditions [63].

Due to Cx43 numerous functions it is thus not 
surprising, that extensive miRNA analysis 
showed that Cx43 is under more intensive 
miRNA regulation compared with the other gap 
junction proteins and ion channels [15]. As 
mentioned above, miR-1 is a regulator of Cx43 
and this was shown already in 2007 [44] and was 
further directly or indirectly confirmed by numer-
ous others. In the rat model of myocardial infarc-
tion, miR-1 expression was repeatedly shown to 
be increased [64, 65]. Hearts of the transgenic 
mice overexpressing miR-1 were more suscepti-
ble to the development of atrioventricular block 
after the induction of myocardial infarction [65]. 
This was partly due to alterations in Cx43 expres-
sion, partly due to alteration of L-type Ca2+ channel 
and IK1 function. Liu and colleagues used anti- 
miR- 1 oligonucleotide to prevent arrhythmias in 
ischemic heart and indeed, down-regulation of 
miR-1 by this anti-sense oligonucleotide caused 
Kir2.1 and Cx43 protein expression increase, 
which relieved ischemic arrhythmias in diseased 
animals [66]. Similarly, administration of pro-
pranolol in the rat model of myocardial infarction 
caused miR-1 downregulation, thus resulting in 
decline in arrhythmicity of the infarcted myocar-
dium, probably via β-receptor cAMP  – protein 
kinase A signaling pathway that suppressed its 
expression via serum response factor (SRF) – one 
of the transcription factors involved in miR-1 
expression regulation [64].

Correspondingly to the myocardial infarction 
models, in the rat model of viral myocarditis, 
miR-1 expression was also shown to be increased 
leading to Cx43 decrease, thus making heart 
more vulnerable to arrhythmias [67].

On the contrary to myocardial infarction and 
viral myocarditis, miR-1 downregulation was 
proved to occur in the hypertrophied rat hearts, 
which increased levels of Cx43 and led to the 
development of ventricular tachyarrhythmias 
[68]. Similar effect was observed on the rat hearts 
exposed to the irradiation [69] and more impor-
tantly, in humans, expression of miR-1 was 
reduced by approx. 86% in the tissue samples 
from patients with AF [50]. Delicate regulation 
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of miR-1 levels is thus necessary to prevent 
various arrhythmias in the heart as they may be 
triggered by both too low or too high levels if 
this miRNA.

Besides miR-1, Cx43 is regulated by other 
miRNAs and lncRNAs. Regulation by miR-133 
was shown in zebrafish, where it also corre-
sponded with regeneration and proliferation – if 
miR-133 is absent, cardiomyocytes tended to 
proliferate and Cx43 expression was increased 
[70]. Regulation by miR-19a/b, one of the miR- 
17- 92 cluster, was shown using murine model – 
conditional overexpression of miR-17-92  in 
cardiac and smooth muscle tissues led to 
increased arrhythmia inducibility [71]. α-myosin 
heavy chain (α-MHC)-miR-130a transgenic mice 
demonstrated both atrial and ventricular arrhyth-
mias – sustained ventricular tachycardia started 
to appear 6 weeks after induction of overexpres-
sion of miR-130a, Cx43 levels steadily decreased 
from 2nd to 10th week, when it reached up to 
90% reduction [72]. Recently, long non-coding 
RNA CCRR (cardiac conduction regulatory 
RNA) was described to improve cardiac conduc-
tion by blocking endocytic trafficking of Cx43 
[73] and exome-chip meta-analysis identified 
ADAM metallopeptidase with thrombospondin 
type 1 motif 6 (ADAMTS6) to be associated with 
cardiac conduction – loss-of function analysis in 
mice demonstrated its relation to Cx43 expres-
sion [74].

Atrial connexin  – Cx40  – was shown to be 
regulated by miR-208a [75] and miR-27b [64]. 
Regulation of Cx40 by miR-208a is just a piece 
of highly interconnected regulatory network of 
cardiac hypertrophy, contractility and arrhythmo-
genesis – miR-208a is encoded by the intron of 
the Myh6 gene (encoding for cardiac α-MHC), 
while its isomiR, miR-208b, is encoded in the 
intron of Myh7 gene (encoding for cardiac 
β-MHC) [75]. Regulation of Cx40 by miR-27b is 
connected with the expression changes induced 
by high fat diet. Mice fed with high fat died 
showed prolonged P wave duration, increased 
inducibility of sustained atrial tachycardia and 

reduced atrial conduction velocity. miR-27b 
expression was up-regulated in these mice which 
corresponded with Cx40 decrease and contrib-
uted to the described conductance defects [76].

4  Clinical Utility of Circulating 
Non-coding RNAs 
in Arrhythmology

Circulating ncRNAs are present in body fluids, 
e.g. plasma, urine, or even saliva, where they par-
ticipate in intercellular communication. Their 
levels are not stochastic as they reflect changes 
occurring within the organism. Due to their high 
stability, they can be repeatedly and reproducibly 
measured and as such, they can be used either as 
novel diagnostic or prognostics biomarkers.

Most of the studies focusing on circulating 
RNAs performed so far focuses on the utilization 
of circulating miRNAs in the settings of 
AF. Various miRNAs were shown to be increased 
(e.g. miR-103a, miR-107, miR-320d, miR-486, 
and let-7b [77]) or decreased (e.g. miR-21 [78], 
miR-29b [79], miR-150 [78, 80], miR-328 [81]) 
in plasmatic samples from patients with AF, com-
pared to healthy controls or patients with other 
supraventricular arrhythmias. Levels of some 
miRNAs even differed between paroxysmal and 
persistent AF (e.g. miR-21, miR-150 [78, 80]) 
and interestingly, when comparing patients with 
new-onset AF with well-controlled AF, levels of 
other miRNAs were altered (e.g. miR-133b, 
miR-328 and miR-499 were reported to be 
increased [82]) indicating dynamic changes 
occur in plasmatic miRNA levels as AF pro-
gresses. Catheter ablation was also shown to 
restore altered miRNA levels (e.g. miR-21, miR- 
150 [78], miR-409-3p and miR-432 [83]), 
 generally returning them to values closer to 
healthy individuals.

More details about the roles of non-coding 
RNA in atrial fibrillation and about circulating 
RNAs in general, can be found in the correspond-
ing chapters of this book.
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5  Conclusions and Future 
Directions

Regulation of cardiac conductance and arrhyth-
mogenicity is highly complex and ncRNAs 
affect it in numerous ways and at various levels 
(transcriptional or post-transcriptional regula-
tion of gene expression, intracellular protein 
trafficking etc.). Most of the studies have so far 
focused on miRNAs, however, more and more 
studies are coming out focusing of other 
ncRNA groups, thus deepening our knowledge 
and unveiling novel previously unappreciated 
links.

Muscle specific miRNAs, such as miR-1, 
miR-133 or miR-208, affect expression of main 
ion channels and connexins, thus significantly 
affecting arrhythmogenic potential of the myo-
cardium. These miRNAs have plentiful other 
targets regulating also other critical processes 
occurring in the myocardium (e.g. cardiac 
hypertrophy, fibrosis, ischemia etc.) and they 
seem to act as “master regulators” of heart 
expression program. Other aforementioned 
miRNAs seem to act more like a “fine tuners” of 
ion channels and connexins gene expression. 
However, most of the studies have so far focused 
on individual miRNAs or individual miRNA tar-
gets and to improve our understanding of the of 
role of non-coding RNAs in arrhythmicity, more 
complex studies focusing on more targets at one 
time are needed.

Moreover, ion channels and connexins are not 
only involved in the regulation of cardiac action 
potential, but also neural action potentials or 
intercellular communication in cancer and other 
cells  – various studies were thus performed in 
neural or cancer cell lines (or in patients with 
neurological diseases or cancer) identifying 
possible novel links between non-coding RNAs 
and their targets – functional and electrophysi-
ological validation of these results on the myo-
cardium is thus needed.

Better understanding of the regulation and 
interplay between non-coding RNAs and their 
targets may then result in the discovery of novel 
diagnostic or predictive biomarkers or in the 
development of novel treatment strategies.
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Abstract
Cardiac arrhythmias are common diseases 
affecting millions of people worldwide. A 
broad and diverse array of arrhythmias exists, 
ranging from harmless ones such as sinus 
arrhythmia to fatal disorders such as ventricu-
lar fibrillation. The underlying pathophysiol-
ogy of arrhythmogenesis is complex and still 
not fully understood. Since their discovery, 
non-coding RNAs (ncRNAs) and especially 
microRNAs (miRNAs) came into the spot-
light of arrhythmia research as it has been 
shown that they play an important role in reg-
ulating normal development of the cardiac 
conduction system and are involved in remod-
eling processes leading to arrhythmias. This 
chapter will give a brief overview on basic 

electrophysiologic concepts and will summa-
rize the current knowledge on ncRNAs and 
their role in arrhythmogenesis.

Keywords
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1  Background

Cardiac arrhythmias are common resulting in 
significant morbidity and mortality. Especially 
ventricular arrhythmias are a major cause for car-
diovascular death in the context of ischemic heart 
failure (HF) or myocardial infarction [1].

A vast variety of structural changes (e.g. fibro-
sis, dilatation or inflammation) as well as changes 
in ion channel function or expression, alterations 
of the calcium homeostasis or neurohormonal 
dysregulation can lead to the onset and perpetua-
tion of arrhythmias [1]. Those mechanisms are 
called ‘proarrhythmic remodeling’ and are 
induced by various triggers such as ischemia or 
pressure overload. On a cellular level these 
remodeling processes are regulated by numerous 
mediators such as non-coding RNAs. Non-coding 
RNAs (ncRNAs) are small RNA molecules that 
are not translated into proteins [2]. They are able 
to regulate gene expression on different levels 
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like transcriptional modulation (e.g. by inhibiting 
expression of enhancers/repressors), epigenetic 
targeting (e.g. by affecting expression of enzymes 
involved in histone formation) or post transcrip-
tional regulation (e.g. by mediating degradation 
of already transcribed target genes) [3]. When it 
comes to cardiac arrhythmias, research has 
focused on microRNAs (miRNAs) rather than 
other non-coding RNAs since they have been 
demonstrated as key regulators in electrical and 
structural remodeling of the heart [4, 5]. The 
underlying electrophysiological alterations lead-
ing to cardiac arrhythmias are various and often 
categorized as disorders of impulse formation or 
impulse conduction caused by complex processes 
summarized under the term proarrhythmic 
‘remodeling’ consisting of structural and electri-
cal remodeling [6, 7].

In recognition of the evidence currently avail-
able, this chapter will focus on microRNAs and 
give an outlook to other ncRNAs if there is evi-
dence available.

1.1  Basics of Cardiac Conduction

In order to maintain sinus rhythm cardiac con-
duction system cells and the working myocar-
dium are strictly orchestrated and require a 
perfect coordination of excitation, conduction, 
refractoriness and electromechanical coupling 
[1]. Any change in this fragile equilibrium may 
cause the occurrence of arrhythmias.

Under physiologic conditions a characteristic 
sequence of voltage changes driven by de- and 
repolarizing currents leads to the generation of the 
cardiac action potential. Cardiomyocytes nor-
mally display a resting membrane potential of 
−80 mV [7]. The electrical activity relies on 
different ion currents through various 
transmembrane- proteins – the so-called ion chan-
nels. Among them are Na+, Ca2+, and K+ channels 
which contribute to the cardiac action potential by 
opening and closing at different time points [1]. 
The cardiac action potential is divided into differ-
ent phases: first, the initial rapid depolarization 
driven mainly by voltage gated sodium channels; 

second, a long plateau phase driven mainly by an 
equilibrium between calcium and potassium cur-
rents; third, the repolarization driven by inward 
potassium currents, and fourth, the resting period 
when the cardiomyocyte comes back to its resting 
membrane potential [1, 8, 9].

A physiologic heartbeat begins with a sponta-
neous depolarization in a small atrial area, the so 
called sinus node. The sinus node myocytes are 
specialized and vary from other myocytes by 
their spontaneous depolarizations driven by a 
sodium current. After excitation of the atria the 
impulse reaches the atrioventricular node which 
electrically separates the atria from the ventri-
cles. It then continues through the his bundle 
which divides into two branches, the left and the 
right bundle branch. These branches then taper 
out producing countless Purkinje fibers which 
finally reach the myocytes of the ventricles, dis-
tributing the electrical excitation among all 
myocytes.

1.2  Common Proarrhythmogenic 
Changes

Common changes favoring arrhythmia affect 
each part of physiologic excitation starting with 
the impulse formation. The ability of the sinus 
node (or other subsidiary pacemaker cells) to 
spontaneously generate electrical impulses is 
called ‘automaticity’. Alterations of the gene 
expression in the sinus node, for example in 
heart failure, may lead to an enhanced automa-
ticity that in turn may result in sinus tachycardia. 
Under normal conditions impulse formation 
takes place within the sinus node. If cells outside 
the sinus node reach their threshold potential 
before they are reached by a sinus impulse, so 
called ectopy occurs that may potentially lead to 
arrhythmias [7]. The most important mecha-
nisms underlying ectopy are early and delayed 
afterdepolarisations due to imbalances in the cal-
cium homeostasis [10]. Especially early afterde-
polarisations are common in ventricular 
myocardium and are associated with ventricular 
arrhythmias such as long QT syndrome [11].
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Another major cause for cardiac arrhyth-
mias are changes favoring atrial or ventricular 
reentry by affecting the impulse conduction. 
Physiologically, a refractory period follows 
each excitation, making the cardiomyocyte 
resistant to premature electrical impulses and 
guaranteeing that only physiologic impulses 
from the sinus node can cause depolarizations. 
The cardiac refractoriness ultimately depends 
on the action potential duration (APD), mean-
ing that all changes to APD may favor arrhyth-
mias. Changes leading to slowed electrical 
conduction or a shortened refractory period 
can lead to a situation where a premature elec-
trical impulse reaches cardiomyocytes that are 
already excitable (e.g. because the physiologic 
impulse from the sinus node is slow and has 
not reached the cardiomyocyte yet or the car-
diomyocyte’s repolarization is fastened) and 
will be conducted (which makes the cardiomy-
ocytes refractory against physiologic impulses 
from the sinus node) establishing a ‘reentry’ 
circuit that can lead to atrial or ventricular 
(tachy-)arrhythmias [10]. Conduction velocity 

mainly depends on sodium channels, gap junc-
tions and cardiac tissue structure [10]. For 
example in heart failure changes to cardiac 
ultrastructure like fibrosis favor reentry by 
altering conduction velocity [12].

Ion channel dysfunctions resulting from 
altered ion channel gene expression or function 
(so called channelopathies) following various 
triggers such as ischemia or genetic mutations 
often underly the phenomena described above 
[13].

2  MicroRNAs Described 
in Cardiac Arrhythmia

This section will provide a brief overview on 
miRNAs involved in cardiac arrhythmogenesis, 
purposely excluding atrial fibrillation, which will 
be discussed in Chap. 19. Figure 18.1 illustrates 
the interaction between miRNAs and their target 
genes, and Table  18.1 provides an overview of 
the miRNAs described in this section.

Fig. 18.1 Regulation of miRNAs involved in arrhythmogenesis and their respective targets
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2.1  miR-1

The first link between cardiac arrhythmias and 
miRNA was made by Yang et al. in 2007. They 
were able to show a dysregulation of miR-1 
(overexpression) in a rat model of acute myo-
cardial infarction leading to altered Ca2+ han-
dling and thus, arrhythmias. Elimination of 
miR-1 was able to rescue the phenotype [14]. 
Further investigation revealed two miR-1 target 
genes: GJA1, which encodes connexin 43 
(Cx43) that is one of the major gap junctions 
mediating the electrical conduction from cell to 
cell and KCNJ2, which encodes the potassium 
channel subunit Kir2.1 that is critical for estab-
lishing the resting membrane potential. 
Repression of these two proteins by miR-1 leads 
to a slowed conduction and a more depolarized 
resting membrane potential (seen as QRS com-
plex widening and increased resting membrane 
potential in this model) thus potentially favoring 
cardiac arrhythmias [14]. A further role for 
miR-1  in cardiac arrhythmogenesis has been 
described by Terentyev et  al. in 2009. They 
showed an increase in the amplitude of inward 
calcium current leading to increased excitation, 
elevated diastolic calcium leak from the sarco-

plasmatic reticulum and reduced sarcoplasmatic 
reticulum calcium content, all potentially favor-
ing arrhythmias in general [15]. The miRNA 
represses the Protein phosphatase 2 (PP2A) in 
this mode of action. These data were all not 
linked to a particular arrhythmia and describe 
general effects of miR-1 on the myocardial elec-
trophysiology. Interestingly, miR-1 was also 
found to have an inhibitory effect on the expres-
sion of HCN4 resulting in sinus bradycardia as 
an adaption to exercise training [16]. Fittingly, 
miR-1 was described to be upregulated in the 
blood of Marathon runners after running a mar-
athon [17]. This miRNAs expression level also 
correlated with the diameter of the left atrium in 
elite runners, suggesting a potential use as a bio-
marker for atrial remodeling [18].

2.2  miR-19b

There is also some data available on the influence 
of miR-19b on the action potential duration 
(APD) in zebrafish. This miRNA exhibits an 
inhibitory effect on the expression of various 
sodium and potassium channels, thus prolonging 
the APD.  Zebrafish lacking miR-19b presented 

Table 18.1 Overview of microRNAs involved in the genesis of arrhythmias

Non-coding 
RNA

Regulation in 
disease Mechanism Species Entity References

miR-1 Downregulated Upregulation of Kir2.1 potassium 
channel

Rat SSS [36]

miR-1 Upregulated Downregulation of HCN4 Mouse Sinus 
bradycardia

[16]

miR-19b Downregulated Upregulation of various sodium- and 
potassium channels; prolongation of APD

Zebrafish AV- Block [19]

miR-26a Downregulated Upregulation of KCNJ2 Dog Heart 
failure

[22]

miR-30 Downregulated CTGF mediated induction of fibrosis Rat Heart 
failure

[21]

miR-92b-5p Upregulated Repression of SHOX2 Mouse SSS [25]
Human

miR-133 Upregulated Repression of hERG (reduced potassium 
current IKr)

Dog Myocardial 
fibrosis

[20]

miR-17-92 & 
miR-106b-25

Downregulated Alteration in cardiomyocyte 
differentiation

Mouse SSS [24]

miR-423-5p Upregulated Downregulation of HCN4 Mouse Sinus 
bradycardia

[37]
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bradycardia due to AV block with concomitant 
loss of contractile function [19].

2.3  miR-133

miR-133 has been shown to affect the QT inter-
val. Shan and colleagues were able to demon-
strate that upregulation of miR-133  in a dog 
tachypacing model led to decreased protein lev-
els of hERG (a potassium channel subunit of the 
delayed rectifier potassium current IKr) and sub-
sequently to prolonged QTc interval and 
increased mortality rates. The effect could be res-
cued by blocking miR-133 with an antisense 
inhibitor, thus proving a role for miR-133 in long 
QT syndrome [20].

2.4  miR-30

In a transgenic rat model of hypertension- 
induced heart failure downregulation of miR-30 
has been shown to be associated with increased 
fibrosis via CTGF mediated induction of extra-
cellular matrix protein expression [21]. This may 
lead to a proarrhythmogenic substrate, a link to a 
specific arrhythmia, however, was not demon-
strated in this study.

2.5  miR-26a

In a dog model of chronic heart failure induced 
by atrial tachypacing miR-26 was significantly 
downregulated followed by an upregulation of its 
target gene KCNJ2 and consecutive action poten-
tial shortening favoring reentry [22]. The authors 
linked this miRNA to atrial arrhythmias.

2.6  miR-17-92 and miR-106b-25

Sick sinus syndrome marks an important entity 
regarding both healthcare costs as well as patient 
morbidity since it is responsible for the vast 
majority of pacemaker implantations [23]. Recent 
studies have shown miR-17-92 and miR-106b-25 

to be involved in the pathogenesis of sick sinus 
syndrome [24]. Regulated by Pitx2 – a transcrip-
tion factor – they directly target genes (Shox2 and 
Tbx3) involved in the differentiation of cardio-
myocytes into cells forming the sinus node (so 
called nodal cells). If those miRNAs are knocked 
out, the threshold for pacing induced atrial fibril-
lation in mice decreases significantly [24]. The 
same researchers were able to show that cardiac 
specific knockout of miR-17-92 alongside with 
haplotype insufficiency of miR-106b-25 leads to 
sinus node dysfunction and second degree atrio-
ventricular block in mice [24].

2.7  miR-92b-5p

Strikingly, miR-92b-5p was found to act inhibi-
tory in the same pathway as miR-17-92 and miR- 
106b- 25 in mice and is dysregulated in the blood 
of patients with atrial fibrillation [25]. 
Mechanistically, a variant (c.∗28  T  >  C) in the 
3’UTR of the gene Shox2 creates a functional 
binding site for this miRNA in patients with early 
onset atrial fibrillation. These results were vali-
dated in phenotypic rescue experiments in zebraf-
ish. This group could also show that the 
expression of Shox2 is significantly reduced in 
the right atrial appendages of atrial fibrillation 
patients.

2.8  miR-423-5p

The hearts of athletes react to repeated endurance 
training with an adaptive contractile and electro-
physiological remodeling leading to sinus brady-
cardia. For instance, miR-423-5p was recently 
shown to be pivotal in the processes leading to 
sinus bradycardia by targeting HCN4, an ion 
channel responsible for the so called funny cur-
rent in the sinus node [37]. Fittingly, knockdown 
of miR-423-5p reversed this training-induced 
bradycardia via normalization of HCN4 expres-
sion levels and establishing a regular funny cur-
rent. Since these effects were elucidated in 
swim-trained mice, a similar mechanism in 
human athletes remains only speculative.
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3  Long Non-coding RNAs 
Involved in the Development 
of Cardiac Arrhythmia

Since other ncRNAs, such as long non-coding 
RNAs (lncRNAs), only recently shifted into the 
spotlight of cardiovascular research there is only 
limited data available on their role in cardiac 
arrhythmogenesis. This section will provide a 
brief look into lncRNAs demonstrated as media-
tors in cardiac arrhythmias. Several lncRNAs 
have been described in cardiovascular disease 
(for example AK048451 (CHRF), myocardial 
infarction associated transcript (MIAT) or 
AK017121 (CARL)) which lead to cardiac 
hypertrophy, or interfere with cardiac apoptosis 
in ischemia/reperfusion injuries [26]. These are 
processes possibly triggering arrhythmias, and 
there are already some studies available proofing 
a link between lncRNA dysregulation and vari-
ous arrhythmias. Table 18.2 shows a summary of 
the lncRNAs mentioned in this section.

3.1  Kcnq1ot1

Long QT syndrome can be caused by mutations 
in the gene KCNQ1 [27]. Recent data has shown 
that the expression of KCNQ1 can be inversely 
repressed in cis by Kcnq1ot1, a lncRNA pro-
duced from the introns of its gene. It has been 
shown that KCnq1ot1 loses its imprinting 
throughout the process of cardiac development 
leading to transcription, which then affects the 
expression of KCNQ1  in differentiated cardio-
myocytes rather than during early heart develop-
ment [28, 29].

3.2  Cardiac Conduction 
Regulatory RNA (CCRR)

The remodeling processes in heart failure (HF) 
can lead to an enhanced arrhythmogenicity of the 
myocardium. Only recently, Zhang et  al. estab-
lished CCRR as an antiarrhythmic lncRNA in 
both mice and humans with HF.  This lncRNA 
acts via preventing the degradation of Cx43, thus 

improving cardiac conduction. Knockdown of 
CCRR lead to a destruction of intercalated discs 
and gap junctions resulting in electrical conduc-
tion slowing, an effect similar to adverse cardiac 
remodeling seen in HF [30].

3.3  ZFAS1

As described above, calcium handling is one of 
the key factors in electromechanical coupling, 
with any disturbance potentially causing arrhyth-
mias. ZFAS1 is a lncRNA reported to directly 
inhibit SERCA by suppressing its ATPase func-
tion, impairing cardiac contractility and favoring 
arrhythmias [31].

3.4  GAS5

The lncRNA GAS5 has been described to inter-
act with miR-21 leading to hampered activation 
of cardiac fibroblasts via miR-21 upregulation in 
TGF-beta1 activated cardiac fibroblasts and sub-
sequent lowered levels of COL1A1, alpha-SMA 
and PTEN. This indicates a role for GAS5 in the 
development of cardiac fibrosis, one major struc-
tural contributor to cardiac arrhythmias [32].

3.5  Kcna2 Antisense RNA 
(Kcna2 AS)

HF often triggers ventricular arrhythmias. 
Underlying mechanisms include APD prolonga-
tion due to decreased potassium currents (e.g. 
IKs). This was shown to be regulated by Kcna2, 
which in turn can be repressed by Kcna2 AS. In 
rats with congestive HF, the ventricular Kcna2 
AS expression increases and the animals present 
a higher incidence of ventricular arrhythmias 
because of a prolonged APD [33].

3.6  TCONS_00075467

Knockout of TCONS_00075467  in rabbits lead 
to a shortened atrial effective refractory period 
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(AERP), shortened action potential as well as 
lowered L-type calcium current density through 
sponging miR-328  in atrial myocytes favoring 
arrhythmia [34].

3.7  Metastasis-Associated Lung 
Adenocarcinoma Transcript 1 
(MALAT1)

MALAT1 is highly abundant in the heart after 
myocardial ischemia. Downregulation of this 
transcript induces an increased expression level 
of Kv4.2 and Kv4.3, transient outward potassium 
current (Ito) and peak current density [35]. This 
suggests a potential link to cardiac arrhythmias, 
which needs to be elucidated by other studies.

4  Summary

To put it in a nutshell, a growing body of evi-
dence suggests that microRNAs are crucial fac-
tors regulating both normal cardiac 
electrophysiology and the occurrence of arrhyth-
mias. Mechanistically, an altered microRNA 
expression mostly triggers a different pattern of 
ion channels changing the electrophysiological 
properties of the cardiomyocytes. The role of 
other non-coding RNAs, such as lncRNAs, in 
arrythmogenesis are still more elusive today. 
Some lncRNAs could directly be linked to 
tachyarrhythmias, while there is no evidence on 
an involvement of lncRNAs in the genesis of 
bradyarrhythmias. In addition, no evidence could 
be found for an entanglement of other classes of 
non-coding RNAs in arrhythmogenesis yet.

All in all, non-coding RNAs are involved in 
the pathophysiology of arrhythmias and might 
therefore serve as targets for the development of 
innovative novel drugs that may allow to treat 
cardiac arrhythmias in a causal fashion in the 
future.
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Non-coding RNAs and Atrial 
Fibrillation
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Abstract
Atrial fibrillation is the most frequent type of 
cardiac arrhythmia in humans, with an esti-
mate incidence of 1–2% in the general popu-
lation, rising up to 8–10% in the elderly. 
Cardiovascular risk factors such as diabetes, 
obesity, hypertension and hyperthyroidism 
can increase the occurrence of AF. The onset 
of AF triggers additional AF episodes, lead-
ing to structural and electrical remodeling of 
the diseased heart. Understanding the molec-
ular bases of atrial fibrillation have greatly 
advance over the last decade demonstrating 
a pivotal role of distinct ion channels in AF 
pathophysiology. A new scenario has opened 
on the understanding of the molecular mech-
anisms underlying AF, with the discovery of 
non- coding RNAs and their wide implica-
tion in multiple disease states, including car-
diac arrhythmogenic pathologies. 
microRNAs are small non-coding RNAs of 
22–24 nucleotides that are capable of regu-
lating gene expression by interacting with 
the mRNA transcript 3′UTRs and promoting 
mRNA degradation and/or protein transla-
tion blockage. Long non-coding RNAs are a 

more diverse group of non-coding RNAs, 
providing transcriptional and post-transcrip-
tional roles and subclassified according to 
their functional properties. In this chapter 
we summarized current state- of- the-art 
knowledge on the functional of microRNAs 
and long non-coding RNAs as well as their 
cross-talk regulatory mechanisms in atrial 
fibrillation.

Keywords
microRNAs · lncRNAs · Atrial fibrillation · 
Biomakers

1  Background

Atrial fibrillation is the most frequent type of car-
diac arrhythmia in humans, with an estimate inci-
dence of 1–2% in the general population [1]. In 
the elderly, AF can rise up to 8–10%. 
Cardiovascular risk factors such as diabetes, obe-
sity, hypertension and hyperthyroidism can 
increase the occurrence of AF [2–4]. Importantly, 
AF can be also secondary to surgical interven-
tions, inflammatory processes and obstructive 
sleep apnea [5]. The onset of AF triggers addi-
tional AF episodes, leading to electrical and 
structural remodeling of the diseased heart, a 
condition quoted as “AF begets AF”. Electrical 
remodeling leads to progressive changes in the 
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cardiac electrical properties, coursing with early 
after depolarizations (EADs), delayed after depo-
larizations (DADs) and/or changes in the action 
potential duration (APD) configuration culminat-
ing thus in rotor formation [6]. Structural remod-
eling normally courses with atrial fibrosis, 
inflammation and/or dilatation [7].

Epidemiological studies have undoubtedly 
demonstrated that cardiovascular risk factors, 
such as those previously mentioned, enhance AF 
occurrence. Importantly there are also unques-
tionable evidences that AF courses in absence of 
previous risk factors, i.e. a condition dubbed lone 
AF [8]. Seminal studied by Brugada et  al. [9] 
demonstrate a familiar genetic component in lone 
AF. Subsequent screening of candidate genes in 
familiar AF kindreds identified a large number of 
point mutations in distinct genes encoding for 
proteins involved in cardiac electrophysiology. 
Yet, despite this advancement, genetic identifica-
tion of causative genes in AF only explains 
10–15% of all AF patients [10]. In recent years, 
genome-wide association analyses (GWAS) 
lightened the discovery of new genes associated 
to AF. Pioneer worked by Gubdjartsson et al. [11] 
firstly identify common risk variants highly asso-
ciated to the onset of lone AF in distinct ethnic 
cohorts. More recently additional GWAS studies 
and meta-GWAS have further identified new can-
didate genes for AF pathophysiology, with over 
70 genes potentially involved [12].

Understanding the molecular bases of atrial 
fibrillation have greatly advance over the last 
decade. Beside the involvement of genes encod-
ing of distinct ion channels involved in the con-
figuration of the cardiac action potential, the 
discovery of potential candidate genes by GWAS, 
and subsequently the functional analyses have 
unraveled novel pathways [13]. Among them, the 
most explored to date is driven by Pitx2, leading 
to Wnt, microRNAs and ion channel remodeling 
[14–16]. Importantly, a new scenario has opened 
on the understanding of the molecular mecha-
nisms underlying AF, with the discovery of non- 
coding RNAs and their wide implication in 
multiple disease states, including therein cardiac 
structural and arrhythmogenic pathologies [17].

Non-coding RNAs can be grossly subclassi-
fied into two major groups; small non coding 
RNAs (shorten that 200 nucleotides in length) 
and long non coding RNAs (longer that 200 
nucleotides in length). Small non-coding RNAs 
contain distinct subclasses such as piwi-RNAs, 
snoRNAs, siRNAs, and the most numerous and 
well-studied group of microRNAs [18, 19]. 
microRNAs are small non-coding RNAs of 
22–24 nucleotide that are capable of regulating 
gene expression by interacting with the mRNA 
transcript 3′UTRs are promoting mRNA degra-
dation and/or protein translation blockage [20]. 
Long non-coding RNAs are equally an heteroge-
nous group of non-coding RNAs that are basi-
cally subclassified according to their functional 
properties yet such a classification is complex 
and imprecise given our limited understanding of 
their transcriptional and post-transcriptional 
function [21]. Furthermore, complex interplays 
between long non coding RNAs and microRNAs 
are also operative, opening a completely novel 
landscape of gene regulation.

2  microRNAs as Biomarkers 
of AF

Non coding RNAs are becoming acknowledged 
as novel biomarkers in distinct cardiovascular 
pathologies, including AF (see for recent reviews 
[22, 23]). Wang et al. [24] recently demonstrated 
that two distinct microRNAs are significantly 
decreased in post-ablation AF patients compared 
to non-ablated AF patients. Importantly, using an 
experimental model of AF, in pigs, they further 
corroborated that AF ablation significantly 
diminished miR-155 and miR-24 expression. 
Biochemical and molecular analysis demon-
strated that these two microRNAs can influence 
nitric oxide (NO) and endothelial nitric oxide 
synthase (eNOS) are altered, supporting the role 
of NO/eNOS pathway in AF. Feldman et al. [25] 
recently demonstrated that circulating miR-23 
and miR-26 were significantly decreased while 
Harling et  al. identified that plasma circulating 
miR-483 was significantly increased in post- 
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operative patients developing AF as compared to 
those that did not develop AF, suggesting a func-
tional role for these microRNAs in the onset of 
post-operative AF.  More recently Liu et  al. 
reported that AF catheter ablation restores miR- 
409- 3p and miR-432 plasma levels, further sup-
porting a pivotal role for microRNAs in AF 
pathophysiology. Soeki et al. [26] nicely demon-
strated that expression of miR-328 and miR-1 
were increased in AF patients as compared to 
control, displaying enhanced expression in the 
left atrium and pulmonary vein plasma as com-
pared to systemic plasma expression. These evi-
dence support a plausible role for local miR-328 
production in relation to atrial substrate remodel-
ing. Similar findings were also reported by Zhou 
et  al. [27]. Overall these data demonstrate that 
microRNAs might serve as biomarkers to iden-
tify and probably to predict the onset and/or 
course of AF pathophysiology.

3  SNV in microRNAs 
Associated to AF

Genomic variations on the promoter sequences 
driving microRNA expression or within the pre-
cursors/seed sequences of microRNAs have been 
reported to be associated to increase rate of AF 
occurrence. In particular, three distinct microR-
NAs have been already described, miR-125a, 
miR-196a2 and miR-146 [28–30]. A miR-125a 
polymorphism is associated with recurrence of 
AF after ablation, an association that mechanisti-
cally links miR-125a and IL6/IL6R axis, since 
IL6R is a direct target of miR-125a [28]. A pre- 
miR- 196a2 SNV is associated to increase occur-
rence of AF in Chinese population, a condition 
that is also linked with increased atrial dimen-
sions [29]. A polymorphism in miR-146 is a 
prognostic biomarker for adverse cardiovascular 
events in AF patients following anticoagulant 
administration, probably involving inflammatory 
mechanisms, since IL6/1L6R axis is reversely 
correlated [30]. In addition, Hoffman et al. [31] 
reported coding and non-coding variants in 
SHOX2 gene in patients with atrial fibrillation. 

Non-coding variants generated a novel functional 
binding site for miR-92-5p. Importantly, miR- 
92- 5p expression levels in circulating plasma 
were increased in those patients carrying the 
SNV, supporting a causative link between 
SHOX2 non coding SNVs, miR-92-5p expres-
sion and AF. In sum, these evidence suggest that 
impaired regulation of microRNAs expression 
can have a profound effect on AF occurrence, yet 
additional experimental evidence is required to 
fully support these findings.

4  Functional Roles 
of microRNAs in AF

Multiple microRNAs have been involved in elec-
trical and structural remodeling directly linked to 
the course of atrial fibrillation. We provide herein 
evidences on the functional role of microRNAs in 
cell-cell coupling, electrical regulation, structural 
impairment as well as in additional signaling 
pathways related to AF pathology in the follow-
ing subheadings.

4.1  Functional Roles 
of microRNAs in Cell-Cell 
Coupling

Cell-cell coupling exerted by connexin is critical 
for the correct electrical propagation. Two dis-
tinct microRNAs, miR-208a and miR-206, have 
been reported to target Cx40 and Cx43, respec-
tively [32, 33]. Cx43 has been validated as target 
of miR-206 by biochemical luciferase assays. 
Mice over-expressing miR-206 displayed 
decreased atrial and ventricular Cx43 expression 
and thus abnormal PR interval and heart rate, 
leading thereafter to a shortening the life span of 
these mice [34]. These data postulate a plausible 
role for miR-208 in AF, although additional evi-
dences are required. Li et  al. [35] reported that 
miR-208 is increased in right atrial biopsies of 
AF patients, while Cx40 expression was dimin-
ished. Experimental studies demonstrate an indi-
rect modulation of Cx40 (Gja5) by miR-208. 
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Curiously, Takahashi et  al. [36] reported that 
high-fat diet increases vulnerability to atrial 
arrhythmia by down-regulation of Cx40 via 
miR-27b.

4.2  Functional Roles 
of microRNAs in AF Electrical 
Remodeling

Within the configuration of the cardiac action 
potential, including sodium and potassium chan-
nels. Zhao et al. [37] demonstrate that miR-192 is 
up-regulated in AF atrial biopsies, while SCN5A 
is decreased. Luciferase assays demonstrate a 
direct interaction and regulation of SCN5A by 
miR-192, leading to modulation of INa current, 
supporting a plausible role of these mechanism 
underlying AF pathophysiology.

Girmatsion et al. [38] demonstrate a comple-
mentary expression between miR-1 and Kir2.1 in 
left atrial AF patients biopsies, data that are con-
cordant with increased IK1 current in LA AF 
patients as compared to SR patients, while con-
nexin expression was unaffected. Furthermore, 
ex vivo stimulation also lead to similar results, 
supporting both a key role of miR-1/Kir2.1 in AF 
pathophysiology and a determinant role suggest-
ing a primary role of atrial rate in miR-1 down- 
regulation and I(K1) up-regulation. Additional 
evidence on the role of atrial taquipacing were 
obtained by Jia et al. [39] using rabbit as experi-
mental model. These authors demonstrate a clear 
gene expression remodeling up-regulating miR-1 
and down-regulating KCNE1 and KCNB2, lead-
ing to decrease atrial effecting refractory period 
while increasing IK currents. In addition, KCNE1 
and KCNB2 were corroborated as direct targets 
of miR-1. Luo et al. [40] reported impaired miR- 
26 expression in AF patients. Biochemical assays 
demonstrated that miR-26 regulates KCNJ12 
expression. In vitro and in vivo manipulation of 
miR-26 demonstrate that if impaired, atrial fibril-
lation develops.

Importantly, most the microRNAs related to 
AF to date influence calcium homeostasis, a key 
event regulating onset of AF, including therein 

miR-21 and miR-29a modulation of CACNA1C 
[41–42], miR-499 regulation of CACNB2 [43] 
and miR-106-miR-25 regulation of RyR2 [47]. 
Zhao et al. [42] demonstrate that CACNA1C is a 
direct target of miR-21. Barana et al. [41] demon-
strate miR-21 expression is up-regulated in AF vs 
SR atrial myocytes and that miR-21 directly reg-
ulates CACNA1C and CACNB2 provoking Ica 
current changes similar to those recorded in AF 
patients. Ling et al. [48] and Ling et al. [46] dem-
onstrate that miR-499 directly targets CACNB2 
and SK3 channels while miR-499 is significantly 
increased while CACNB2 and SK3 are decreased 
in AF patients atrial biopsies. These data simi-
larly support a role of miR-499 in AF pathophysi-
ology. Cañon et al. [49] reported that miR-208b 
was increased in human and ovine AF biopsies. 
Over-expression of miR-208 leads to alteration in 
CACNA1C and CACNB2 and SERCA both at 
expression and functional levels, supporting a 
role for miR-208 in AF.

In addition, regulation of HCN by miR-1/
miR-133 [47] also plays a role on AF onset with 
age. Li et  al. [47] demonstrate that miR-1 and 
miR-133 were decreased in age AF right atrial 
biopsies while HCN2 and HCN4 were up- 
regulated, supporting a role for these microRNAs 
in the onset of age-related AF.

Experimental animal models have also pro-
vided additional evidences on the functional roles 
of microRNAs in AF. Chiang et al. [48] demon-
strated that deletion of the microRNA-106b-25 
cluster in mice promotes atrial fibrillation by 
enhancing ryanodine receptor type-2 expression 
and calcium release. Wang et  al. [49] and 
Chinchilla et al. [14] also demonstrated that Pitx2 
deficiency disrupt microRNA expression that are 
linked to atrial arrhythmogenesis, a signaling path-
way that also involves regulation of Wnt and Wnt-
driven microRNAs expression [15], which is 
highly susceptible to alteration of cardiovascular 
risk factors such as hyperthyroidism, hypertension 
and redox homeostasis imbalance [16]. In dogs, 
expression of miR-30 and miR-133 is impaired in 
chronic atrial fibrillation [50] and down-regulation 
of miR-133 and miR-590 contributes to nicotine-
induced atrial remodeling [51].
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4.3  Functional Roles 
of microRNAs in AF Structural 
Remodeling

Structural remodeling in AF invariably courses 
with intramyocardial fibrosis. Multiple pathways 
have been involved in triggering fibrosis and sim-
ilarly, several reports highlight the functional 
roles of microRNAs governing this process. 
Ang-II driven fibrosis is controlled by miR-27 
[52], while miR-30c [53] modulated Tgfb-driven 
fibrosis.

miR-27 can diminished angiotensin II-induced 
fibrosis, by modulating collagen I/III, plasmino-
gen activator inhibitor type 1 and alpha smooth 
muscle actin expression by targeting Alk5, a tgf- 
beta1 receptor as well as inhibiting Smad2/3 
phosphorylation without altering Smad1 activity 
[52]. Furthermore, In isolated perfused hearts, 
miR-27b restoration markedly attenuated AngII- 
induced increase in interatrial conduction time, 
AF incidence and AF duration.

Xu et  al. [53] demonstrate that miR-30c 
directly regulates Tgfbr2 as well as fibroblast 
proliferation, differentiation, migration and col-
lagen production of cardiac fibroblasts. Therefore, 
modulating miR-30c expression can provide ben-
eficial effects reversing AF induced atrial 
fibrosis.

miR-132 influences CTGF activation [54] 
and miR-30 regulates Snail [58]. Importantly, 
the most well-described microRNA favouring 
fibrosis in AF is miR-21, including herein the 
regulation of CADM1/STAT2 [59], WWP1 [57] 
as well as other unidentified pathways [58–59]. 
In addition to fibrosis, structural remodeling in 
AF also courses with activation of apoptosis. 
Two distinct microRNAs have been reported to 
activate apoptosis in AD, miR-122 [60] and 
miR-1/miR-133 [61].

Quiao et al. [54] demonstrated that miR-132 
expression was decreased and CTGF increased in 
the human and canine models with AF.  The 
expression of miR-132 and CTGF protein levels 
were upregulated in Ang II stimulated cardiac 
fibroblasts of adult rats. Furthermore, when miR- 
132 was introduced into cardiac fibroblasts, the 
expression of miR-132 increased significantly 

whereas the expression of CTGF decreased, sup-
porting miR-132 may target CTGF in regulating 
fibrosis in Ang II-treated cardiac fibroblasts.

Yuan et al. [55] reported an inverse correlation 
between miR-30a and Snail1 and periostin 
expression in AngII-induced fibrosis in cardiac 
fibroblasts. However, the putative mechanisms 
behind these findings remains unexplored. Cao 
et al. [56] demonstrated that miR-21 overexpres-
sion promotes cardiac fibrosis via STAT3 signal-
ing pathway by decrease CADM1 expression in 
cell culture models of cardiac fibrosis, supporting 
that miR-21 might be an important signaling 
molecule for cardiac fibrotic remodeling and AF.

Tao et al. [57] demonstrated that TGF-β1, col-
lagen I and collagen III levels are significantly 
elevated in AF patients, miR-21 expression is 
increased, while the WWP-1 expression was 
decreased. miR-21 transfected cardiac fibroblasts 
decreased WWP-1 expression, while opposite 
effects were observed after miR-21 inhibitor 
administration. Therefore these data indicated 
that miR-21 inhibits cardiac fibroblasts prolifera-
tion by inactivating the TGF-β1/Smad2 signaling 
pathway via up-regulation of WWP-1. Yang et al. 
[62] demonstrated that miR-23b and miR-27b 
were up-regulated in AF left atrial samples as 
well as in angiotensin II treated fibroblasts. Over- 
expression of these microRNAs enhance colla-
gen expression, a process that is TGFBR3 
dependent. These data support a functional role 
for miR-23b and miR-27b in AF fibrosis.

4.4  Functional Roles 
of microRNAs in Additional AF 
Related Pathways

Besides electrical and structural remodeling 
associated to AF, other signaling pathways have 
been reported to play a role in AF and several 
microRNAs have been associated to modulate 
such signaling pathways. Ankyrin B is regulated 
by miR-34 [63], PTEN/PI3K, STAT3 and Smad7 
by miR-21 [64–66] dystrophin by miR-31 [70] 
and SIRT1 by miR-199 [68]. Overall, these data 
suggest an increasing important role of microR-
NAs modulating AF pathophysiology.
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5  Transcriptomic Analyses 
of microRNAs in AF 
Conditions

Multiple studies have been performed searching 
for the transcriptomic fingerprints of atrial fibril-
lation. Some of these studies were exclusively 
done using a candidate approach on the expres-
sion of a limited number of microRNAs, already 
demonstrating differential expression in human 
AF. In this context, Da Silva et al. [69] identified 
increased plasma expression of miR-133b, miR- 
328 and miR-499  in patients with acute new 
onset of AF as compared to controls and well- 
controlled patients. miR-21 on the contrary was 
decreased in well-controlled patients as com-
pared to controls and new-onset AF patients.

More recently, microRNA microarray analy-
ses provided additional evidences on the differ-
ential expression in distinct tissue involved in 
AF pathogenesis. For example, Zhang et al. [70] 
analyzed the microRNA fingerprint of the car-
diac autonomic nervous plexus and identified 16 
differentially expressed microRNAs in atrial taq-
uipaced dogs as compared to controls. These 
authors further demonstrating that miR-206 con-
trols SOD1 expression, balancing therefore 
redox homeostasis in atrial taquipaced dogs. In 
an experimental model of induced AF, Torrado 
et  al. [71] reported the early microRNA signa-
ture of AF.

Importantly, great efforts have been devoted to 
understand the differential contribution of the left 
and right atrial chambers in AF pathology. 
Slagsvold et  al. [72–73] microRNA array of 
selected microRNAs between RA and LA, in AF 
and SR after coronary bypass surgery or valve 
replacement. They demonstrate rather similar 
differences between RA and LA atrial analyses in 
both AF and SR patients, whereas more differ-
ences were observed when comparing RA AF vs 
RA SR and LA AF vs LA SR.  In other words, 
right and left atrial chambers display mostly sim-
ilar microRNA expression patterns in AF and SR, 
respectively while AF distinctly affect both RA 
and LA. Doñate-Puertas et al. [74] analyzed the 
differential distribution of 662 microRNAs in the 
left atrium of AF patients with valvular heart dis-

ease by microarrays. These authors reported that 
42 microRNAs were differentially expressed in 
AF as compared to controls. A similar report was 
performed by Liu et al. [75] in AF patients with 
mitral stenosis. From 1962 microRNAs, only 22 
microRNAs were differentially expressed, using 
microarrays. Xiao et  al. [76] similarly investi-
gated differential microRNA expression in AF 
patients with mitral stenosis but data were 
obtained from the right atrium instead of the left 
atrium. Using microarrays against 773 human 
microRNAs, these authors identified 28 differen-
tially expressed microRNAs. Importantly, side- 
to- side comparison of the differentially expressed 
microRNAs in LA AF vs SR resulted in no shared 
microRNAs between the three distinct studies. 
Only four microRNAs (miR-18, miR-25, miR-20 
and miR-451) were shared by the studies of 
Slagsvold et al. [72–73] and Doñate-Puertas et al. 
[74] (Fig. 19.1a). The overall lack of coincidence 
can be explained on the one hand by a large vari-
ability of the human patients cohorts collected on 
each study, the tissue samples selected or the dis-
tinct microRNA microarray platforms used but 
also it could be attributed to large biological vari-
ability that it is current beyond our understand-
ing. Importantly, efforts should be done to solve 
the puzzle. Secondly, a minimal common 
microRNA signature is found when comparing 
LA and RA AF samples (7% of all differentially 
expressed microRNA in AF samples) (Fig. 19.1b), 
merging all three studies together, supporting that 
distinct post-transcriptional regulatory mecha-
nisms are distinct driving AF expression in the 
LA as compared to the RA.

In addition, a large number of experiments 
have been performed using whole genome tran-
scriptomics. Cooley et al. [77], Liu et al. [78] and 
Yan et al. [79] identified the microRNA signature 
of left and right atrial chambers in the context of 
AF with valvular heart disease. The authors 
reported a wide array of microRNA differential 
gene expression supporting the notion that both 
AF and valvular heart disease distinct affect the 
microRNA pattern of both left and right atrial 
chambers. Importantly, both left and right atrial 
chambers are distinctly affected by disease pro-
gression and by the development of AF. Liu et al. 
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[78] reported significant decreased expression of 
miR-146, miR-150 and miR-199  in blood of 
patients with paroxysmal and permanent AF, 
while miR-21 was increased but only in those 
with permanent AF using massive parallel 
sequencing.

Surprisingly, a common hallmark of AF is 
poorly achieved in both RA and LA signatures 
using massive RNA sequencing technologies; i.e. 
2 microRNAs are shared in the RA; miR-133 and 
miR-331 (Fig. 19.1c); none in LA (Fig. 19.1d). 
Side-to-side comparison of microarray analyses 
and RNAseq strategies unraveled a relatively low 
commonality in the RA AF samples (6.2%; 8 
microRNAs) (Fig. 19.1e) but a more robust and 
significant shared microRNAs in the LA AF 
(17%; 22 microRNAs) (Fig. 19.1f). Thus, these 
analyses are promising in providing a core 
microRNA signature of LA AF remodeling, 
opening new ways to explore the functional con-

sequences and roles of differentially expressed 
microRNAs in the context of AF.

However, the large incongruency between 
studies might be highly related to the large vari-
ability on the tissue sample analyzed (systemic 
plasma, cardiac plasma, atrial biopsies, remnants 
of cardiac surgery), patients inclusion criteria and 
methodological approaches used. For example, 
several studies analyzed differences in AF in the 
context of valve diseases [74, 76, 78] while only 
a single study has been reported in absence of 
valve diseases [80]. In this context Wang et  al. 
[80] analyzed the microRNA expression signa-
ture of the LA in AF patients without valve dis-
ease by low density microarrays, leading to the 
identification of 10 differentially expressed 
microRNAs. Surprisingly, none of the microR-
NAs in the non valvular AF signature is shared 
with those previously reported in valvular AF 
(Fig. 19.2a). Therefore, given the large variability 
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Fig. 19.1 Transcriptomic analyses of microRNAs in AF conditions
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of the subjects analyzed, confounding comorbid-
ities such as valvular heart diseases, seems to also 
greatly influence the microRNA fingerprint of 
AF, and thus it is hard to find an common AF 
transcriptomic hallmark.

Transcriptomic analyses were also done in 
AF post-surgery [81–82]. McManus et al. [84] 
analyzed 86 microRNAs by qPCR in circulating 
plasma and atrial tissue samples in patients 
before and after catheter surgery. They reported 
21 differentially expressed microRNAs in AF 
plasma and 33 up-regulated after surgery. 
Among these, miR-21 and miR-150 increased 
threefold, supporting a plausible role for these 
microRNAs on the regulation of the gene regu-
latory networks governing AF. Nishi et al. [82] 
using a similar approach reported 98 differen-
tially expressed microRNA in right atrial sam-
ples of AF vs controls. Two microRNAs, miR-21 
and miR-208 were elevated after surgery. 
Interestingly, miRNA-21 expression was high-
est in patients with chronic AF or an unsuccess-
ful maze procedure, and gradually decreased in 
order from those with a successful maze proce-
dure to SR patients. Similarly as in previous 
comparative studies, no microRNA commonal-
ity is observed in the results provided by 
McManus et  al. [81] and Nishi et  al. [82] 
(Fig. 19.2b).

6  Emerging Roles of lncRNAs 
in AF

Our current understanding of the functional roles 
of long non coding RNAs is on its infancy. Yet 
solid evidences for the plausible role of discrete 
lncRNAs in AF have already been provided. For 
example, Gore-Panter et  al. [83] identified 
PANCR, a lncRNA adjacent to PITX2 in humans. 
PANCR subcellular localization is mainly cyto-
plasmic and its expression is independent in sinus 
rhythm disturbances. Importantly, PANCR 
silencing significantly modifies PITX2 expres-
sion, mimicking thereafter the effects of PITX2 
knockdown. However, its current role in AF 
remains elusive. Shen et al. [84] using a candi-
date approach analyses reported that KCNQ1OT1 
is up-regulated in an AF mouse model as well as 
in AngII-treated mice. Furthermore these authors 
demonstrate the functional role of KCNQ1OT1 
modulating several electrophysiological parame-
ters such as the effective refractory period and the 
interatrial conduction. In addition, silencing 
KCNQ1OT1 leads to diminish the incidence of 
AF and AF episodes during AngII-treatment. 
Mechanistically, KCNQ1OT1 regulates 
CACNA1C by sponging miR-384, supporting 
thus a pivotal role of this lncRNA in AF 

Fig. 19.2 Large variability on the tissue sample analyzed, patients inclusion criteria and methodological approaches 
used induced large incongruency of microRNAs transcriptomic
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 pathophysiology. Zhao et al. [88] investigated the 
modulative effects of lncRNA TCONS_00202959 
on autonomic neural function and myocardial 
functions in atrial fibrillation rat model. They 
show that over-expression of this lncRNA in an 
experimental rat AF model enhances the atrial 
effective refractory period and diminishes the AF 
induction rate. More recently, Cao et  al. [86] 
demonstrate increased expression of lncRNA 
PVT1 in human AF atrial biopsies as compared 
to controls and they also demonstrate a role for 
PVT1 directing atrial fibroblast proliferation and 
collagen deposition by sponging miR-128-3p 
that in turn facilitated Sp1 expression and thus 
Tgfb/Smads signaling.

In addition to our knowledge of discrete 
lncRNA in AF, several studies have been carried 
out to provide a more global picture of the 
lncRNA profile in AF. Ruan et al. [87] analyzed 
by microarray the LA profile of lncRNAs in AF 
patients with rheumatic valve disease. They iden-
tified 219 differentially expressed lncRNAs. 
Similarly, Mei et al. [88] analyzed the RA profile 
of lncRNAs in AF patients and identified 182 dif-
ferentially expressed lncRNA.  Wu et  al., [89] 
lncRNA transcriptomic analyses by microarrays 
using atrial tissue samples (both right and left). 
16 lncRNA and 5 mRNA were found to be dif-
ferentially expressed in AF patients. Chen et al. 
[90] performed a microarray analyses using pul-
monary vein myocardium and the surrounding 
myocardium and compared to LA appendage. 
The authors reported 94 differentially expressed 
lncRNAs, among which AK055347 was one of 
lncRNAs most significantly altered. Experimental 
manipulation of this lncRNAs demonstrate a role 
in mitochondria energy production. Comparison 
of all the data provides by these authors demon-
strate no single match between them (data not 
shown), raising up the poor robustness of these 
findings that might be due to technical or biologi-
cal variables. In addition, how these lncRNAs 
can influence AF phenotype remains mostly 
unsolved.

In addition to the lncRNAs hallmark in the AF 
diseased myocardium, additional studies have 
been carried out in leucocytes. Su et  al. [91] 
reported the differentially expressed lncRNAs 

profiles in leucocytes of paroxysmal AF as com-
pared to controls. A total of 2095 lncRNAs were 
differentially expressed. Two of these lncRNAs 
(ENST00000559960 and uc004aef.3) were fur-
ther validated and identified as biomarkers of AF.

Additional evidences on the differential 
lncRNA expression profile in AF have been 
reported in two distinct experimental models. Li 
et  al. [92] analyzed the expression profile of 
lncRNAs by RNAseq in RA samples of experi-
mental rabbit AF model. These authors identified 
1220 differentially expressed lncRNAs. They 
further explore the functional role of one of these 
differentially expressed lncRNA, i.e. 
TCONS_00075467, showing that silencing leads 
to a decrease in L-type calcium current and thus 
the action potential duration. They further dem-
onstrate that TCONS_00075467 can sponge the 
microRNA miR-328 and thus regulate the down-
stream protein CACNA1C, supporting thus a piv-
otal role in AF pathophysiology. Wang et al. [93] 
analyzed the lncRNA profile in fat pads from 
experimental canine model of AF. These authors 
reported 576 differentially expressed lncRNA 
(166 down-regulated and 410 up-regulated). In 
vivo silencing of two of these differentially 
expressed lncRNAs, TCONS_00032546 and 
TCONS_00026102, significantly shorten or pro-
long the atrial effective refractory period thereby 
increasing or preventing AF inducibility by pro-
moting or inhibiting the neurogenesis, respec-
tively. The lack of evolutionary lncRNA 
conservation hampers comparison with data 
obtained in human tissues and thus provides an 
additional obstacle to dissect the AF lncRNA 
transcriptomic hallmark.

7  Perspectives

In this study we provide convincing evidence on 
the functional role of microRNAs and lncRNAs 
in atrial fibrillation. A wealth of knowledge is 
currently available of the role of microRNAs in 
atrial fibrillation, including therein major contri-
butions impacting on both electrical and struc-
tural remodeling. In addition several other 
microRNA-regulated pathways have been 
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reported although additional experimental evi-
dences are required to fully understand their con-
tribution to AF. Importantly, large discrepancies 
are observed when transcriptomic analyses are 
compared. Therefore, efforts should be made to 
understand the nature of such discrepancy and to 
search for a common pathways that will serve us 
to undoubtfully unravel the transcriptomic hall-
marks of AF pathophysiology.

Importantly, novel layers of complexity lay 
ahead of us requiring to decipher gene-gene 
interactions [94], microRNA-mRNA interactions 
[95–96] and microRNA-lncRNAs [100] in AF 
pathophysiology.

Understanding the functional impact of 
lncRNAs in AF is also major challenge. At pres-
ent our understanding of lncRNAs is on its 
infancy. LncRNAs provide a wide array of cellu-
lar functions, impacting on both transcriptional 
and post-transcriptional regulation. They are evo-
lutionarily poorly conserved and our current pic-
ture of the transcriptomics profile in AF reflects 
more controversy and doubts than certainties. 
Importantly integrative pathways also involved 
lncRNAs, including microRNAs [97] and 
mRNAs [98–99] regulation. In addition, disect-
ing whether these non-coding RNAs exert their 
function in circulating plasma [100–101] or exo-
some-contained [102] will be of great important 
to solve current discrepancies. In the next coming 
years we will witness increasing evidences of the 
functional impact of lncRNAs in AF pathology as 
well as od additional non- coding RNAs, i.e. cir-
cRNAs, that just entered this arena [103–104].
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Abstract
In recent years, progress in the field of high- 
throughput sequencing technology and its 
application to a wide variety of biological 
specimens has greatly advanced the discovery 
and cataloging of a diverse set of non-coding 
RNAs (ncRNAs) that have been found to have 
unexpected biological functions. Y RNAs are 
an emerging class of highly conserved, small 
ncRNAs. There is a growing number of reports 
in the literature demonstrating that Y RNAs 
and their fragments are not just random degra-
dation products but are themselves bioactive 
molecules. This review will outline what is 
currently known about Y RNA including bio-
genesis, structure and functional roles. In 
addition, we will provide an overview of stud-
ies reporting the presence and functions attrib-
uted to Y RNAs in the cardiovascular system.

Keywords
Non-coding RNA · Y RNA · Cardiovascular 
diseases

1  Introduction and Historical 
Overview

Only about 1.5% of the human genome is made 
up of protein-coding genes, but at least 80% of 
the genome is dynamically transcribed, creating a 
transcriptional landscape mainly dominated by 
non-coding RNAs (ncRNAs) [1, 2]. Nowadays, 
regulatory ncRNAs, such as the well-studied 
microRNAs (miRNAs) or long non-coding RNAs 
(lncRNAs) are recognized as essential functional 
molecules, and have significantly impacted our 
understanding of development, homeostasis and 
disease in various fields, including cardiovascu-
lar biology [3, 4], cancer [5, 6] and metabolic dis-
orders [7, 8]. There are numerous examples in the 
literature of ncRNAs demonstrated to control key 
genes involved in both normal development and 
disease [9, 10]. There are also many instances 
highlighting how ncRNA dysregulation is tightly 
linked to the pathogenesis of many human disor-
ders, including cardiovascular diseases (CVDs) 
[11–13]. From this body of research, the possibil-
ity of using ncRNAs as potential therapeutic tar-
gets and diagnostic tools has generated 
considerable interest among academic scientists 
and pharma/biotechnology commercial entities 
alike.

While miRNA and lncRNAs have garnered 
the most attention among the different types of 
ncRNAs, recent investigations have illuminated 
the increasingly diverse functions of other types 
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of ncRNAs [14–17]. Among the ncRNAs, Y 
RNAs are among the least studied species, but 
are recently gaining attention. Y RNAs were dis-
covered in the early 1980s, during the character-
ization of serum from patients with the 
autoimmune disease systemic lupus erythemato-
sis (SLE) [18]. Lerner and colleagues set out to 
uncover the molecular nature of the targets of the 
antibodies produced during the autoimmune 
response. Initially the group immunoprecipitated 
nuclear cell extracts from mouse derived tumor 
cells using serum from SLE patients containing 
antibodies against the proteins Ro and La, com-
mon autoantigens and targets of the immune sys-
tem in rheumatic diseases like SLE.  They 
discovered a class of small nuclear ncRNA, U 
RNA, associated with ribonucleoproteins 
(RNPs), as autoantigens [19]. In a following 
study, they used whole cell extracts and reacted 
with serum containing antibodies to Ro and La 
[18]. In the second time of experiments, they 
identified small cytoplasmic RNAs associated 
with RNPs, which they termed Y RNAs, to dif-
ferentiate them from the nuclear U RNAs [18]. 
After these initial observations, Y RNAs have 
been reported to participate in other ribonucleo-
protein complexes, leading to the proposition that 
Y-RNAs may play a role in scaffolding and 
assembly of RNA-protein complexes, but that 
their diverse functions are dependent in part, on 
the composition of the interacting proteins pres-
ent in the complexes [20]. Y RNAs are highly 
conserved throughout evolution, and have been 
found in all vertebrates [21, 22], and related 
orthologs have also been reported in some bacte-
ria [23] and nematodes [24, 25], but so far not in 
plants, fungi or insects. Y RNAs are expressed in 
all human cells; however levels of different Y 
RNAs vary among cell types [21]. Their expres-
sion also differs among human tissue types, with 
high levels reported in the heart and brain and 
lower amounts in the liver [26]. Furthermore, dif-
ferential Y RNA expression has also been found 
in disease, including coronary artery disease [27] 
and cancer [28], pointing towards potential 
involvement of Y RNAs in the pathogenesis of 
these disorders. Finally, although the field of Y 
RNA has developed slowly since their discovery, 

functional roles of Y RNAs are beginning to be 
unveiled in various research fields, providing evi-
dence that these ncRNAs may themselves be bio-
active, and not simply structural RNAs involved 
only in scaffolding and assembly. This review 
will focus on the current state of knowledge 
about the biogenesis, structure and functional 
roles of Y RNAs. In addition, we will provide an 
updated summary of examples of Y RNAs, 
known or suggested to be involved in cardiovas-
cular functions.

2  Biogenesis, Structure 
and Localization of Y RNAs

Y RNAs are encoded by individual genes and 
tend to reside in close proximity to each other, 
usually clustered on the same chromosome [29, 
30]. There are four Y RNA genes denoted, Y1, 
Y3, Y4 and Y5 (Y2 is a truncated form of Y1) 
[31]. The number of individual Y RNAs differ 
between species. For example, in humans, all 
four Y RNAs are expressed, and range in size 
from 84 to 113 nts [32]. Rodents, on the other 
hand have only two Y RNAs, which are orthologs 
of human hY1 and hY3, but their genomes have a 
redundant Y5 RNA gene that is no longer 
expressed [33]. Both human and mouse Y RNAs 
have been shown to have few if any modified 
nucleotides [31]. Along with the annotated genes, 
the human genome has numerous Y RNA 
sequences documented as pseudogenes that are 
transcribed, in contrast to mice which have few 
[33, 34]. Y RNAs are transcribed in the nucleus 
by RNA polymerase III (Fig.  20.1) [32]. 
Transcription stops within a T-rich stretch, pro-
ducing a 3′ oligo-uridinylated (Oligo-U) 
sequence, which serves as a binding site for La 
protein. Binding of La to the 3′ Oligo-U tail of 
Y-RNA protects YRNA from 3′ to 5′ exonucleo-
lytic degradation and promotes its nuclear reten-
tion [35, 36]. In addition to La protein, the newly 
synthesized transcript also associates with Ro60 
[21, 37]. The resulting Ro-RNP complex is then 
exported to the cytoplasm, which is mediated by 
Ran GTPase and exportin-5 [38]. Some Ro-RNPs, 
however, like the Y5 RNP remain in the nucleus 
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[39], while others, such as Y3 RNA, can be 
exported by an alternative pathway through bind-
ing of Y3 RNP with zipcode binding protein 
(ZBP1), allowing export by exportin-1 [40]. It is 
currently unknow whether Y RNA is bound in a 
complex with La during the nuclear export, or it 
could be that La re-associates with Y-RNA after 
translocation (Fig. 20.1).

Structural experiments have revealed that Y 
RNAs fold into distinct hairpin-containing struc-
tures, formed by base-pairing the 3′ and 5′ ends 
of the mature form of Y RNA (Fig. 20.2) [42, 43]. 
A defining feature of vertebrate Y RNAs is that 
these RNAs have at least two main stems each, 
separated by a large pyrimidine-rich single 
stranded loop [32], but individual Y-RNAs differ 

slightly in their primary and secondary structures 
[43]. The Y RNA stems are usually not ideal dou-
ble strands. Often within the stem, there is also a 
bulged helix region. One of these, the main stem 
at the 5′/3′ end, is a highly conserved cytosine 
bulge, which is the high affinity binding site for 
Ro60 [44]. It has been shown that mutation or 
cleavage of this cite inhibits Ro60 binding and 
disrupts the entire Y RNA folding [35, 44, 45]. In 
addition, it has been demonstrated that the lower 
stem structure of Y RNA is important for efficient 
nuclear export, as cleavage of the lower stem of 
hY1 RNA in Xenopus laevis oocyte blocks export 
of the Y RNA into the cytoplasm [38].

Ro60 is both nuclear and cytoplasmic [37, 46] 
and is found in most animal cells and in some 

Fig. 20.1 Y RNAs cellular functions based on the association with RNA binding proteins (RNPs)
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bacteria [45]. Immunoprecipitation studies from 
human and mouse cells have shown that most Y 
RNAs exist as Ro60 RNP complexes [32, 37]. 
Ro60 binding to Y RNA was found to be impor-
tant for successful Y RNA nuclear export [35] 
and to stabilize Y RNA in the cytoplasm, as siR-
NAs mediated knockdown of Ro60  in human 
keratinocytes was shown to significantly reduce 
Y RNA levels [47]. In contrast to the highly con-
served lower stem region, the loops of Y RNAs 
differ greatly among individual Y RNAs and are 
quite flexible in nature [42]. Importantly, the loop 
domain has been reported to bind various pro-
teins such as polypyrimidine tract-binding pro-
tein (PTB/hnRNP I) [48], nucleolin [49], and 
ZBP1 (Fig.  20.1) [50]. The effects of Y RNA 
interactions with these proteins are largely 
unknown, but it has been proposed that they 
could impact Y RNA localization and function 
[51]. Evidence for this was provided in experi-
ments demonstrating that depletion of mouse 
IGF2BP1 and its chicken ortholog ZBP1, both of 
which directly associate with Y3, leads to nuclear 
accumulation of Ro60 and Y3, suggesting par-
ticipation of these proteins in the nuclear export 
of Ro60/Y RNA complex [40, 52]. On the other 

hand, Y RNA itself can affect the subcellular dis-
tribution of Y RNA binding proteins. This was 
supported by the finding that depletion of Y RNA 
in mouse cells results in nuclear accumulation of 
Ro60, while binding of Y RNA to a Ro60 nuclear 
localization signal sequence promotes retaining 
of the RoRNPs in the cytosol [20, 45].

There are discrepancies in the literature in 
terms of the relative Y RNA distribution in the 
cytoplasm and nucleus, which may be attributed 
to the different experimental procedures used in 
the studies and/or the physiological state of the 
cells [53–55]. Initial cell fractionation studies in 
mammalian cultures and X laevis oocytes showed 
that Y RNAs were primarily cytoplasmic [37, 56, 
57]. Later it was demonstrated that human and 
mouse Y5 localizes mainly to the nucleus, while 
Y1, Y3 and Y4 were found to be mostly cytoplas-
mic [39]. By using, ultrastructural and in situ 
hybridization experiments in human cells, others 
have demonstrated that Y RNAs can accumulate 
in both the nucleus and the cytosol at distinct 
compartments [58, 59]. Furthermore, in an in 
vitro system, where G1 phase template nuclei 
were incubated with fluorescently-labeled hY 
RNAs, it was found that all four hY RNAs bind 

Fig. 20.2 Full-length human Y RNA (hY) secondary structure. Structures are drawn using Mfold software [41]

N. Valkov and S. Das



331

with chromatin. Moreover, hY5 was recruited 
mostly to the nucleoli, while hY1, hY3 and hY4 
were found to bind predominantly early replicat-
ing euchromatin [55]. It was also shown that the 
loop domain directs the targeting of of hY RNAs 
to euchromatin, since hY RNAs with mutated 
loop domains were shown to bind unselectively 
to chromatin, suggesting that this part of the hY 
RNA structure is important for promoting selec-
tive Y RNA chromatin association [55]. Despite 
inconsistent reports with regards to Y RNA distri-
bution, growing evidence now demonstrate that Y 
RNAs are present in both the cytoplasm and 
nucleus of eukaryotic cells.

It was reported that the subcellular localiza-
tion of Y RNA within the cell can be cell cycle 
dependent and can change during environmental 
stress [55, 60, 61]. Indeed, both Y RNAs and 
Ro60 were found to accumulate in the nucleus 
upon UV irradiation or oxidative stress in several 
organisms [20, 40, 60, 61]. This observation sug-
gests a possible stress dependent role of Ro60/Y 
RNA, but on the other hand the accumulation of 
the complex in the nucleus can also result from 
suppression of the nuclear export, triggered by 
stress induced impairment of the RanGTP gradi-
ent, as this was shown to be the case for other 
proteins [62].

Y RNAs have also been detected in various 
retroviruses including murine leukemia virus 
(MLV) and human immunodeficiency virus 
(HIV) [63, 64]. These viruses are known to incor-
porate other ncRNAs as well including tRNA and 
miRNAs [65, 66]. The mechanisms of viral 
encapsulation are not very well understood, but it 
has been suggested that this process happens 
when the newly synthesized host Y RNA are still 
in the nucleus and seems to be independent of 
Ro60 binding [64]. Whether Y RNAs modulate 
viral function is still unknown, however several 
proteins involved in virus infection such as 
YBX1, hnRNP K and nucleolin were reported to 
bind to Y RNAs [67]. Consistent with this, it has 
been suggested that Y RNAs may promote an 
antiviral immune response by stimulating TLR7 
[68] in the newly infected cells, or may act as 
scaffolds for virus packaging [63, 69].

3  Biological Functions of Y 
RNAs: Ongoing Work

Although Y RNAs were initially discovered more 
than three decades ago, a relatively small number 
of studies have been published regarding their 
biological roles, with most of the literature 
describing their structure and protein interac-
tions. Reported functions of Y RNAs include 
involvement in DNA replication [51], and regula-
tion of RNA stability and cellular stress responses 
[70, 71]. Y RNAs were identified as being essen-
tial factors for initiation of chromosomal DNA 
replication in cell-free reactions, in which iso-
lated G1-phase nuclei were incubated with frac-
tioned cellular extracts from actively proliferating 
human cells [72]. Using this system, Christov 
et  al. found that adding the fraction containing 
purified Y RNA subtypes, increased the propor-
tion of replicating nuclei in a dose-dependent 
manner [72]. Depletion of hY1-RNA by RNA 
interference, inhibited cell proliferation and 
reduced significantly the percentages of human 
cells in S-phase, during which DNA replication 
occurs [72]. Further studies by the same group 
discovered that Y RNAs function redundantly 
with regards to their role in DNA replication, as 
any of the four hY RNAs, in the absence of the 
others, is sufficient to stimulate DNA replication 
[72]. Another interesting finding is that inhibition 
of replication, resulting from siRNA-mediated 
degradation of a hY RNA, can be rescued by add-
ing any vertebrate Y RNA, but not non-vertebrate 
Y RNAs [73]. The functional redundancy 
observed among the hY RNAs was attributed to 
the presence of an evolutionary conserved upper 
stem region of vertebrate Y RNAs, which was 
shown to be necessary and sufficient for Y RNA 
function in DNA replication [73, 74]. In contrast, 
the loop domains and the lower stem of Y RNAs 
seem unessential with regards to Y RNA role in 
DNA replication, as DNA replication remained 
unaffected when they were mutated [73].

As mentioned earlier, Y RNA binds to euchro-
matin throughout the cell cycle. Evidence was 
provided that this association increases during 
S-phase and declines in G1 phase or mitosis [75]. 
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Furthermore, the dynamics of Y RNA association 
with chromatin was shown to correlate with that 
of the origin replication complex (ORC), imply-
ing that Y RNAs and ORC likely participate in a 
common functional pathway [75]. Constituently, 
all four hY RNAs were shown to interact with 
members of the ORC, as well as with proteins 
participating in the initiation of DNA replication, 
but not with proteins involved in DNA replication 
elongation, suggesting that Y RNAs act specifi-
cally in the initiation stage of replication [55, 76]. 
Consistent with a function in DNA replication 
and cell proliferation, Y RNA levels were found 
to correlate with the proliferative condition of the 
cells [75] and to increase in solid human tumors 
compared to healthy controls [77]. In another 
study, however, it was reported that mouse Ro60 
knockout cells, which had about 30-fold lower 
Y-RNA levels, did not demonstrate decreased 
growth rates, indicating that chromosomal repli-
cation can still occur in the absence of Ro60 [61, 
78]. And therefore, while there are increasing 
examples in the literature supporting a role of Y 
RNA in DNA replication, the exact molecular 
mechanisms by which Y RNA regulates DNA 
replication are still unknown.

Growing amount of experimental data sup-
ports the role of YRNAs in RNA stability and 
quality control via the interaction with Ro60. It 
has been shown that Ro60 binds and process [79, 
80] defective non-coding RNAs such as mis-
folded 5S rRNA, pre-tRNAs and U2 snRNA in 
various organisms, including C. elegans, X. lae-
vis, and mouse [61, 79, 81, 82]. It was found that 
under normal conditions Y RNAs compete with 
misfolded RNAs for association with Ro60 [44]. 
Structural and biochemical studies have demon-
strated that Y RNAs bind to the outer surface of 
Ro60, while misfolded RNAs pass through the 
Ro60 cavity and also bind to the Ro60 outer sur-
face at portions overlapping with the Y RNA- 
binding region [70, 79]. Because, Y RNAs bind 
Ro60 with higher affinity and sequence comple-
mentarity compared to misfolded RNAs, the ‘ste-
ric occlusion’ model was proposed suggesting 
that bound Y RNAs sterically hinders the binding 
of misfolded RNAs to Ro60. [70, 79]. And thus, 
it appears that Y RNAs serve as guards for Ro60 

function in regulating RNA quality, permitting 
access only when needed [80, 83]. Consistently, 
under conditions of stress, such as exposure to 
UV-irradiation, Ro60/Y RNA complex can func-
tion as cellular stress sensors. This was supported 
by the finding that Ro60 can dissociate from Y 
RNAs and rescue misfolded RNAs, thereby help-
ing cellular recovery [45]. The mechanism that 
regulates dissociation of Y RNAs from Ro, how-
ever, is currently unknown. Furthermore, it has 
been showed that Y RNAs can not only regulate 
Ro60 access to RNA substrates, but also can con-
tribute to recognition of misfolded ncRNAs and 
recruit other proteins involved in RNA metabo-
lism [83, 84]. In the bacterium D. radiodurans, Y 
RNA function as a scaffold, tethering the exonu-
clease PNPase to the bacterial ortholog of Ro (ro- 
sixty related, Rsr), thus forming an RNA 
degradation complex which mediates RNA decay 
[47, 83]. In contrast to prokaryotes, in mammals 
PNPases reside inside mitochondria and since 
Ro60 RNPs are predominantly cytosolic, it is 
possible that PNPases RNA degradation machine 
in mammalian cells does not form. It was sug-
gested, however, that Y RNA can scaffold Ro60 
to other proteins playing a role in RNA metabo-
lism, including helicases, exoribonucleases or 
RNA chaperones [47]. With regards to eukary-
otes, however, association of exoribonucleases 
with RoRNPs and their Y RNAs to this date have 
not been reported. In fact, one study, using tan-
dem affinity purifications of mouse Ro60, 
reported that it was unable to detect association 
with any ribonuclease [40].

To this date, by mostly pull down assays, more 
than 20 proteins with roles in the regulation of 
various cellular processes, have been reported to 
interact with Y RNAs [85]. For example, 
Argonaute (Ago) and MOV10 have key functions 
in miRNA-mediated gene silencing, others like 
HuR influence cytokine production, and still oth-
ers regulate mRNA transcripts splicing or pro-
cessing, virus infection and innate immunity. The 
effects from these interactions are mostly 
unknown, however, it has been proposed that 
they could impose specific cellular functions 
through binding with Y RNAs (Fig.  20.1). In 
addition, not all of the identified proteins were 
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shown to associate with all four hY RNAs, 
 implying that depending on their bound proteins, 
different Y-RNAs could have different functions. 
[28, 80]. Support for this notion was provided in 
several studies. For example, HuR, a protein spe-
cifically expressed in neuronal cells, was demon-
strated to influence cytokine production by a 
mechanism involving association of HuR with 
Y3-RNA and AU-rich elements in mRNA tran-
scripts [86, 87]. Similarly, CPSF, a protein with a 
role in mRNA splicing, was shown to regulate 
human histone-H3 mRNA synthesis and process-
ing in cooperation with a fragment derived from 
Y3 RNA [88]. Accordingly, within the group of 
proteins reported to directly interact with Y 
RNAs, there are some, such as calcineurin and 
nulceolin, with documented roles in the heart 
[89–91]. It is interesting, whether Y RNA inter-
action with these proteins is of functional sig-
nificance, e.g., influencing specific processes in 
the heart.

Interestingly, most of the reported roles of Y 
RNAs involve nuclear functions. But at steady 
state Y RNAs are predominantly cytoplasmic. 
Therefore, it is conceivable that Y RNAs could 
play functions in modulating not only nuclear 
but cytoplasmic mRNAs as well. In this line of 
thought, one can speculate that in addition to 
Ro60, other RBPs could also be sequestered by 
Y RNAs in a similar way. Thus, they may serve 
an analogous function to long ncRNAs, for 
instance, which have been reported to regulate 
gene expression by acting as scaffolds or sponges 
[92, 93]. In support to this notion, recently it was 
found that Y3 RNA can function as a molecular 
sponge for the HuD enhancer [94]. HuD plays a 
role in regulating neuronal cell fate by promot-
ing gene expression through interacting with 
many mRNAs involved in motor neuron neuro-
genesis [95]. It was found that binding of Y3 
RNA to HuD, altered HuD localization, limiting 
HuD access to the polysomal compartment, 
which subsequently reduced expression of the 
involved mRNAs (PMID: [94]). Future investi-
gations on the Y RNA compartment specific 
function would be interesting and useful, as it 
could shed more light on the Y RNA roles in 
regulating cytoplasmic mRNA functions. In 

addition to understanding the cellular role of Y 
RNA, future work is also needed to inform on 
the physiological significance of Y RNAs during 
normal and pathological conditions, for example 
by using genetic models.

Y RNAs do not solely exist in their full length. 
A growing number of RNA sequencing studies 
have identified small RNA fragments of about 
25–35 nt, comprising parts of Y RNAs [96, 97]. 
Fragmentation, performed by RNAse L [98] was 
shown to increase in apoptotic cells and upon 
activation of the innate immune system [99, 100]. 
Interestingly, it was found that these Y RNA frag-
ments were still associated with Ro60 and La, 
suggesting that the binding of the proteins could 
have a protective role, preventing Y RNA degra-
dation by exonucleases [99]. Despite the fact that 
Y RNA fragmentation increases significantly 
during apoptosis, Y RNA products have also been 
detected in non-apoptotic, proliferating cells, at 
amounts comparable to that of known miRNAs 
[100]. Since Y RNA fragments are produced 
from conserved ends of the hairpin containing Y 
RNAs, and their structure resembles that of the 
pre-miRNAs, some of these Y RNA fragments 
were originally annotated as a new kind of 
miRNA [101, 102]. Experimental evidence of Y 
RNA-encoded regulatory microRNAs, however, 
has not been reported to date [99]. Studies have 
shown that the biogenesis of Y RNA fragments is 
independent of the classical miRNA biogenesis 
pathway [100], evidenced by the findings that Y 
RNA fragments do not interact with Ago proteins 
[100, 103] and their processing is independent of 
Dicer [104]. Moreover, luciferase reporter assay 
studies have shown that reporter mRNA con-
structs could not be suppressed by Y RNAs, 
unlike miRNAs, further providing evidence that 
the identified fragments are not produced by the 
canonical miRNA pathway and do not act as 
miRNAs [101]. Apart from cells, Y RNA frag-
ments have also been reported in various bioflu-
ids, either as cell-free RNPs or within extracellular 
vesicles and were shown to comprise a signifi-
cant fraction of the RNA component in human 
serum and plasma [105–107]. Furthermore, dif-
ferences in circulating Y RNA products were 
detected in disease [27, 106, 108]. For instance, 
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increased levels of 3′ Y-RNA fragments were 
found in the plasma of patients with breast cancer 
[106], while full length and 5′ fragments of hY4 
were elevated in chronic lymphocytic leukemia 
(CLL) patients, compared with healthy controls 
[108]. Elevated amounts of extracellular Y-RNA 
products have also been detected in patients with 
atherosclerosis and coronary artery disease [27]. 
These findings together with the observation that 
similar to miRNAs, Y RNA fragments are stable 
in human plasma [27], suggest that they may be 
further investigated as biomarkers for disease. 
Whether these Y RNA fragments are biologically 
significant is still unclear, but for some of them 
functional relevance has recently been ascribed, 
e.g., in the context of heart disease and cancer 
[108–111].

4  Y RNAs in Cardiovascular 
Biology and Disease

Given that Y RNAs have only recently started to 
gain more attention, knowledge about their roles 
in the heart is still limited, and the full impact of 
this field on the cardiovascular system is yet to be 
determined. Here we highlight examples of Y 
RNAs, known or suggested to be involved in car-
diovascular functions. The few reports that exist 
only hint at the Y RNA roles that are yet to be 
revealed and which potentially may lead to the 
identification of novel therapeutic targets.

Myocardial infarction (MI), and subsequent 
ischemic heart failure remains a significant con-
tributor to the global burden of cardiovascular 
disease. Patients who survive MI often will 
develop heart failure (HF) and will consequently 
be at increased risk for premature death [112]. 
Cardiosphere-derived cells (CDCs) are stem cells 
derived from cardiac tissue itself that have shown 
promising clinical results in reducing infarct size 
and improving cardiovascular function [113, 
114]. They had been initially hypothesized to 
improve tissue repair and boost cardiac function 
by triggering native cardiomyocyte proliferation, 
recruiting endogenous progenitor cells and exert-
ing potent anti-inflammatory, antifibrotic and 
angiogenic effects [115–117]. The regenerative 

benefits of CDCs in vivo are shown to be medi-
ated mostly via paracrine effects, particularly 
through secretion of exosomes (EVs) [118–120]. 
These endogenous vesicles mediate intercellular 
communication, transferring various cargo of 
RNAs, proteins and lipids [120]. Y RNAs were 
shown to be particularly abundant in EVs [120]. 
In a recent study, it was shown that after tRNAs, 
Y RNAs and their fragments make up the largest 
portion of small RNAs in CDC-EVs, accounting 
for about 20% of the total small exosomal RNAs 
[109]. One particular 5′ fragment of Y4-RNA 
was found to be specifically enriched, being the 
most abundant individual small RNA present in 
CDC-EVs, compared to normal human dermal 
fibroblast EVs [109]. It was demonstrated that 
Y4-fragment can be transferred to bone-marrow 
derived macrophages via EVs and this was shown 
to promote cardioprotection by altering gene 
expression. In an in  vitro setting, Y4-fragment 
was shown to act indirectly on cardiomyocytes 
by modulating the cytokine profile secreted by 
macrophages. In particular, overexpression of 
Y4-fragment in macrophages, when cocultured 
with oxidatively stressed cardiomyocytes, was 
shown to suppress cardiomyocyte death by 
inducing strong and prolonged upregulation of 
the anti-inflammatory cytokine IL10. 
Furthermore, similar cardioprotective response 
was observed in vivo when it was demonstrated 
that administration of this Y4-product triggered 
IL10 release and reduced infarct size in a rat 
model of ischemia/reperfusion injury (I/R). 
Finally, evidence was provided that the abun-
dance of Y4- fragments in CDC-exosomes cor-
related with the CDCs functional benefit of 
mitigating damage after myocardial infarction 
[109].

Later, in a follow up study from the same 
group, their initial findings were further expanded 
by demonstrating that the same highly abundant 
Y4-fragment promotes beneficial effects in a 
mouse model of cardiac hypertrophy induced by 
Ang II infusion [110]. Intravenous administration 
of Y4-fragment was shown to mitigate the pro-
gression of LV remodeling by decreasing cardiac 
hypertrophy, fibrosis and inflammation in the 
murine hypertensive model. Some of the benefits 
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on the heart were attributed to the increased 
 levels of IL-10 protein detected in the plasma 
after systemic injection of Y4-fragment. 
Y4-fragment was shown to replenish normal lev-
els of IL-10 in heart after Ang II infusion. It was 
proposed that the expression of Y4-fragment in 
heart after administration promotes effects at the 
site of injury likely via activation of cardiac-resi-
dent macrophages. Y4-fragment was shown to 
suppress inflammatory response by reducing the 
levels of the proinflammatory cytokines IL1b and 
IL6  in the heart and decreasing expression of 
CD68 and F4/80 markers of infiltrating inflam-
matory macrophages. Adding to initial findings, 
it was demonstrated that the release of IL-10 by 
macrophages induced by Y4-fragment, counter-
acts Ang II effect in cultured cardiomyocytes and 
cardiac fibroblasts. Decreased atrial natriuretic 
peptide (ANP) expression in cultured cardiomyo-
cytes or IL6  in cardiac fibroblasts upon Ang II 
treatment were only detected in the presence of 
macrophage-conditioned media containing 
increased Y4-fragment, demonstrating again evi-
dence of the direct Y4-fragment effect on macro-
phage activation and underscoring the importance 
of cellular cross-talk during myocardial damage. 
Additionally, the favorable actions of Y4-fragment 
on the heart were detected in the absence of ele-
vated blood pressure, suggesting that Y4-fragment 
prevents Ang II local actions on the heart without 
affecting its hemodynamic effects. Importantly, 
both the Y4-fragment and CDC-EVs were dem-
onstrated to act in the same direction, producing 
similar beneficial effect on the heart, suggesting 
that CDC cardioprotective properties are at least 
in part mediated by this single fragment, further 
implying that the fragment may be useful thera-
peutically either by itself or at enhanced levels in 
EVs [110].

Y RNAs have also been implicated in cardiac 
neonatal lupus (NL) [121]. Cardiac NL is an 
autoimmune disease in which tissue injury in the 
fetus is believed to be related to the transplacental 
passage of maternal autoantibodies targeting Ro/
SSA (Sjögren syndrome type A antigen) and/or 
La/SSB (Sjögren syndrome type B antigen) ribo-
nuclear proteins [122–124]. The most common 
cardiac manifestation of cardiac NL is complete 

congenital heart block (CHB) that may be accom-
panied by valvular abnormalities, endocardial 
fibroelastosis, and/or dilated cardiomyopathy 
[125, 126]. Increased physiological apoptosis has 
been proposed as a link between anti-Ro60 anti-
bodies and injury, providing a mechanism by 
which these typically inaccessible Ro and La 
antigens can be translocated to the surface of the 
heart fetal cells and become available to maternal 
antibodies to initiate injury [127–129]. Evidence 
was provided that Y3 RNA is required for Ro60 
membrane translocation and subsequent forma-
tion of immune complexes capable of inducing a 
toll-like receptor (TLR) dependent proinflamma-
tory cascade [121]. In this study, two experimen-
tal approaches were used to address the 
dependence of Y RNA for Ro60 trafficking to the 
cell membrane: siRNA-mediated knockdown of 
mouse Y3 RNA and a single point mutation of 
Ro60 that blocks RNA binding. It was found that 
depletion of Y3 RNA in murine fibroblasts under-
going apoptosis prevented cell surface transloca-
tion of Ro60, and similarly the mutated Ro60 
(unbound Y RNA) construct but not the wild type 
form was unable to get exposed on the cell sur-
face. Based on these findings, it was suggested 
that Y3 RNA masks a nuclear localization signal 
on Ro60, allowing for translocation and surface 
accessibility of cytosolic Ro60/mY3 RNA com-
plexes. Moreover, upon opsonization with anti-
 Ro60 antibodies, these apoptotic fibroblasts 
promoted TLR7 dependent TNFα secretion from 
cocultured macrophages. Interestingly, apoptosis 
is known to promote caspase-dependent cleavage 
of Y RNAs, which somewhat conflicts the find-
ings in this study [99]. However, as mentioned 
earlier, the small fragments produced during 
apoptotic driven degradation arise from the most 
highly conserved part of the Y RNA and remain 
associated with Ro60 [99]. It is therefore possible 
that these Y RNA products would still be capable 
of blocking the Ro60 nuclear localization signal, 
allowing and even facilitating surface accessibil-
ity of cytosolic Ro60/mY3 RNA complexes and 
may be even sufficient to induce proinflamma-
tory response [130].

Complementing the findings of this study, 
again in the context of autoimmune associated 
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CHB, another paper demonstrated that the 
 complex of human Ro60-associated Y3 RNA 
with anti-Ro60 IgG is required for activation of 
both TLR7 and FcyR dependent proinflamma-
tory responses [131]. Macrophages transfected 
with both synthetic hY3 RNA that binds Ro60 
and an immune complex produced by incubation 
of hY3/Ro60 with IgG from a CHB mother (anti-
 Ro60 present in serum) was shown to induce 
strong TNF-α release. Moreover, collagen secre-
tion and fibrosis markers were markedly increased 
in cultured fetal cardiac fibroblasts exposed to 
supernatants of macrophages transfected with 
hY3 RNA. In contrast to healthy heart, immuno-
histological evaluation of autopsy tissue from a 
fetus diagnosed with CHB revealed TLR7 expres-
sion in the conduction system with TLR7 posi-
tive cells located near the atrioventricular groove. 
Based on the findings, Ro60-hY3 was proposed 
as a link between inflammation and fetal cardiac 
fibrosis in CHB, providing a mechanism by 
which hY3/Ro60 binds to anti-Ro antibodies and 
form immune complexes capable of inducing 
immune response which promotes fibrosis [131].

In addition to modulating inflammatory 
responses during cardiac injury, Y RNAs have 
also been shown to induce apoptosis in athero-
sclerosis [132]. In atherosclerosis, cholesterol 
deposition into the arterial wall triggers increased 
accumulation of macrophages and promotes 
apoptosis in these cells [133]. The induction of 
macrophage apoptosis speeds up the progression 
of atherosclerosis by promoting the development 
of a necrotic core, which on the other hand con-
tributes to plaque disruption and acute thrombo-
sis [134, 135]. Significant upregulation of 
fragmented Y RNA has been detected in the 
medium of cultured macrophages treated with 
lipids, as well as in the blood of mouse models 
for atherosclerosis and in the serum of patients 
with coronary artery disease (CAD) [27]. In addi-
tion, biostatistical analysis associated fragmented 
Y-RNA with atherosclerosis burden by demon-
strating a strong positive correlation between the 
levels of one specific 5′ fragment of Y1-RNA 
(RNY1-5p) into the serum and CAD risk [27]. 
Importantly, RNY1-5p was shown to associate 

better with CAD status in comparison to some 
CAD-specific miRNAs (e.g., miRNA-17, 
miRNA-133, miRNA-155), suggesting potential 
diagnostic application of RNY1-5p measurement 
as a biomarker for CAD risk assessment [27]. In 
another study, it was demonstrated that macro-
phage activation upon treatment with atherogenic 
lipids triggers the processing of Y RNAs into 
small Y RNA products in these cells [132]. In 
vitro gain- and loss-of-function studies showed 
that Y RNA fragments, but not full-length Y 
RNAs from which they were derived, activated 
both caspase 3 and NF-κB pathways, promoting 
cell death and inflammation in the macrophages 
[132]. In addition, it was found that not only 
intracellular but also extracellular Y RNA frag-
ments induce apoptosis and inflammation in 
macrophages [132]. Specifically, it was shown 
that extracellular affinity purified Y RNA frag-
ment/Ro60 complex from apoptotic HEK293T 
cells could trigger cell death in macrophages. 
Interestingly, synthetic Y RNA fragment alone 
was not able to induce macrophage activation, 
implying that the fragments must be bound in a 
complex with Ro60 in order to get incorporated 
in the cell and subsequently produce a biological 
response [132]. Based on these findings, Y RNA 
fragment/Ro60 complex released by macro-
phages could contribute to the progression of 
CAD by participating in a negative feed-back 
loop in which increasing number of macrophages 
die by apoptosis in the lipid abundant arterial 
wall and by this possibly reinforce the pathogen-
esis of atherosclerosis [132].

5  Conclusion

In summary, Y RNAs have been shown to partici-
pate in a range of cellular processes including 
DNA replication, RNA quality control and cel-
lular stress responses. More recently, accumulat-
ing evidence suggest functional involvement of Y 
RNAs in disease such as cancer and immune 
related pathologies. Roles of Y RNAs in cardio-
vascular biology are also starting to emerge. In 
this context, Y RNAs have been reported to medi-

N. Valkov and S. Das



337

ate both beneficial and adverse effects on the car-
diovascular system. However, investigations on Y 
RNAs are still at a very early stage, and there are 
many questions that remain to be answered. 
Improved functional and mechanistic under-
standing of Y RNAs will provide valuable 
insights into normal human physiology and dis-
ease pathogenesis.
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coding RNAs for Cardiovascular 
Disease
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Abstract
Heart failure is the end result of a variety of 
cardiovascular  disease  states. Heart failure 
remains a challenge to treat, and the incidence 
continues to rise with an aging population, 
and increasing rates of diabetes and obesity. 
Non-coding RNAs, once considered as “junk 
DNA”, have emerged as powerful transcrip-
tional regulators and potential therapeutic tar-
gets for the treatment of heart failure. Different 
classes of non-coding RNAs exist, including 
small non-coding RNAs, referred to as 
microRNAs, and long non-coding RNAs. 
Both microRNAs and long non-coding RNAs 
play a role in cardiac development as well as 
in the pathogenesis of cardiovascular disease, 
prompting many studies to investigate their 
role as potential therapeutic targets. Most 

studies manipulate miRNAs and lncRNAs of 
interest via antisense oligonucleotides; how-
ever, several challenges remain limiting their 
potential clinical value. As such, viral and 
non-viral delivery methods are being devel-
oped to achieve targeted delivery in vivo.

Keywords
Non-coding RNAs · Long non-coding RNAs · 
microRNAs · Cardiovascular disease · Heart 
failure · Antisense oligonucleotides

1  Background

Heart failure (HF) is the end result of a variety of 
disease states, including coronary artery disease 
and hypertension. It is a devastating disorder 
characterized by chamber remodeling, hypertro-
phy, fibrosis and poor heart function. It is a sig-
nificant global health problem which is increasing 
in prevalence as the population ages [1, 2]. 
Despite improvements in cardiovascular thera-
pies, medical management and prevention, mor-
tality rates remain high, with almost 50% patients 
with HF dying within 5 years of diagnosis [3]. As 
a multifactorial clinical syndrome, HF represents 
an epidemic threat; highlighting the need to bet-
ter understand disease mechanisms. The increas-
ing burden of HF on health systems has prompted 
a number of investigations to identify and develop 
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new therapies for the prevention and treatment 
of HF [4].

Advances in genome-wide profiling has found 
that over 90% of the genome encodes a vast range 
of non-coding RNAs (ncRNAs) instead of 
protein- coding messenger RNA.  NcRNAs can 
differ in length, from small ncRNAs of approxi-
mately 18–25 nucleotides (i.e. microRNAs [miR-
NAs]), to larger ncRNAs of over 200 nucleotides 
called long non-coding RNAs (lncRNAs). There 
are many different types of ncRNAs and they are 
generally classified into groups based on their 
length and mechanism of gene regulation (see 
review [5]). These types include small interfering 
(siRNAs), miRNAs, piwi-associated RNAs, cir-
cular RNAs, small nucleolar RNAs, small nuclear 
RNAs and lncRNAs [6]. Of these, miRNAs have 
been extensively studied in the heart, where they 
have a role in cardiac biology and can influence 
cardiac remodeling in cardiovascular disease (see 
reviews [7–11]). Evidence from preclinical stud-
ies points to potential applications of miRNAs 
for diagnostic and therapeutic purposes (see 
reviews [9, 10, 12–15]). In contrast, less is known 
about lncRNAs, but they have a demonstrated 
role in cardiac development and prognostic 
potential in the clinic [16, 17].

Earlier chapters in this series have discussed 
in detail the biology of ncRNAs, as well as the 
research progress of ncRNAs and heart failure. 
This particular chapter will focus on miRNAs 
and lncRNAs and aims to provide readers with an 
updated summary on those miRNAs and 
lncRNAs with translational potential for cardio-
vascular disease, with an emphasis on transla-
tional hurdles and new technologies that are 
being developed to deliver ncRNAs to the heart.

2  Therapeutic Applications 
of ncRNAs

2.1  Targeting miRNAs in the Heart

Among all the ncRNAs, miRNAs have the capac-
ity to target several genes simultaneously within 
a similar signaling network or pathway; there-

fore, they may serve as preferable therapeutic tar-
gets compared with other ncRNAs. Two main 
strategies are used to manipulate the expression 
of miRNAs: chemically modified inhibitors and 
miRNA mimics. These strategies aim to normal-
ize miRNA expression in the tissue by either 
silencing over-expressed miRNAs (using inhibi-
tors) or restoring miRNAs (using miRNA mim-
ics) that have a deficit in expression under 
pathological conditions (for review see [9]). As 
miRNAs have been shown to control pathophysi-
ological changes of the heart, including cardio-
myocyte cell death, autophagy, contractility, 
fibrosis and hypertrophy, researchers have inves-
tigated the therapeutic potential of miRNAs 
intensively for the treatment of cardiovascular 
disease. These studies have been reviewed else-
where, and have mainly focused on inhibiting 
miRNAs [9, 10, 13, 18, 19]. Here we present an 
example of a miRNA that may have a dual thera-
peutic effect, and the need to consider miRNAs 
in respect to sex and severity of disease.

miR-208a is a potential therapeutic candidate 
demonstrating the synergistic effect of miRNAs. 
Not only did pharmacologic inhibition of miR- 
208a prevent pathological cardiac remodeling, 
improve cardiac function and survival in a rat 
hypertensive model [20] (Fig. 21.1), it was also 
found to control whole-body metabolism, by pro-
tecting mice against high fat diet-induced obe-
sity, despite being a cardiac specific miRNA [21]. 
These protective actions of miR-208a are due to 
upregulation of its target gene, thyroid hormone- 
associated protein 1 (THRAP1, also known as 
MED13) in cardiac tissue. Thus, pharmacologi-
cal inhibition of miR-208a potentially has a dual 
effect not only to improve cardiac function in 
patients following a cardiac insult, but also in 
those patients with co-morbidities such a diabe-
tes or a metabolic syndrome to improve whole- 
body metabolism.

Recently, it has become apparent that the 
pharmacological effect of miRNA inhibitors is 
dependent on type and severity of disease, and 
sex, which may determine therapeutic outcome 
[22–25]. In our own studies using inhibitors 
against the miR-34 family and miR-34a in heart 
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failure mouse models, we found that inhibiting 
the miR-34 family was therapeutically more 
effective at protecting the heart against myocar-
dial infarction than inhibiting miR-34a alone [23] 
(Fig.  21.1). Further, inhibiting miR-34a alone 
was able to attenuate cardiac pathology in a mod-
erate mouse model of hypertrophic cardiomyopa-
thy, but was ineffective in a more severe model 
[22] suggesting that therapies that inhibit miR- 
34a alone may have limited potential in settings 
of established cardiac pathology. Our follow up 
studies on miR-34a further confirmed that treat-
ment with miR-34a inhibitors showed little ben-
efit in a setting of severe dilated cardiomyopathy 
associated with atrial fibrillation, when compared 
to a setting of moderate dilated cardiomyopathy 
[24]. In the same study, we showed that males 
and females respond differently to a miRNA-34a 
based drug, and identified sex- & treatment- 
dependent regulation of miRNAs in the diseased 
heart [24]. Several other studies have reported 
sexual dimorphism in the miRNA transcriptome. 
Whole genome wide studies have reported 
differentially- expressed miRNAs between males 

and females across four human tissues including 
brain, colorectal mucosa, peripheral blood, and 
cord blood [26], as well as in human and murine 
normal and diseased heart [27], indicating that 
gender specific treatment strategies may need to 
be considered. More recently, sex-specific regu-
lation of miRNAs targeting proteins involved in 
mitochondrial metabolism in the heart were iden-
tified [28].

Further, Eding and colleagues [25] demon-
strated that the pharmacological effect of 
antimiR- 208a was (i) stronger under disease 
conditions (compared to basal) in both small 
and large animal models of cardiac stress, (ii) 
target regulation can be dependent on the type 
of stress, and (iii) that both the type and sever-
ity of disease determine the therapeutic out-
come [25].

Collectively, these studies indicate that disease 
etiology and sex influences the therapeutic out-
come of miRNA-based drug therapies. These fac-
tors will be important to consider when assessing 
the therapeutic dose and predicting therapeutic 
outcome in the clinic.

Fig. 21.1 Non-coding RNA therapies for the failing 
heart. A schematic showing examples of microRNAs and 
long non-coding RNAs that are dysregulated in the failing 
heart and have been successfully targeted in preclinical 
models of cardiac disease. For microRNA therapeutics, 

disease severity, disease etiology, sex and type of inhibitor 
can influence therapeutic outcome. miR-208a has a dual- 
therapeutic affect having also been shown to protect 
against high fat diet induced obesity in mice
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2.2  Targeting lncRNAs 
in the Heart

LncRNAs have been identified to play a role in 
cardiovascular health and disease and have 
recently been extensively reviewed [5, 6, 29–33]. 
Here, we will focus on those lncRNAs that show 
promise for therapeutic application in cardiovas-
cular disease (Fig. 21.1). One of the most widely 
used antisense oligonucleotides (ASOs) to inhibit 
lncRNAs are GapmeRs. GapmeRs are highly 
potent, single-stranded ASOs that function by 
RNase H-dependent degradation of complemen-
tary RNA targets [34]. GapmeRs are designed to 
have 2–5 locked nucleic acid (LNA) moieties at 
each terminus which flank a central “gap” of 
5–10 single stranded DNA nucleotides [35]. The 
LNA:DNA nucleotide combination increases 
binding affinity, half-life and improved stability 
of the GapmeR, as well as facilitating unassisted 
cellular uptake [35]. Only recently have GapmeRs 
been used to inhibit lncRNAs in preclinical mod-
els of heart failure [36, 37]. Three lncRNAs with 
translation potential into clinical scenarios (due 
to identification of a human homolog) are cardiac 
hypertrophy-associated transcript (Chast) [37], 
Wisp2 super-enhancer-associated RNA (Wisper) 
[36] and maternally expressed gene 3 (Meg3) 
[38] (Fig. 21.1).

The lncRNA Chast was identified from whole- 
genome lncRNA profiling, and upregulated in 
hypertrophic mouse hearts [37]. Of translational 
relevance for humans, a human homolog of 
CHAST was identified and found to be conserved 
in sequence and structure. Further highlighting 
the potential translational relevance, CHAST 
expression was upregulated in the hearts from 
patients with aortic stenosis (which causes hyper-
trophy of the heart) compared to healthy hearts 
[37]. The therapeutic potential of Chast inhibi-
tion using GapmeRs was tested in a preclinical 
mouse model of established cardiac disease 
(induced by transverse aortic constriction, TAC). 
Chast inhibition in TAC mice resulted in attenua-
tion of cardiac hypertrophy, smaller cardiomyo-
cyte size and improved cardiac function compared 
to TAC animals treated with the control-GapmeR 
[37] (Fig. 21.1). Importantly, there were no signs 

of toxicological side effects from GapmeR treat-
ment [37].

Wisper is a heart enriched lncRNA that is 
highly expressed in cardiac fibroblasts and up- 
regulated in the fibrotic myocardial tissue follow-
ing myocardial infarction [36]. As Wisper was 
found to correlate with cardiac fibrosis in both a 
mouse model of myocardial infarction, and in 
heart tissue from patients with aortic stenosis 
[36], it represents a potential anti-fibrotic therapy. 
To determine whether Wisper could be a potential 
therapy to combat cardiac fibrosis, Wisper was 
inhibited in a mouse model of myocardial infarc-
tion two and nine days after injury using 
GapmeRs. At both seven and 28  days post- 
myocardial infarction, Wisper-depleted myocar-
dial infarction mice had (i) improved cardiac 
function, (ii) decreased expression of the fibrotic 
gene program, (iii) reduction of infarct size, and 
(iv) attenuation of cardiac fibrosis compared to 
control treated myocardial infarction mice [36] 
(Fig. 21.1). These findings in a preclinical mouse 
model, coupled with the observation that human 
WISPER expression correlates with fibrosis in 
patients with aortic stenosis, identifies Wisper as 
a potential therapeutic target to treat cardiac 
fibrosis and prevent pathological remodeling in 
the diseased heart [36].

Another lncRNA with potential to be an anti- 
fibrotic therapy is Meg3. Meg3 was identified 
from global profiling of lncRNAs in cardiac 
fibroblasts from hearts of mice that had under-
gone 13 weeks of pressure overload (induced by 
TAC) [38]. Meg3 is a fibroblast-enriched lncRNA 
which was downregulated following 
TAC. GapmeR-mediated silencing of Meg3 one 
week after TAC (i) prevented the development of 
cardiac fibrosis, (ii) attenuated cardiomyocyte 
hypertrophy, (iii) decreased the expression of the 
cardiac stress genes atrial natriuretic peptide and 
B-type natriuretic peptide, (iv) inhibited matrix 
metalloproteinase 2; and (v) improved diastolic 
function of the heart [38] (Fig.  21.1). Meg3 is 
highly conserved across species, and a human 
homolog of MEG3 has been identified [39, 40], 
demonstrating the translational potential of Meg3 
as a target for the prevention of extracellular 
matrix remodeling in the heart.
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Together, these studies support translation into 
the clinic, although careful consideration into 
GapmeR design and delivery will need to be con-
sidered (discussed further in Sect. 3.2).

2.3  Circulating Non-coding RNAs 
as Potential Biomarkers

The detection and stability of circulating miR-
NAs (ci-miRNAs) in plasma, and with emerging 
techniques that can detect ci-miRNAs in a quan-
titative manner (e.g. quantitative PCR, droplet 
digital PCR, RNA sequencing) suggests that ci- 
miRNAs can be used as clinical biomarkers for 
cardiovascular disease. Indeed, several groups 
have characterized the levels of miRNAs in the 
circulation of patients with cardiovascular dis-
ease ([41–44]; also see reviews [45, 46]). Studies 
suggest that in some conditions measurement of 
a panel of ci-miRNAs may be an alternative way 
to conventional markers for early detection in 
acute myocardial infarction [47, 48]. Whilst ci- 
miRs may be useful for diagnostics and monitor-
ing approaches, further studies are still required 
before ci-miRNAs can be eventually used as bio-
markers for cardiovascular pathologies.

Although not as extensively studied compared 
to ci-miRNAs, there have been several studies 
reporting lncRNAs in circulation as useful pre-
dictors of disease prognosis ([32, 49, 50]). The 
lncRNA long intergenic noncoding RNA predict-
ing cardiac remodeling (LIPCAR) is an example 
of a potential biomarker as increased plasma lev-
els were associated with left ventricular remodel-
ing post myocardial infarction, and increased risk 
of cardiovascular death in heart failure patients 
[16]. In addition, numerous other lncRNAs have 
been identified as potential biomarkers. The 
lncRNA GAS5 was found to be downregulated in 
the plasma of patients with coronary artery dis-
ease, which might be a promising biomarker for 
the diagnosis of coronary artery disease [51]. 
Myocardial infarction-associated transcript 
(MIAT) and smooth muscle and endothelial cell- 
enriched migration/differentiation-associated 
long noncoding RNA (SENCR) were associated 
with left ventricular remodeling in patients with 

diabetic cardiomyopathy [52]. Vausort and col-
leagues [50] identified a number of lncRNAs to 
be dysregulated in peripheral blood cells of 
patients with acute myocardial infarction which 
may help predict outcome. Other potential 
lncRNAs as biomarkers for acute myocardial 
infarction include Zinc finger antisense 1 
(ZFAS1), Cdr1 antisense (CDR1AS), urothelial 
carcinoma-associated 1 (UCA1), HOX antisense 
intergenic RNA (HOTAIR) [53–55], and for 
heart failure are non-coding repressor of NFAT 
(NRON) and myosin heavy-chain-associated 
RNA transcripts (MHRT) [56]. Collectively, 
these findings encourage future studies to deter-
mine the value of lncRNAs as novel cardiac 
biomarkers.

2.4  miRNAs in Clinical Trials

Despite convincing preclinical studies demon-
strating therapeutic effect of miRNA inhibitors 
there are currently no miRNA targeted clinical 
trials for heart disease. However, there are posi-
tive progresses of RNA-based treatments (siR-
NAs and miRNAs) in other fields of disease [57]. 
Translational efficacy and safety of miRNA- 
based therapeutics to patients (an inhibitor 
against miR-122, miravisen) has been shown in 
phase IIa clinical trials for the treatment of hepa-
titis C virus, where results indicate that the treat-
ment was well tolerated [58]. In July 2018, 
miRAgen Therapeutics Inc. announced they 
would initiate a Phase 2 clinical trial to evaluate 
MRG-201 (a synthetic mimic of miRNA-29) in 
patients with a predisposition for keloid forma-
tion (keloids are raised overgrowths of scar tis-
sue). This follows successful testing of 
MRG-201 in Phase 1 clinical trials which dem-
onstrated MRG-201 could reduce fibrogenesis in 
patients after skin trauma (http://www.miragen.
com/pipeline/). miR-29 targets proteins involved 
in fibrosis including collagens, fibrillins and elas-
tin, thus representing a potential therapeutic tar-
get for tissue fibrosis in other pathological 
conditions. Despite the well-documented role of 
miR-29 in cardiac remodelling and fibrosis [59, 
60], there have been confounding studies that 
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may influence the development of miR-29 as a 
therapy for the treatment of heart failure 
[59–61].

MiRagen, in collaboration with Servier, are 
also developing a synthetic miRNA inhibitor of 
miRNA-92a (MRG-110) to promote the revascu-
larization process for treatment of ischemic heart 
failure. Other clinical trials using novel oligonu-
cleotides to inhibit miR-17 (RGLS4326) for the 
treatment of autosomal dominant polycystic kid-
ney disease are being studied in Phase 1 trials.

No clinical trials targeting lncRNAs for car-
diovascular disease have been reported so far.

3  Translational Hurdles 
of ncRNAs

3.1  miRNAs

Most of preclinical and clinical studies use anti-
sense oligonucleotides (ASOs) to inhibit the 
miRNA of interest. They have been chemically 
modified to improve stability, binding affinity 
and nuclease resistance, most commonly with 2′ 
sugar modifications such as 2′-O-methyl (2′-
OMe), 2′-O-Methyoxyethyl (2′-Moe), 2′-fluoro 
(2′-F) or LNA, incorporation of phosphodiester 
and phosphorothioate linkages or conjugation to 
cholesterol (see reviews [5, 8, 9]). Often referred 
to as “antagomiRs” [cholesterol conjugated] or 
“antimiRs” [LNA based], these inhibitors are 
non-tissue specific and impact on several organs 
(such as liver and kidney) upon systemic admin-
istration. Given the ubiquitous expression of 
some miRNAs, and the different functions of 
miRNAs in various tissues and/or oncogenic effi-
cacies, this may  be problematic. For example, 
inhibition of miR-34  in the heart is protective 
[22, 23], but miR-34 is also recognized as a mas-
ter regulator of tumor suppression and miR-34 
replacement therapy is being investigated as a 
cancer treatment [62]. Under these conditions, a 
targeted-tissue specific method may be prefera-
ble. Furthermore, miRNA inhibitors have the 
potential to affect RNA species beyond their 
intended targets [63, 64], which may make clini-
cal intervention complex.

Over the years, there have been significant 
progresses in next generation sequencing and 
miRNA systems biology. Recent studies have 
demonstrated that not only do miRNAs regulate 
their target mRNAs, but miRNAs in the heart can 
also regulate the expression of other secondary 
miRNAs in the heart [63, 65]. Thus, a better 
understanding of miRNA-miRNA crosstalk and 
complex signaling networks in a normal and dis-
eased state will be important for the successful 
design of miRNA-based therapies for cardiovas-
cular disease.

Further complicating the use of ASOs are 
inconsistent results when investigators have used 
antagomiRs or antimiRs targeting the same 
miRNA in preclinical mouse models of cardiac 
disease [59, 60, 66, 67]. Whilst one group 
reported that inhibition of miR-21 (using 
antagomiRs) prevented cardiac hypertrophy and 
fibrosis in a mouse model of pressure overload 
[67], another group was unable to replicate these 
findings using a LNA-antimiR-21 approach [66]. 
Similarly, mice subjected to pressure overload 
were less susceptible to cardiac fibrosis and 
hypertrophy following inhibition of miR-29 
using LNA-antimiRs [59], whereas earlier reports 
suggested inhibition of miR-29b with antagomiRs 
promoted the fibrotic response [60]. The dispar-
ity in these studies may be partially explained by 
different oligonucleotide chemistries, specific 
targeting of an individual miRNA vs. a miRNA 
family, experimental protocols utilized, or differ-
ent effects of miRNAs in different cells types 
(e.g. cardiomyocytes vs fibroblasts). These 
inconsistencies have yet to be resolved, demon-
strating that further studies are required before 
these miRNAs can enter clinical trials as a thera-
peutic for cardiac fibrosis and hypertrophy.

3.2  lncRNAs

Several challenges need to be resolved before a 
lncRNA based therapy enters the clinic for car-
diovascular disease (see reviews [29, 30, 68, 69]). 
The most challenging issue is target specificity. A 
single lncRNA has pleiotropic actions, where 
some act through more than one mechanism, can 
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regulate multiple signaling pathways and have a 
number of functions within an organism. For 
example, the lncRNA gene, antisense non-coding 
RNA in the INK4 locus (ANRIL) is associated 
with an increased risk of atherosclerotic cardio-
vascular disease [70], but also has a role in cancer 
cell proliferation [71], thus making it a difficult 
therapeutic target.

LncRNAs are not well conserved across spe-
cies which may limit the use of animal models 
for preclinical studies. This is illustrated by 
lncRNAs, such as Braveheart (Bvht; regulates 
cardiac cell fate), Mirt1 and Mirt2 (thought to 
have a protective role on cardiac function and left 
ventricular remodeling post myocardial infarc-
tion), in which a human homolog has not been 
identified [72, 73]. Further, for those potentially 
important lncRNAs that have no rodent homolog, 
experimental analysis is restricted to human cells 
and tissues, making translation from bench to 
bedside more difficult. The low homology 
between species makes characterization and clin-
ical testing of human lncRNAs more difficult. 
However, it is thought that the secondary struc-
ture of lncRNAs is conserved rather than the pri-
mary sequence, and that structure may be more 
important to function than sequence [29]. Thus, 
lncRNAs may have structural homologs in other 
species, which may allow the use of animal mod-
els for preclinical testing. However, the relation-
ship between lncRNA structure and function is 
not well understood and needs to be studied 
further.

Another hurdle facing the development of 
lncRNAs as therapeutic targets is cellular loca-
tion. LncRNAs have widely varying subcellular 
distributions. Some lncRNAs reside in the cyto-
plasm, nucleus, mitochondria and other extracel-
lular locations, and can even shuttle to various 
subcellular locations [74]. The same lncRNA can 
reside in multiple cellular compartments and 
have a functional effect in each, which may make 
therapeutic intervention complex. Antisense and 
RNAi-based gene-knockdown methods vary in 
efficacy between different cellular compartments 
[74], thus the subcellular distribution of lncRNAs 
need to be determined in order to employ the best 
potential therapeutic approach [75].

ASOs (such as GapmeRs) are commonly used 
to inhibit lncRNAs, however, potency, toxicity, 
route of delivery, dose, duration of treatment, off- 
target effects, stability and specificity need to be 
considered when developing and testing ASOs as 
pharmacological agents. With the use of bioinfor-
matics tools and gene sequence databases, the 
sequence of GapmeRs, specifically of the DNA 
gap and flanking LNAs, need to be carefully 
designed before they can be used in vivo. A care-
fully designed GapmeR should have favourable 
therapeutic properties including high target affin-
ity, specificity, stability and favourable pharma-
cokinetic and tissue-penetrating properties.

Overexpression of lncRNA is also possible 
with the use of viral vectors, nanoparticles and 
RNA mimics, although these approaches also 
have their limitations. Challenges facing viral 
delivery of lncRNAs include (i) efficiency of 
lncRNA upregulation, (ii) low packaging limit of 
adeno-associated virus (AAV) vectors and these 
cannot be used for packaging lncRNA >3–4 kb; 
and (iii) ability to overexpress the lncRNA in the 
subcellular localization in which it resides [32]. 
Despite these challenges, two studies have used 
viral-mediated overexpression of lncRNAs in a 
mouse model of myocardial infarction demon-
strating feasibility of this approach [76, 77]. The 
elevated risk of toxicity needs to be considered 
when using nanoparticles, and RNA mimics are 
prone to degradation and can have difficulties 
entering the cell [78].

4  Emerging Approaches 
to Deliver ncRNAs 
to the Heart

There are intense efforts to identify agents that 
are capable of targeted delivery of oligonucle-
otides to tissues and cells (see reviews [5, 9, 79, 
80]). One common method to achieve targeted 
delivery is using viral approaches. AAV is the 
preferred method, and allows for greater flexibil-
ity as there are a number of AAV serotypes, pro-
moters and reporter genes to choose from to 
enhance tissue specificity [81]. AAVs have been 
shown to be effective in delivering protein coding 
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genes in preclinical models [82], and no side- 
effects were reported from clinical trials in 
patients with heart failure [83], demonstrating 
translational potential. AAVs are commonly 
employed to deliver miRNA “sponges” or “tough 
decoys” to inhibit miRNAs in the tissue of inter-
est [84–88], although developing a cardiac- 
specific technology may be more difficult [89].

Other non-viral methods have recently been 
demonstrated to have the  potential to deliver 
miRNA therapeutics to the heart. Ultrasound 
microbubbles coupled with a specific single- 
chain antibody has allowed targeted delivery of 
miRNA-126 mimics in abdominal aortic aneu-
rysm [90], although antibodies specifically tar-
geting cardiomyocytes need to be developed. 
Light-induced antimiR activation (a technique 
which facilitates local delivery) against miR-92a 
to improve angiogenesis has been demonstrated 
in human cells [91]. Coronary angiogenesis is 
reduced in hearts as they undergo pathological 
remodeling and this contributes towards the tran-
sition to heart failure [92]. This particular method 
of local delivery could potentially be applied at 
open-heart surgery in the clinic. An unlockable 
core-shell nanocomplex (Hep@PGEA) was used 
to deliver miR-499 to the hearts of mice follow-
ing myocardial infarction [93]. This approach 
suppressed cardiomyocyte apoptosis and pro-
moted cardiac repair, without showing any obvi-
ous toxic effects in other tissues [93]. Hydrogels 
are cross-linked polymers which can carry and 
release therapeutics after injection in tissues, are 
safe in large animal models [94], and success-
fully used to deliver miR-302 mimics to the heart 
to promote cardiomyocyte proliferation and 
regeneration following myocardial infarction 
[95]. These hydrogels could be delivered to the 
heart by catheter in a clinical setting. Negatively- 
charged calcium phosphate nanoparticles (CaP- 
NPs) for the delivery of miRNAs to cardiac cells 
in vitro and in vivo have been developed and 
used successfully [96], with a follow-up study 
showing an inhalation approach was effective 
for the delivery of therapeutics via CaP-NPs to 
the diseased heart [97]. Finally, CRISPR/cas9 
technology is  a powerful ncRNAs editing  tool 
and has been shown to be an efficient and stable 

technology for inhibiting miRNA in vitro and 
in vivo [98].

5  Conclusion

NcRNAs have emerged as critical regulators of 
gene expression and function. Studies con-
ducted over the last two decades clearly demon-
strate that miRNAs and lncRNAs play an pivotal 
role in cardiovascular health and disease. 
Functional studies targeting these classes of 
ncRNAs demonstrate their therapeutic potential 
in treating pathology associated with cardiovas-
cular disease such as hypertrophy, fibrosis and 
cardiac dysfunction. As a result of these favor-
able outcomes in preclinical models, approaches 
to deliver ncRNAs to the heart are being con-
tinually developed. However, further studies are 
necessary to clarify the role and regulation of 
ncRNAs in the heart to develop effective treat-
ments for cardiovascular disease.
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Abstract
The discovery of noncoding RNAs (ncRNAs) 
including short microRNAs, long ncRNAs 
and circular RNAs has broaden our knowl-
edge about mammalian genomes and tran-
scriptomes. A growing number of evidence on 
aberrantly regulated ncRNAs in cardiovascu-
lar diseases has indicated that ncRNAs are 
critical contributors to cardiovascular patho-
physiology. Moreover, multiple recent studies 
have reported that ncRNAs can be detected in 
the bloodstream that differs between health 
subjects and diseased patients and some of 
them are remarkably stable. Although our 
knowledge about the origin and function of 
the circulating ncRNAs is still limited, these 
molecules have been regarded as promising 
noninvasive biomarker for risk stratification, 
diagnosis and prognosis of various cardiovas-
cular diseases. In this chapter, we have 
described biological characteristics of circu-
lating ncRNAs and discussed current trends 
and future prospects for the usage of circulating 

ncRNAs as biomarkers for common cardio-
vascular diseases.

Keywords
Non-coding RNAs · Biomarker · 
Cardiovascular diseases · Heart diseases

1  Background

Only less than 3% of the human genome encodes 
messenger RNAs (mRNAs) that are encoded and 
participate in protein biosynthesis [1]. On the 
other hand, there are much more non-coding 
RNAs (ncRNAs) in the genome, most of which 
have undetermined functions. NcRNAs can be 
divided into basic ncRNAs and regulatory 
ncRNAs. Regulatory ncRNA can be further 
divided into microRNA (miRNA), long non- 
coding RNA (lncRNA), circular RNA (circRNA), 
piwi-interacting RNA (piRNA) and small inter-
fering RNA (siRNA) [2]. Not surprisingly, regu-
latory ncRNAs have been found to be critical 
players in pathogenesis of human diseases, 
including cardiovascular diseases (CVDs). 
Numerous studies have demonstrated that miR-
NAs play a key role in driving gene expression 
changes in multiple cardiovascular pathological 
processes including cardiac hypertrophy, fibrosis, 
ischemia injury and heart failure [3, 4]. Whereas 
the role of lncRNAs and circRNAs are less 
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understood compared to miRNAs, to date only a 
few candidates have been investigated in detail in 
cardiovascular system. Circulating ncRNAs have 
been have recently emerged as promising non- 
invasive biomarkers because their tissue- and 
time-specific expression pattern in CVDs and 
their ability to circulate in the bloodstream in a 
relative stable extracellular form [5]. Here, we 
present a brief introduction on miRNAs, lncRNAs 
and circRNAs, summarize the recent discovery 
of these ncRNAs in related to biomarker poten-
tial for common type of CVDs and, finally, dis-
cuss the current limitations and future prospects 
in developing ncRNAs as CVD biomarkers.

1.1  MicroRNAs

MiRNAs are abundant family of small ncRNAs 
in human genomes, containing more than 2000 
different loci for miRNA generation [6], it is esti-
mated that over 30% of the cellular transcriptome 
is orchestrated by miRNAs [7]. MiRNA is a short 
18-22  nt ncRNA produced by transcription of 
specific genomic locus and specialized RNA 
endonuclease treatment [8, 9]. MiRNA transcrip-
tion is conducted by RNA Pol II and is controlled 
by RNA Pol II-associated transcription factors 
and epigenetic regulators [10–13]. The primary 
miRNA (pri-miRNA) then go through several 
steps to become mature miRNA, with the help of 
nuclear RNase III Drosha [14–16]. Mature miR-
NAs can negatively regulate expression of target 
genes by binding to the 3’-UTR region of mRNAs 
and recruiting specific silencing proteins that 
form RNA-induced silencing complexes (RISC) 
[7]. In healthy condition, miRNAs act as modula-
tors to steady protein levels that maintain physi-
ological homeostasis. The regulatory activity of 
miRNAs depends on the abundance of their tar-
gets, so the same miRNA may have different 
regulatory function in different cell types [17]. 
While during pathological process, ectopic or 
aberrant expression of a particular miRNA in its 
original tissue can result in deregulation of its tar-
get transcripts and imbalanced physical func-

tions. MiRNAs have been found present in 
variety of extracellular human body fluids includ-
ing plasma, serum, saliva and urine [18–21]. 
Blood circulating miRNAs are most studied and 
found that the majority of circulating miRNAs in 
human blood are related with a protein named 
Argonaute 2 (Ago2) [22]. Ago2 is the effector 
component of the miRNA-induced silencing 
complex (RISC), it can directly bind miRNAs 
and drive mRNA suppression [23, 24]. Therefore 
it has been speculated that the majority of circu-
lating miRNAs may be products released from 
dead cells that remain in extracellular space 
because of the high stability of Ago2-miRNA 
complex [5], which makes them potential indica-
tors for various pathological conditions.

1.2  Long Non-coding RNAs

Long non-coding RNAs, also known as long 
ncRNAs or lncRNAs, are non-coding RNA tran-
scripts that are longer than 200  nt, similar to 
protein- coding genes but lacking evident ORFs 
[25–27]. LncRNAs represent the majority of the 
ncRNAs, to date more than 58,000 lncRNAs has 
been classified [28]. However, only a few of them 
has been characterized with structure, function 
and impact in physical or pathological process. 
LncRNAs are produced with RNA polymerase II, 
which can be antisense, interleaved or overlap-
ping with protein-coding genes, those sequences 
of lncRNA that do not overlap protein-coding 
genes term long intervening/intergenic noncod-
ing RNAs (lincRNAs) [29]. LncRNAs are sug-
gested very relevant players in the regulation of 
cellular functions because evidence shows they 
can interact with genomic DNA and RNA as a 
flexible molecular scaffold to recruit chromatin- 
modifying enzymes and transcription factors and 
to guide their transportation to the correct func-
tional localization [30]. In addition, lncRNAs can 
act as guide molecules for DNA methyltransfer-
ase and histone modifier such as polycomb 
repressive complex PRC2 and histone H3 lysine 
9 (H3K9) methyltransferases, which lead to 
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repressive heterochromatin and the resultant 
transcriptional repression [31–33]. LncRNAs 
have also been reported to control the activity of 
other ncRNAs, particularly miRNAs, as decoys 
or sponges that can absorb miRNAs from their 
mRNA targets (and thus act as competing endog-
enous RNAs or ceRNAs) [34]. Loss of function 
experiments have provided evidence for the func-
tional importance of lncRNAs in regulation of 
gene expression patterns that control cellular plu-
ripotency, differentiation and survival [35]. 
Because of the enormous potential of lncRNAs to 
regulate gene expression, there is a growing 
interest in the potential roles of these RNAs in 
disease pathogenesis. In fact, numerous studies 
have shown a correlation between lncRNA dys-
regulation, with changes in gene expression and 
pathogenesis. Moreover, some studies have also 
suggested potential role of lncRNA in gene regu-
lation outside the cell and between different cells. 
Recent researches have demonstrated that it is 
possible to detect the presence of lncRNAs in 
human body fluids, indicating the possible con-
nection between circulating lncRNA concentra-
tion and disease initiation and development, 
makes lncRNAs potential novel diagnostic and 
prognostic tools [36]. However, on the other 
hand, most lncRNAs rapidly evolve at sequence 
and expression levels, it has been suggested that 
tissue-specific and possible three-dimensional 
structures of lncRNA are only conserved among 
closely related species.

1.3  Circular RNAs (CircRNAs)

CircRNAs are a new class of endogenous non-
coding RNAs and a field with much research 
activity, although the existence of circulating 
transcripts have been discovered for more than 
20 years [37]. They are characterized by a cova-
lently closed loop structure formed by back- 
splicing event that inversely connect exon 
boundaries [38]. These circular molecules have 
long been regarded as the artifacts of aberrant 
splicing or prerogative of several types of virus 

[39–41]. However, recent studies by using spe-
cific computational algorithm to identify circular 
molecules have demonstrated that in many cells 
the production of circRNA is not as rare as previ-
ously believed [42–44]. A growing number of 
evidence indicates that circRNAs are abundant, 
conserved, and stably accumulated in cells, and 
the expression pattern of circRNAs is highly 
dependent on cell type and species [45, 46]. 
Besides, circular RNAs are highly resistant to 
exonuclease RNase R, which makes them much 
more stable than to linear RNAs [47, 48], that 
explain their relative high evaluation conserva-
tion. The regulatory functions of circRNA remain 
to be further explored. Scientists have suggested 
several putative mechanisms of gene regulation 
by circular RNAs. (1) miRNA sponge: competi-
tive endogenous RNA hypothesis is currently the 
most intensively studied and well accepted mech-
anism on regulatory activity of circRNAs on gene 
expression. CircRNA molecules contain lots of 
miRNA response elements (MREs) that allow 
them to competitively bind to miRNAs, causing 
suppression of the functional miRNA molecules 
and subsequent elevation of target miRNAs [47, 
49]. (2) Interaction with RNA binding proteins 
(RBPs): strong direct interaction between cir-
cRNAs and their target RBPs enable gene regula-
tion by competing with linear splicing [41]. (3) 
Regulation of parental gene transcription: some 
intronic circRNAs enhance the transcription of 
their hosting gene, probably by modulating RNA 
polymerase II in cis [50]. (4) Protein translation: 
some recent studies have demonstrated the poten-
tial of circRNA for direct protein translation, 
such as circ-ZNF609, circMbl3 and circ-SHPRH 
[51–53]. Furthermore, computational analysis of 
human transcriptomes sequencing has revealed 
the universal existence of circRNAs with coding 
potential [54, 55]. Due to their emerging role as 
regulators of gene expression, circRNAs are con-
sidered as important players in disease develop-
ment. In addition, the stability of these circular 
molecule allow them to be easily identified and 
quantified in body fluid, which makes them high 
promising diagnostic biomarkers [46].
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2  Circulating Non-coding RNA 
as Biomarkers 
for Cardiovascular Diseases

2.1  Myocardial Infarction

Myocardial infarction (MI) is the leading cause 
of death worldwide and is characterized by 
ischemia- induced localized heart tissue damage 
that induces cardiac remodeling and may prog-
ress to chronic heart failure. Appropriate thera-
pies are required to reduce the mortality and thus 
a rapid diagnosis with high sensitivity and speci-
ficity is critical. MI is characterized by cell death 
and hypoxic stress, resulting in the release of 
various cardiac-specific proteins into the circula-
tion. Classic MI biomarkers include serum con-
centrations of cardiac troponin (cardiac troponin 
T and I) and creatine kinase MB (CK-MB) [56]. 
Other than traditional protein markers, myocar-
dium also releases ncRNAs into the bloodstream 
once injured. Numerous studies have described 
that single or a group of miRNAs in circulation 
can act as potential biomarker for cardiac injury 
including MI [57, 58]. MiR-1, which is abun-
dantly expressed in cardiac and skeletal muscle 
and crucial in muscle differentiation and cardiac 
development, is firstly suggested as a circulating 
miRNA biomarker for acute MI [59–61]. Another 
high muscle-expressed miRNA miR-133, which 
is a crucial regulator of muscle development and 
pathophysiological alterations, has also been 
suggested to be a diagnostic biomarker for acute 
MI without prognostic potential on future left 
ventricular remodeling after MI [61, 62]. Cardiac- 
specific miRNAs miR-499 and miR-208a/b 
expressed by cardiac myosin genes have been 
suggested as biomarkers for myocardial damage 
and infarct severity [63]. In addition, results from 
patient and animal models showed a positive cor-
relation between muscle and myocardial circulat-
ing miRNAs and acute MI with T-segment 
elevation (STEMI). The circulating levels of 
miRNAs including miR-1, miR-499-5p, miR- 
133a and miR-133b and followed the same pat-
tern as rising of cardiac troponin T level and left 
ventricular ejection fraction (LVEF) in STEMI 
patients. Therefore, these miRNAs were regarded 

to be related to the extent of myocardial damage 
and necrosis after infarction [60]. It is worth 
mention that circulating non-muscle miRNA lev-
els in patients with STEMI, such as liver miR- 
122- 5p or pancreas-specific miR-375, showed an 
opposite pattern of muscle and cardiac-specific 
miRNAs, which was down-regulated in STEMI 
group of patients. These results were not consis-
tent with the results observed in animal models of 
cardiogenic shock, in which plasma levels of 
liver-specific miR-122 showed a massive increase 
after external cardiac intervention and could indi-
cate the time of infarction [64]. Additionally, a 
recent study has shown that plasma miR-122 lev-
els measured less than 8 h after infarction demon-
strated the same pattern of increase as that in 
animal models and miR-122-5p/133b ratio can 
act as a prognostic biomarker for successful strat-
ification of STEMI patients [65]. Level of miR- 
133b in MI was measured in infarct-related artery 
(IRA) occlusion, without ST-segment elevation. 
Patients with closed IRA were found with higher 
levels of miR-133a, miR-133b then patients with 
patented IRA, but there was no difference in tro-
ponin T levels. These resulted suggested that 
elevated circulating miRNAs reveal the degree of 
IRA in MI and may indicate patients requiring 
urgent coronary revascularization [66].

Circulating miRNAs have also been used to 
predict individual risk for future fatal acute MI in 
healthy individuals [67]. The HUNT study exam-
ined 112 healthy subjects and identified 10 
plasma miRNAs that were differentially 
expressed between lethal cases and controls. The 
best miRNA expression model for prediction of 
future fatal MI consists of miR-106a, miR-424, 
let-7 g, miR-144 and miR-660 levels, which pro-
vided a correct risk assessment of 77.6% (74.1% 
and 81.8% for men and woman respectively). 
Other circulating miRNAs such as miR-34a, 
miR-192 and miR-194 have also been shown to 
be good predictors of risk assessment for heart 
failure after MI [68]. These miRNAs are 
expressed in a p53-dependent manner, linking 
them to other miRNAs that have been described 
as driving factors for CVDs [69]. Collectively, 
multiple studies have confirmed the ideas that 
circulating miRNA may serve as sensitive and 
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specific biomarkers for MI, the combination of 
miRNA with cardiac troponin might be accurate 
diagnostic and prognostic tool for patients.

Recently, some circulating lncRNAs and cir-
cRNAs have also been explored as potential bio-
markers of acute MI. CDR1 antisense (CDR1AS) 
and cyclic zinc finger antisense 1 (ZFAS1) 
showed significant differential expression 
between acute MI patients and healthy subjects; 
and similar changes in circulating CDR1AS and 
ZFAS1 were also consistently observed in the 
mouse models. Thereby researchers suggested 
changes in circulating CDR1AS and ZFAS1 
could independently predict acute MI [70]. 
Another lncRNA urothelial carcinoma associated 
1 (UCA1) was studied as well, which was found 
to be expressed in bladder and lung cancer and 
suggested as a predictive biomarker. UCA1 is 
specifically expressed in the heart of healthy 
adult individuals; while plasma UCA1 levels are 
reduced in the early state of patients with acute 
MI and increased on day 3 post-MI. The level of 
UCA1 circulating was also found negatively cor-
related with the expression of miR-177 [71].

2.2  Coronary Artery Disease

Coronary Artery Disease (CAD) is caused by the 
formation of atherosclerotic plaques, resulting in 
structural remodeling of the arterial wall, activa-
tion of endothelial cells and inflammatory cells 
may eventually lead to myocardial ischemia [72]. 
Activation of endothelial cells is critical for ath-
erosclerosis; it is a potential source to seek new 
biomarkers for early diagnosis and identification 
of instable plaque, which eventually allow risk 
stratification of patients. It has been suggested 
that miRNAs associated with cellular compo-
nents formed by atherogenesis are deregulated in 
CAD [73]. However, the cyclic signature data of 
CAD miRNAs are not consistent. Endothelial 
cells (miR-17, miR-92a and miR-126), inflam-
mation (miR-155) and smooth muscle cell- 
associated (miR-145) miRNA were found to 
decrease in the circulation of CAD patients, 
while plasma myocardium and muscle miRNA 
(miR- 133a, miR-208a and miR-499) were 

increased. It was believed that miRNA may be 
cleared from the bloodstream by ingestion of ath-
erosclerotic lesions or vasculature, and that 
enhanced release and elevation of miRNA may 
reflect myocardial damage [74]. In contrast, the 
miRNA signature of miR-126 and miR-17/92a 
cluster was up-regulated together with miR-451, 
miR-106b/25 cluster and miR-21/590-5p family 
in vulnerable CAD and was suggested as a novel 
biomarker [75]. Consistent with previous results, 
miR-1, miR-133a/b, miR-122, miR-126 and 
miR-199a have been reported elevated in the cir-
culation of stable and unstable angina patients 
and miR-92a and miR-486 were associated with 
high-density lipoprotein components identified 
as potential circulating biomarkers for coronary 
plaque [76–78]. In addition, the severity of CAD 
for patients with hyperlipidemia was found asso-
ciated with increased plasma levels of lipid 
metabolism-related miR-122 and miR-370 [79]. 
MiRNA signatures for risk assessment in patients 
with symptomatic obstructive CAD and chest 
pain were explored. MiR-134, miR-2861 and 
miR-3135b were associated with coronary artery 
calcification and were altered in patients with 
obstructive CAD [80]. A prognostic analysis 
evaluated circulating vascular and endothelial 
miRNAs in patients with CAD and found expres-
sion level of miR-126 and miR-199a contained in 
microvesicles but not freely circulating miRNA 
could predict the occurrence of cardiovascular 
events in patients with stable CAD [81]. 
Collectively, blood miRNAs have the potential to 
improve CAD diagnosis and prognosis, whereas, 
replication and validation of these findings in 
large independent cohorts are still required.

Recently, lncRNAs have get attention as CAD 
biomarkers. Microarray-based screening of 
plasma in CAD patients identified a transcript 
called CoroMarker as a marker for stability, sen-
sitivity, and specificity of the CAD [82, 83]. This 
lncRNA is present in extracellular vesicles and 
circulating monocytes in peripheral blood. The 
same group reported another lncRNA LncPPARδ, 
which was elevated in circulating peripheral 
blood mononuclear cells, as another CAD bio-
marker in combination with other risk factors 
[84]. The combined use of circRNAs and 
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 miRNAs as biomarker for carotid plaque rupture 
was also investigated and found the ratio of serum 
circR-284/has-miR-221 was significantly 
increased in acutely symptomatic patients with 
carotid disease. This combination demonstrated 
favorable characteristics to be a prognostic bio-
marker of plaque rapture and stroke [85].

2.3  Cardiomyopathy

Cardiomyopathies are a group of heart diseases 
characterized by morphological and functional 
abnormalities in the myocardium. When they 
originate from myocardial dysfunction or 
changes in the body, they can be classified as pri-
mary or intrinsic cardiomyopathy; and when 
their pathogenic factors are external factors for 
the heart, they can be classified as secondary or 
extrinsic cardiomyopathy [72]. Intrinsic cardio-
myopathy can be obtained with a genetic basis or 
in response to stress on the myocardium. Inherited 
cardiomyopathies are the most common form of 
the disease, hence genetic testing is the most 
common diagnosis. Also, patients with cardio-
myopathy often receive a series of biochemical 
tests to detect biomarkers that can assist diagnose 
[86]. Several therapies for cancer and other dis-
eases can cause serious side effects that affect 
cardiovascular health. Cardiotoxicity and dam-
age impede heart function and cause high blood 
pressure, apoptosis, arrhythmia, fibrosis, and 
finally heart failure. Therefore, minimizing or 
preventing these side effects by early monitoring 
of drug-induced cardiotoxicity and damage 
would be very significant for treatment strategies 
[87]. A few studies have evaluated ncRNA 
plasma levels in drug-induced cardiomyopathies. 
An in  vivo study evaluating isoproterenol- 
induced cardiactoxic model in rats reported an 
increase in serum miR-208 level in a time- 
dependent manner and was associated with tradi-
tional myocardial injury cardiac troponin I [88]. 
Other animal studies support the response of 
miR-208 to isoproterenol, metaproterenol, allyl-
amine and mitoxantrone [89–91]. On the other 
hand, miR-208 did not respond to a single admin-
istration of doxorubicin, and doxorubicin treat-

ment induced other muscle and heart-specific 
miRNAs. In the chemotherapy treatment of 
doxorubicin, circulating miR-208a was not 
detected in the bloodstream of breast cancer 
patients [92]. These differences may be due to 
species-specificity, time- or dose-dependent 
effects, or indicate that different drugs may cause 
different circulating miRNA patterns. Therefore, 
other miRNAs should be considered to be bio-
markers of drug-induced cardiotoxicity. Zhao 
et  al. determined whether detectable levels of 
specific miRNAs are released into the circulation 
for bevacizumab-induced cardiotoxicity. They 
identified two cancer-associated miRNAs (miR- 
579 and miR-1254) that were specifically ele-
vated in the circulation of bevacizumab-induced 
cardiotoxic patients and distinguish this patient 
group from AMI patients. MiR-1254 also showed 
strong correlation to the clinical diagnosis of 
bevacizumab- induced cardiotoxicity [93].

3  Prospects and Challenges

We have accumulated a great deal about the asso-
ciation of circulating miRNAs with various types 
of human heart diseases and injuries. Other circu-
lating ncRNAs species as lncRNAs and cir-
cRNAs are also promising biomarkers of CVDs, 
however their physiological or pathological roles 
in the context of CVDs remain largely unknown. 
The study of circulating lncRNAs asa cardiac 
biomarkers is not as advanced as miRNA, par-
tially because of the general assumption that 
lncRNAs are unstable in body fluids and the find-
ings that lncRNAs are not conserved among spe-
cies as miRNAs. However, recent data indicate 
that most lncRNAs are stable in neuroblastoma 
cell lines, although this study does not address 
the problem of extracellular stability [94]. 
Additionally, due to the emerging role of cir-
cRNA as regulators of gene expression, circRNA 
is likely to be an important player in the initiation 
and progress of diseases including CVDs. 
Research on the circular and stable RNA mole-
cules has just begun and is a completely new field 
of research that will help to better understand the 
pathogenesis of CVDs. Regulatory networks 
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occur in complex organisms and the surprising 
stability of these molecules suggests that cir-
cRNAs have great potential to be developed as 
CVD biomarkers.

Nevertheless, currently the use of ncRNA is 
still limited by (1) insufficient knowledge about 
the origin and function of ncRNAs especially for 
lncRNA and circRNAs; (2) diversity of RNA 
extraction and ncRNA detection methods without 
a standard protocol; (3) lack of consistency and 
standardization in different studies on same type 
of CVDs; (4) a relatively small patient cohort to 
date [95]. Still, some circulating ncRNAs appear 
to have stronger diagnostic and prognostic value 
than conventional biomarkers, not only because 
of their tissue and disease-specific expression 
patterns, but also because of the high physico-
chemical properties and their high stability in cir-
culation system [96–98]. Whether circulating 
ncRNAs represent attractive diagnostic and prog-
nostic biomarkers required future studies of large 
cohorts with standardized protocol for processing 
body fluid and RNA procreation and consistent 
analysis method.
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Abstract
Ribonucleic acid (RNA) is being exploited 
and understood in its many aspects of function 
and structure for development of valuable 
tools in the therapeutics of various diseases 
such as cardiovascular etc. The expanded 
knowledge regarding function of RNA in the 
genomics and inside the cell has dramatically 
changed the therapeutic strategies in the past 
few years. RNA has become a spotlight of 
attention for developing novel therapeutic 
schemes and hence variety of therapeutic 
strategies is being coming into the picture that 
includes RNA interference, use of aptamers, 
role of microRNA (miRNA) that can alter the 
complex gene expression patterns. It is due to 
the fact that RNA offers various advantages in 
disease management as it can be edited and 
modified in its various forms such as second-
ary and tertiary structures. Although scientists 
are in process of manufacturing RNA- 
targeting therapies using variety of endoge-
nous gene silencing regulators, Small 
interfering RNAs (Si RNAs), aptamers and 
microRNA for cardiovascular diseases yet the 

development of a novel, risk free therapeutic 
strategy is a major challenge and need of the 
hour in cardiovascular medicine. In this regard 
these agents are required to overcome pleothra 
of barriers such as stability of drug targets, 
immunogenicity, adequate binding, targeted 
delivery etc. to become effective drugs. Recent 
years have witnessed the progress of RNA 
therapeutic strategies in cardiovascular dis-
eases that are likely to significantly expand the 
cardiovascular therapeutic repertoire within 
the next decade. The present manuscript has 
been compiled to summarize various 
approaches of siRNA based therapies in car-
diovascular diseases along with the advan-
tages, outcomes and limitations if any in this 
regard. In addition, the future prospects of 
RNA therapeutic modalities in cardiovascular 
diseases are summarized.
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1  Introduction

Cardiovascular disease (CVD) is becoming a 
leading cause of morbidity, mortality as well as 
disability across the globe despite of the advance-
ments in therapeutics and risk management strat-
egies [1].The disease has been reported to be 
chronic in nature and the symptoms of the dis-
ease deteriorate as time period increases. Besides 
noteworthy therapeutic achievements in CVD, 
there are multiple undesirable risk factors associ-
ated with therapeutic modalities such as drug 
toxicity, complexity, resistance and many more. 
Hence the development of a novel, risk free ther-
apeutic strategy is a major challenge and need of 
the hour in cardiovascular medicine. As per the 
availability of current literature, several lines of 
evidences are available supporting the function 
of RNA specifically the application of small 
interfering RNAs in silencing the disease causing 
genes in cardiovascular diseases [2]. It has been 
considered that RNA plays dynamic and versatile 
role in regulating the gene expression by acting 
as an intermediate molecule between DNA and 
proteins [3, 4].

RNA can offer various advantage in disease 
management as it can be edited and modified in 
its various forms such as secondary and tertiary 
structures. Moreover it may undergo tight, 
dynamic and various post transcriptional regula-
tory modifications by using plenty of RNA bind-
ing proteins [5, 6]. Hence RNA interference 
(RNAi) can propose major advantage over phar-
macological therapy as they can target specific 
pathogenic genes that are associated with CVD 
with low toxicity and high potency. In addition to 
it, it is pertinent to mention that various biotech-
nology companies are already in process of man-
ufacturing RNA-targeting therapies using various 
drug- able targets. For the same purpose, variety 
of endogenous gene silencing regulators, Small 
interfering RNAs (Si RNAs), aptamers and 
microRNA are being exploited to investigate the 
potential therapeutic agents [7].

It has been observed that novel technologies 
involved multiple types of small RNA that 
include miRNA, siRNA, snRNA, piRNA and 
snoRNA etc. Recent studies are evidencing the 

extremely broad spectrum of RNA species. 
Amongst these classes, the expression of mRNA 
target is inhibited by using siRNA whereas the 
miRNA are either used for inhibiting other 
miRNA or to mimic as some other miRNA which 
will be antagonizing the function of endogenous 
miRNA due to mimic behaviour [8]. This hypoth-
esis explains how subclasses/varieties of RNA 
talk to each other and respond differently that 
leads to altered functional genetic information 
playing a vital role in various pathological condi-
tions such as CVD etc. To date, therapies involv-
ing RNA agents are being exploited to treat 
various diseases such as cancer [9], infectious 
[10] and neurodegenerative diseases [11] as well.

The therapeutic potential of RNA based agents 
are being explored in multiple clinical trials in 
context to cardiovascular diseases. This manu-
script focuses to summarize three such approaches 
that include siRNA, miRNA and aptamers as 
well along with the clinical trials conducted in 
this regard. Further the future directions of RNA 
therapeutics alongwith their outcomes and limi-
tations in regard to cardiovascular diseases are 
critically summarized.

2  RNA and Its World: 
Traditional Concept vs. 
Current Concept

2.1  Traditional Concept of RNA 
World

As per the description of various classical stud-
ies, it has been observed that a large amount of 
RNA is transcribed into the cell. The structure 
and function of variety of RNA transcribed in the 
cell is becoming better understood with respect 
to their role in molecular biology as well as their 
therapeutic potential. Most of the RNA tran-
scribed in the cell do not encode for proteins 
rather only a part of it (such as tRNA and rRNA) 
is involved in the process of translation and its 
regulation. As per the traditional knowledge, 
RNAs were considered to be transmitters of 
genetic information i.e. from DNA to RNA and 
then to the ribosome for proteins synthesis, and 
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hence considered to be the regulators of protein 
synthesis/Gene expression [12]. The traditional 
concept of RNA and its role in gene expression 
was dictated in central dogma which is repre-
sented as follows in Fig. 23.1.

2.2  Current Concept of RNA World

Since last decade the multiple studies have 
expended the role of RNA within the cell and as 
other catalytic RNAs [13, 14]. As per current sta-
tus, it is obvious that RNA is not only the inter-
mediary molecule to encode proteins from genes 
rather some of its types may act as functional end 
products to control the gene expression in a dif-
ferent but strategic manner. Moreover, recent 
studies are evidencing the use of new classes of 
small RNAs such as miRNA as well as siRNA 
which are generated as a product of some novel 
biosynthetic pathways and are helpful to mediate 
regulatory functions [15]. Earlier it was consid-
ered that RNA are of two types that include cod-
ing RNA (that codes for proteins) and Non coding 
RNA (which do not encode for proteins). The 
various types of RNA include rRNA, tRNA, 
mRNA, snRNA, siRNA and snoRNA etc. The 
availability of different types of RNA along with 
their percentage is shown in Fig. 23.2.

Although a variety of RNAs are known to the 
scientist still the current understanding of RNA 
molecules and its function is only the tip of the 
iceberg. The RNA research is gaining momentum 
on a fast pace due to the rapid development of the 
molecular biotechnology as well as the various 
classes of RNA have attracted considerable atten-

tion of the scientists to unfold their role in gene 
regulation and in developing novel drug discov-
ery and development targets. Amongst the above 
mentioned classes, microRNAs (miRNAs) as 
well as small interfering RNAs (siRNAs) are 
being highly exploited for their therapeutic 
potential and has been depicted by number of sci-
entists against various deadly diseases such as 
cancer and others [16, 17]. Moreover these small 
molecules have a potential to become non- 
druggable target to cure plethora of diseases 
without undergoing drug induced side effects 
[18].

3  Small Interfering RNAs

SiRNAs are small non-coding RNA; a novel 
class of RNA based therapeutic agent with an 
important role in gene expression. siRNAs have a 
well-defined structure usually varying in its 
length from 20 to 24-bp with phosphorylation on 
5′ end and hydroxylation on 3′ end [19]. In addi-
tion to it, siRNAs exists with overhanging nucle-
otides on both the sides. In the cell itself, the 
Dicer enzyme is responsible for the production of 
siRNAs from either long dsRNAs or small hair-
pin RNAs. Although these molecules are only of 
length 20–25 base pairs yet they work to inhibit 
the gene expression. These are the key molecules 
to direct post transcriptional gene silencing pro-
cess called RNA interference (RNAi) rather their 
existence was first defined by the participation of 
siRNA in RNAi. It has been demonstrated that 
the siRNA are derived from the longer transcripts 
and the processing involves an enzyme named as 
DICER [20]. The general properties of the siRNA 
are shown in Table 23.1.

4  Mechanism of Action 
of siRNA

siRNAs are double stranded RNAs that direct 
post transcriptional gene silencing process called 
RNAi. These dsRNAs can be introduced into the 
cell with the help of transfection method. With 
the help of complementary siRNA sequence any 

Fig. 23.1 Representation of traditional classical central 
dogma of molecular biology
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of the gene can be knocked down and hence this 
RNA class is becoming an important tool for 
validating the gene functions as well as drug tar-
geting. RNAi is a normal process that took place 
in almost all the eukaryotic cells. In this highly 
conserved process, dsRNA molecules i.e. siR-
NAs silence the post transcriptional effect of any 
gene of interest [7, 21]. Now a day, synthetic siR-
NAs are being synthesized by various biotech-
nology companies that are used to silence the 
effect of some pre-decided target genes. The 

knockdown of the target genes is entirely based 
upon the complementarily between a siRNA and 
the target gene [22]. Although, synthetic siRNAs 
are designed to silence targeted gene, but some-
time unintended genes may also get knock down, 
due to imperfect complementarily to non- targeted 
mRNAs [22].

The steps involved in the RNA interference 
are as follows:

 1. Synthesis of siRNA: The synthesis of siRNA 
is the main stage of RNAi. To achieve the syn-
thesis of siRNA, long dsRNAs are transfected 
inside the cell followed by cleavage of the ds 
DNA by an endo-ribonuclease enzyme. The 
enzyme used for the cleavage of the dsRNA is 
known as Dicer. This enzyme helps to cut a 
long piece of dsRNA into smaller pieces of 
21–25 bp dsRNAs having 2 nucleotides on the 
3′ terminus alongwith phosphate groups on 5′ 
terminus. The smaller dsRNA produced in 
this process are known either as silencing 
RNA or short interfering RNA [23].

 2. Incorporation of siRNA to RISC: In this 
step, siRNA duplexes are inserted into the 
RNA-induced silencing complex (RISC). 
RISC complex plays a crucial role in RNAi. It 
is a RNA/protein nuclease complex that ini-

Table 23.1 Representation of general properties of 
siRNA

S. 
no. Features Property of siRNA
1. Before processing 

DICER
Double-stranded RNA 
having nucleotides 
from30–100

2. Structure RNA duplex having 21–23 
nucleotide with 2 nucleotides 
overhanging on 3′termial

3. Complementary Fully complementary to 
mRNA

4. mRNA target Single
5. Gene regulation 

mechanism
mRNA having 
Endonucleolytic cleavage

6. Clinical 
applications

Therapeutic agent

Fig. 23.2 Representation 
of various types of RNA 
and its availability in 
eukaryotic cell
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tially binds to the siRNA duplexes [24]. For 
the incorporation of siRNA to RISC, 5′- ter-
minal phosphorylation of the siRNA is com-
pulsory. RISC has two domains named as 
PAZ and PIWI that help to recognize the 
5′-terminus and 3′-terminus of the actual 
guiding strand followed by targeting the 
homologous regions in the guiding strand 
[25].

 3. Gene silencing: After incorporation into 
RISC complex, siRNAs are identified by 
RNA-induced silencing complex (RISC) as 
well as Argonaute 2 (AGO2) followed by 
uncoiling of the dssiRNAs into single strands 
[26–28]. Single stranded siRNA are recog-
nized by their complementary mRNA and 
after binding with perfect complementary 
strands target mRNA is finally degraded by 
exonucleases and hence mRNA cleavage is 
induced. After the mRNA cleavage, the same 
will not be recognized by the cell as it is rec-
ognized as abnormal mRNA which will in 
turn silence the gene due to no translation [29, 
30]. The step to step process of RNA interfer-
ence is shown in Fig. 23.3.

There are several advantages of siRNA over 
conventional drugs [19, 31]. Detection of target 
sites is pretty easier with high flexibility since 

both the target siRNA and mRNA are sequences- 
specific. The inhibitory effect of the siRNA may 
be realized by targeting particular region of the 
mRNA [32]. In the process of gene silencing only 
a small amount of siRNA is required to reduce 
the concentration of homologous mRNA drasti-
cally within a period of 24  h. Physiological 
impact of cells is not altered by siRNA [33]. The 
transcripts of interest are destroyed selectively by 
high level homology of siRNA to the target 
region of cognate transcription. In the absence of 
the target sequences, the siRNA remain dormant 
in the cells and in the presence of the target 
sequence, the genes are silenced stably. siRNAs 
displays long term biological effects [34].

5  Chronological 
Representation 
of Discoveries in the Area 
of RNAi

The field of RNAi is not new to us. As far as the 
discovery of RNAi is concerned, geneticists 
Craig Mello and Andrew Fire discovered that 
upon injecting double-stranded RNA (dsRNA) 
into small worms some of the corresponding 
genes get switched off and hence the concept of 
the RNAi came into picture [35]. Finally research-

Fig. 23.3 Representation 
of step to step process of 
RNA interference
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ers were awarded with Noble Prize for Medicine 
and Physiology in 2006. Some of the chronologi-
cal discoveries in the area of RNAi are shown in 
Table 23.2.

6  RNA Interference 
in Cardiovascular Diseases

The technique is used to down regulate the 
desired gene expression using easily formulated 
small interfering RNA fragments. The method is 
quickly evolving against various diseases since 
its discovery and is becoming a routine applica-
tion in many of the laboratories. There are num-
ber of studies that explain the success of RNA 
interference in treatment of human diseases.

RNAi induced by siRNA has emerged as a 
crucial technique for screening new therapeutic 
targets and searching molecular mechanisms of 
cardiovascular diseases [49]. siRNAs can be used 
to inhibit the overproduction of proteins that are 

associated with cardiovascular disease. 
Proprotein convertase subtilisin/kexin type 9 
(PCSK9) has been reported to increase the levels 
of cholesterol in plasma; inhibition of the enzyme 
decreases the chances of hypercholesterolemia 
[50]. Studies have been carried out on the mon-
keys and it has been concluded that the special 
siRNA delivery by lipidoid nanoparticles against 
PCSK9 can decrease the cholesterol effectively 
[51]. siRNA have been found to silence the CCR2 
i.e. chemokine receptor that results in enhanced 
recovery from myocardial infarction as it reduces 
the penetration of inflammatory cells into the 
infracted area [52].

Apart from inflammation, cardiomyocyte 
apoptosis is also observed during myocardial in 
fraction. Cardiomyocyte apoptosis results in 
reduced cardiac contractility as observed in 
mouse models with myocardial infarction (MI). 
Post myocardial infarction, apoptosis is mediated 
by tyrosine phosphatase Src homology region 2 
domain-containing phosphatase 1 (SHP-1) [53]. 

Table 23.2 Representation of chronological discoveries in the area of RNAi

Year Discoveries in the area of RNAi References
1998 When double stranded RNA (dsRNA), called small interfering RNA (siRNA), is injected into 

worms, it switches off the corresponding gene, which leads to the identification of RNA 
interference (RNAi) as a whole new cellular pathway.

[36]

2002 RNAi is a pathway common to mammals. [37]
One of the biggest RNAi companies i.e. Alnylam was established.

2004 First clinical trial of an RNAi was conducted in patients having age-related macular 
degeneration.

[38, 39]

2005 Novartis agreed to purchase almost 20% of Alnylam’s stock [40]
2006 Mello and Fire won the Nobel Prize for Medicine and Physiology for their work [41, 42]

Merck purchases biotechnology company Sirna for US$1.1bn
2007 Roche purchases just under 5% of Alnylam’s stock and RNAi company, Dicerna, was founded [43]
2008 A phase III trial of RNAi in wet age-related macular degeneration is terminated because of a 

lack of efficacy
[44]

2012 Alnylam discovers that a sugar molecule called N-acetylgalactosamine is key to getting RNAi 
into liver cells

[45]

2016 Alnylam reports an “imbalance of deaths” in a phase III study for a drug called revusiran, 
designed to treat hereditary transthyretin amyloidosis, and development is subsequently 
discontinued.

[46]

Dicerna scraps the first two of its drugs to make it to clinical trials because preliminary results 
do not meet the company’s expectations, USFDA refused to grant approval for further clinical 
trials of any of Arrowhead’s RNAi drugs because of unexplained deaths in chimpanzees.

2017 Alnylam’s drug patisiran is found to be effective and safe in a phase III trial for treating 
hereditary transthyretin amyloidosis (pictured) with neuropathy

[47]

2018 Several of the key companies expect to start numerous clinical trials of new RNAi therapeutics. [48]
First ever gene-silencing drug won FDA approval
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It has been reported that RNAi against SHP-1 
rescues cardiomyocytes from apoptosis among 
mouse MI model [54]. Addition, a hurdle in RNA 
therapeutics has been observed in mouse MI 
model but it resulted in non-specific gene silenc-
ing because of the off-target binding of siRNAs 
[55]. To reduce off-target binding of siRNA is 
also very important in RNA therapy. Tough decoy 
(TuD) RNA has been introduced which is meant 
to silence the sense strand of the siRNA duplex 
[56]. Recently, RNAi-based gene silencing meth-
ods are being established in humans and varieties 
of clinical trials are ongoing which may act as a 
promising therapy for the fatal diseases such as 
cardiovascular, neurological diseases etc.

It has been observed that upcoming cardiovas-
cular RNA drugs are used to address multiple 
organ systems. It is not always mandatory to 
address heart or vasculature directly rather the 
disease can be managed by targeting liver RNA 
drugs. Liver targeted RNA drugs are gaining suc-
cess and are developed in the field of cardiovas-
cular diseases. Another system such as immune 
system involving monocytes or macrophages can 
be targeted for delivering RNA drug to its tissue 
target [57]. Various studies involving the role of 
RNAi specifically in cardiovascular diseases are 
shown in Table 23.3.

7  SiRNA Based Drugs: FDA 
Approval

Though the idea of the gene silencing has been 
revealed two decades ago, yet, the researchers are 
desperate and making critical steps for seeking 
approval for newly manufactured/to be manufac-
tured new siRNA based medicines from US Food 
and Drug Administration (FDA). It has been 
observed that there is entry of FDA approved 
drugs into the market and amongst those drugs 
the drugs for various diseases are enlisted. The 
FDA approval for few of the siRNA has led the 
field of gene silencing to the new heights due to 
the fact that RNAi has the flexibility to design as 
many as novel targets against many different 
genes/diseases with high specificity. Few such 
drugs are enlisted in Table 23.4.

8  Future Perspective

The flexibility of RNAs makes them crucial ther-
apeutics modality for number of human diseases. 
Exploring new classes of RNA that possess thera-
peutic potential will help in its successful transla-
tion to the clinic. Understanding the mode of 
action of various RNAs including long- noncoding 
RNAs (lncRNAs), miRNA, siRNA, etc. in CVD 
will help in improved therapeutics among 
patients. lncRNAs are distinct form of short non- 
coding RNAs that binds the targets through com-
plimentary base pairing. lncRNAsfold into 
specific tertiary structures and interact with its 
proteins targets and the function of lncRNAs in 
MI have revealed [85]. The role of lncRNAs is 
only partially known and recently unfolded in 
cardiac development and the progression of MI 
[86]. Hence studies relating to regulation of long- 
noncoding RNAs for reversal of the diseased 
state and triggering the endogenous regenerative 
process can be a promising therapeutic tool for 
CVD patients [87, 88]. Many diseases result from 
multigene dysregulation; so administration of 
more than one therapeutic target will be benefi-
cial for good outcome. Combination of RNA 
therapeutics with protein or small molecule drugs 
may also become promising therapy [89]. 
Delivery of RNAs will improve cell-based thera-
pies. Cell based therapies will be promising 
approach for rejuvenation of ischemic myocar-
dium since adult cardiomyocytes have restricted 
regenerative capacity [90]. However, this thera-
peutic approach has some obstacles like less cell 
retention and poor cell survival in infracted 
regions. These therapeutic challenges can be 
improved by incorporating few RNA agents. 
Delivery of mRNA encoding angiogenic factors 
along with RNAi that is responsible for decreased 
inflammation and fibrosis in the host tissue may 
improve survival [91]. For implementation of this 
approach few new strategies needs to be designed 
for effective cell and RNAs delivery. To achieve 
this goal, a new strategy should be designed for 
effective deliver of cells and RNAs to infracted 
area. Role of RNA therapeutics in treating MI has 
been successfully demonstrated in small animals 
however preclinical studies on large animals and 
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patients will further explore/establish their effi-
cacy in future. To maximize benefits and to avoid 
adverse effects, there is a need to draw stringent 
standard operative procedures for delivery strate-
gies, development and improvement of RNA- 
based MI therapeutics.
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Prospective Advances in Non- 
coding RNAs Investigation

Muhammad Ishtiaq Jan, Tahir Ali, Ayesha Ishtiaq, 
Iram Mushtaq, and Iram Murtaza

Abstract
Non-coding RNAs (ncRNAs) play significant 
roles in numerous physiological cellular pro-
cesses and molecular alterations during patho-
logical conditions including heart diseases, 
cancer, immunological disorders and neuro-
logical diseases. This chapter is focusing on 
the basis of ncRNA relation with their func-
tions and prospective advances in non-coding 
RNAs particularly miRNAs investigation in 
the cardiovascular disease management.

The field of ncRNAs therapeutics is a very 
fascinating and challenging too. Scientists 
have opportunity to develop more advanced 
therapeutics as well as diagnostic approaches 
for cardiovascular conditions. Advanced stud-
ies are critically needed to deepen the under-
standing of the molecular biology, mechanism 
and modulation of ncRNAs and chemical for-
mulations for managing CVDs.

Keywords
CVD management · ncRNA · miRNA · 
Therapeutics · Diagnostics

1  Prospective Advances 
in Non-coding RNAs 
Investigation

It is believed that basic goal of biology is to 
understand the relationship between the DNA 
sequence and the instructions encoded in DNA, 
which are used to create and maintain an organ-
ism. Data obtained from whole genome sequenc-
ing projects proposed that, remarkably similar 
numbers of protein-coding genes are present in 
the genome of different species [1–3]. It shows 
that, the complexity in numerous aspect of 
organisms arise from non-coding region of the 
genome. These non-coding regions include vari-
ous regulatory and functional units including 
non-coding RNAs. The discovery of non-coding 
RNAs revolutionized the landscape of molecular 
genetics [4–7]. Numerous experimental and bio-
informatics strategies have been taken to study, 
identify and address the novel ncRNAs in the 
different model organisms from Escherichia coli 
to human [8, 9]. Documented results from these 
investigation revealed that the anticipated num-
bers of the ncRNAs were much lesser [4, 10]. 
Advanced technology such as next generation 
sequencing (SOLiD or Genome analyzer) have a 
significant contribution in the high-throughput 
detection of ncRNAs [11]. Recently, not only 
non-invasive diagnosis tools used to monitor 
ncRNA concentration in the body fluids but 
also silencing and inhibitions or replacement 
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and re-activation are also included in the transla-
tional opportunities [12].

The screening of the ncRNA in the model 
organism is based on the bio-computational pre-
diction of ncRNA and sequencing after isolation 
from cells, tissues or entire organism by direct 
biochemical analysis. In the Experimental 
RNomics basically four methods are commonly 
used to identify ncRNAs. These methods are: 
RNA sequencing which is the most traditional 
method, the parallel cloning of many ncRNAs by 
generating cDNA library, the microarray analysis 
and genomics SELEX (selected evolution of 
ligands by exponential enrichment). Further, dif-
ferent computational approaches including 
Pfold, RNAfold, RNAz, EvoFold, QRNA, 
CMFinder and FOLDALIGN) RNAalifold are 
mostly used to identify ncRNAs [11–19].

Recently, in the last decade the interest on 
ncRNA has been remarkably increased [12]. 
Numerous studies focusing on the deregulation 
of ncRNAs and their relationship with diseases 
including cardiovascular diseases has been 
reported recently,  thus increasing their impor-
tance as therapeutic potential tools for diseases. 
Moreover, inhibition or over expression of long 
or small ncRNA has a strong therapeutic strategy 
for the various types of cardiac pathologies such 
as CVDs [4, 12, 20–26]. As reported by Rayner 
et al. [27] upon inhibition of miR-33a/b, VLDL 
triglycerides were reduced and HDL level was 
increased, supporting the role of these small 
ncRNA in dyslipidemia and related diseases 
including atherosclerosis. Thus, the antimiRs/
BlockmiRs of these miRNAs are a potential ther-
apeutic tool for various dyslipidemia related dis-
orders. Similarly, the over expression with mimic 
or adeno-virus mediated miRNA, such as miR- 
378, has a key anti-apoptotic as well as anti- 
hypertrophic potential in cardiac cells [28], 
proposing a potential treatment of heart abnor-
malities including ischemic heart diseases. 
Further, from clinical point of view, numerous 
studies are focusing on the ncRNA (small circu-
latory RNA) as a biomarker of various diseases 
including cancer and CVDs. For instance, circu-
latory hsa-miR-21-5p, hsa-miR-218-5 and hsa- 
miR- 211 have prominent roles in the diabetes 

mellitus induced atherosclerosis and have been 
documented as confirmed biomarkers for the ath-
erosclerosis progression. Studies also reported 
the role of some miRNA * in CVDs too. miRNA* 
originates from the same hairpin structure (pre 
and pri miRNA) of the main miRNA and it is 
supposed to be complementary to the main 
miRNA. MiR-208a has been considered promis-
ing MI (STEMI) biomarkers, because of its 
potent characteristics including: high specificity, 
high sensitivity and superior kinetics over gold 
standard cTn, because it can be detected within 
2 h (earlier then cTn) and allow early diagnosis of 
AMI. Within 24 h miR-208a decline to baseline 
in proposed minor cardiac events after major 
infarction [29–34].

The “Transcriptomic medicine”, means thera-
peutic targeting of RNA, basically comprised of 
two strategies, single-stranded antisense oligo-
nucleotides (ASO) and double-stranded RNA- 
mediated interference (RNAi). ASO are synthetic 
agents of 20 base pair (bp) in length that target 
pre-mRNA, mRNA and noncoding RNA.  The 
action mechanism of ASO depends upon the 
ASO hybridization site and chemical properties 
of ASO.  ASO mainly stimulates RNAase H 
activity to inhibit protein production via mRNA 
degradation and prevent splicing factor binding 
to induce alternative splicing [35–40]. Unlike 
ASO, RNAi are double stranded RNA molecules 
of 19 to 25 bp in length, used as a synthetic medi-
ator of RNAi to silence the target gene. Beside 
the target gene silencing, RNAi (siRNA) could 
also induce knock down of unintended gene 
either via miRNA gene regulation machinery or 
through imperfect complimentary binding to 
mRNA [39, 41–46]. Similar to RNAi, miRNA 
also regulates gene expression at post transcrip-
tional level and could also induce numerous 
mRNA silencing unlike one target siRNA silenc-
ing. ASOs (antagomirs) bind to miRISC prevent-
ing them to bind with mRNA. Miravirsen is the 
only miRNA therapeutic agent involve in the 
miR-122 inhibition, has been assessed in the clin-
ical trials (NCT01200420) for the patients with 
chronic hepatitis C [47–53]. Aptamer is another 
class of DNA or RNA based synthetic therapeu-
tics as well as diagnosis agents that bind to their 
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specific target via SELEX. Up to date numerous 
aptamers have been generated for targeting vari-
ous molecules including protein, whole cells, 
viruses, bacteria as well as small metal ions. 
Aptamers have similar functional capabilities as 
chemical antibodies. Other properties of the 
aptamers include small size, high selectivity and 
affinity, while most important is their flexible 
structure and can be engendered in vitro. In addi-
tion as attractive therapeutic strategy, aptamers 
can be used as an antagonist to inhibit target effi-
ciently. For instance, Macugen is the first aptamer 
(FDA approved) used in age-related macular deg-
radation (AMD) by targeting vascular endothe-
lial growth factor (VEGF), but unfortunately was 
not effective than VEGF-specific monoclonal 
antibody [54–57].

Mipomersen (20 bp) is an ASO which target 
apolipoprotein B (ApoB) mRNA and subse-
quently induced inhibition of protein synthesis 
by activating RNase H activation. Apolipoprotein 
B is the key component of atherogenic lipopro-
tein and determinant of risk factor for cardio 
vascular diseases. PCSK9 (proprotein convertase 
subtilisin/kexin-9) is another target of antisense 
technology getting attention in the field of 
cardiac diseases. PCSK9 enhanced circulatory 
LDL-C levels via reducing LDL receptor expres-
sion, transported into hepatocytes. The synthesis 
of PCSK9 can be inhibited via long-acting RNAi 
therapeutic agent known as ‘Inclisiran’. Inclisiran 
is now in the clinical trial phase 2 showing virtu-
ous results [58, 59]. Apolipoprotein C3 (AOCP- 
III) elevates in hypertriglyceridemia and in 
insulin resistance condition and considered as 
risk factor for CVDs. Therefore AOCP-III is the 
key target of antisense technology and volans-
esorsen is an ASO which target AOCP-III 
mRNA. Volansesorsen is recently in the phase 3 
clinical trial and has been assessed for familial 
chylomicronemia syndrome patients [60–62]. In 
addition, angiopoietin-like 3 (ANGPT3) and 
angiopoietin-like 4 are the promising risk factors 
for CVDs. Any mutation in the gene coding of 
ANGPTL3 and ANGPTL4 can induce loss of 
function of these genes and are linked with low 
levels of plasma LDL, HDL, triglycerides as well 
as reduced insulin resistance. IONIS-ANGPTL3- 

LRx (ANGPTL3-LRX) is the ligand conjugated 
ASO of second generation that targets mRNA 
(ANGPTL3 and ANGPTL4). This drug is in the 
phase 1 clinical trial and currently studied in 
human individuals [63–68].

Inflammation has a prominent role in the 
development of CVDs and CRP is an inflamma-
tory marker whose elevation is the risk factor for 
CVDs. Therefore, CRP is also considered as the 
key target for ASO associated medicine/drugs. 
Recently, ISIS-CRPRx an ASO was used against 
endotoxin induced CRP increased level. This 
drug is also in the clinical trial (phase 2) for the 
patients with inflammation associated atrial 
fibrillation (AF). However, the CRP level was 
reduced with ISIS-CRPRx pre-treatment, but the 
AF progression was not reduced. This finding 
showed that, ISIS-CRPRx has anti-inflammatory 
potential. Moreover, ISIS-CRPRx reduced high 
sensitivity CRP (hs-CRPRx) elevated during 
rheumatoid arthritis is in a phase 2 clinical trial 
for 36 days [69–76]. Overall, numerous clinical 
trial/studies comprised of small interfering RNA 
and ASO treatments are going on to reduced/
attenuate the burden of CVDs.

Regenerative medicines have got remarkable 
attention since ancient times. Like, other mam-
malian, human being possess most modest tis-
sues regenerative ability, but still at cellular level 
tissues can repair themselves due to stem cells. 
Hence, stem cells can be used as regenerative 
starting point to produce suitable cell types for 
therapeutic purposes. Even, in organs such as 
adult heart that don’t possess meaningful stem 
cell, somatic cell types can be stimulated to 
evoke repair of stem cell devoid tissues through 
the cellular reprograming and lineage specific 
differentiation [77, 78]. However, more new 
strategies are needed to establish a link between 
physiology and stem cell biology. In this context 
genome based new concepts and strategies are 
arising continuously. It is well known that, 80% 
of our genome is transcribed into numerous non-
coding RNAs which have regulatory functions 
(https://www.encodeproject.org/). Due to these 
regulatory functions, the non-coding RNAs are 
considered as the key frontier in the regenerative 
medicine and it is assumed that the deeper 
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 understanding of ncRNA which are thought to 
be involved in the pluripotency, differentiation 
and cellular plasticity can transmute present 
medicine towards more specific and personal-
ized pathological diagnosis and therapies. 
Recently, microRNA and lncRNA either with 
transcription factors or completely on their 
own have been documented as key players for 
reprograming fully differentiated mature cells 
into pluripotent stem cells (iPSCs) or inducing 
trans- differentiating cells into different lineages 
[79–82].

Skeletal muscles have impressive and 
remarkable regenerative ability due to their 
muscle specific stem cells (satellite cells). H19 
gene which contains IncRNA sequence is 
exceedingly expressed in the satellite cells. 
Experimental data from the recent research 
demonstrate that, targeted deletion of H19 will 
cause loss (50%) of satellite cells in the adult 
muscles. This shows that, imprinted gene encod-
ing the H19 gene IncRNA is essential for the 
satellite cells quiescent state. In addition miR-
499 and miR-208b role have also been reported 
during maturation of regenerating myofibers by 
targeting/repressing transcriptional repressors 
Purb, Hp-1b, Sp3 and Sox6. Further, the slow 
genes can also be silenced by Linc-MYH, a 
ncRNA (IncRNA), which is located in the cluster 
of fast MYH genes [83–87].

Heart muscles have very low regenerative 
abilities. It has been observed that, few hours 
after heart attack 25% of total heart muscles 
(left ventricle) are lost and ultimately exchanged 
by non-contracting scar. To resolve this issue, 
researcher around the world are applying array of 
approaches such as direct delivery of regenera-
tive cells isolated from different sources (e.g. 
embryonic stem cells, heart biopsies/liposuction, 
bone marrow, induced pluripotent stem cells), 
implantations of functional patches to engi-
neered tissues, inducing stimulation (in vivo) of 
resident cells via reprogramming factors deliv-
ery, or re-entry of cardiomyocytes in  cell cycle 
via different inducers [88–92].

In the present decade, it is well known that, 
ncRNA represents a keystone for the treatment of 
various pathologies, including cardiovascular 

disorders [93]. However, there are limitations in 
the field for controlled, efficient and safe system-
atic delivery to specific and desired tissues while 
using ncRNA as a drug. It is also considered that, 
answer to these limitations could be  obtained 
from nano-medicine. Nano-particles (1–100 nm) 
are a smart class of engineered nano-carriers for 
drugs to the targeted cells/tissues. Upon release 
of the loaded drug within the cells, damage can 
be reduced. In addition, as NPs provide protec-
tion to drug against enzyme degradation, a great 
interest has been shown by the scientific commu-
nity to promote this technology towards innova-
tive medical methodologies, to overcome the 
present conventional medicine limitations e.g. 
impaired target specificity, organ toxicity and 
poor drug bioavailability. However, the use of 
NPs in the field of cardiovascular diseases is 
much less then cancer. But, after successful pre-
clinical and clinical outcomes from the oncologi-
cal therapy, NPs are becoming innovative keys 
for future clinical studies in the field of CVDs 
[93–98]. Recently, ncRNA-loaded-NPs have 
been used in the field of oncology, e.g. polyethyl-
ene glycol-polyethylenimine nano-complexes 
can successfully deliver miR-150 to chronic 
myeloid leukemia cells [99].

Furthermore, the rate of tumor growth in the 
lungs can be reduced by targeting key oncogenes 
via miR-29b delivered by miR-29b-cationic 
lipoplexes- based carriers [100]. Di Mauro et al., 
first time reported that, negatively charged 
calcium- phosphate bio-inspired NPs can be used 
(both in vivo and in vitro) to efficiently deliver 
miRNAs into cardiomyocytes [101].

2  Prospective Roles of miRNAs 
in Cardiovascular Diseases

Several years of research showed that among nc- 
RNAs, miRNAs possess the significant potential 
to be employed as diagnostic tool or therapeutic 
agent. The detailed overview of the miRNA utili-
zation in modulating CVDs has been addressed 
in the Sect. 24.1 “An overview of non-coding 
RNAs and cardiovascular system”. Briefly they 
can be employed with respect to their modulation 
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strategies as miRNA sponges or erasers, 
miRNA targets-sites protectors, Small molecule 
inhibitors, Anti-Sense oligodeoxyribonucleotides 
(ASOs) or as Anti-miRNA oligodeoxyribonucle-
otides (AMOs). The detailed prospective analysis 
of various miRNAs in multiple cardiovascular 
diseases is addressed in following section.

2.1  Prospective of miRNAs 
Therapeutic Role in Cardiac 
Development 
and Hypertrophy

The irreversible enlargement of cardiomyocytes 
(cardiac hypertrophy) is a compensatory mecha-
nism occurs in response to various pathophysio-
logical stimuli including pressure over load. The 
pressure overload can also be occurred due to 
valve dysfunction. The enlargement of the car-
diac cells occur to normalize the stress but chron-
ically it produces cardiac hypertrophy which can 
also lead to sudden death and heart failure (HF). 
To date, various studies proposed different path-
ways which can cause cardiac hypertrophy at 
molecular level but the exact mechanism is still 
under investigation. In vitro and in vivo studies 
showed that cardiac remolding of heart with 
changes in expression profile of genes occurs as a 
result of various stimuli. The emerging roles and 
increasing evidences of different miRNAs in car-
diac hypertrophy reveal that miRNAs are the key 
modulator of cardiac development and cardiac 
hypertrophy.

miR-208a is transcribed with its host gene 
myosin heavy chain α MHC. Their expression is 
relatively stable and plays an important role 
in the expression of β MHC response to cardiac 
stress in the cardiac hypertrophy [142]. Mir-208a 
targets thyroid hormones receptor protein 1 
(THRAP1) that negatively regulates β MHC. Null 
mice showed no hypertrophy in response to pres-
sure overload after thoracic aortic constriction 
because β MHC was unable to upregulate. LNA 
modified antimiR-208 study showed prevention 
in pathological cardiac remodeling in diastolic 
heart disease. The beneficial effect was verified 
by reducing the plasma level of miR-208a. The 

expression analysis based on these notions con-
firmed the pro-hypertrophic nature of miR-208a. 
Thus miR-208a and its downstream effectors are 
the important therapeutic targets in cardiac 
remodeling [102]. The pathological effect was 
also confirmed by transgenic over expression of 
miR-208a followed by detouring to normal tex-
ture of ventricular walls [103].

miR-21 is a dynamically regulated miRNA 
which plays key role in various pathological dis-
eases including heart diseases. Thum et  al 
showed that in vivo knockdown experiment of 
antagomir prevent cardiac hypertrophy and 
interstitial fibrosis after thoracic bending. miR-
21 regulates MAP kinase signaling pathway in 
cardiac disease through its target spry1 while 
antagomirs of miR- 21 regulates spry1 [104]. 
miR-21 has a contradictory role regarding its 
inhibitory effect in regulating cardiac remodel-
ing which needs more exploration [105, 106]. 
miR-21 has a key role in circulating angiogenic 
cells. Increased oxidative stress and impaired 
migratory capacity was observed in up regula-
tion of miR-21 via nitric oxide synthase inhibitor 
asymmetric di-methyl arginine (ADMA) in 
angiogenic cells by targeting superoxide dis-
mutase 2 and Map kinase inhibitor sprouty 2 
both in vivo and in vitro [107]. Thus targeting 
miR-21 in angiogenic cell provides a good plat-
form to use this miR-21 as a therapeutic in car-
diovascular diseases. miR-21 antagonist block 
fibrosis and cardiac hypertrophy in mice model 
by inhibition of endothelial mesenchymal cell 
transition in TGFβ treated endothelial cells 
[108]. In balloon injured rat carotid artery model 
anti miR-21 strategy blocked restenosis [109]. 
miR-21 is over expressed in cardiovascular dis-
eases like atherosclerosis. The abnormal prolif-
eration of vascular smooth muscle cells (VSMCs) 
and neointimal lesion results in post angio-plas-
ticity restenosis as the consequences of miR-21 
overexpression [110]. In knock down experi-
ment of miR-21, reduction was observed in neo-
intimal lesion formation while over expressing 
miR-21 strategy enhanced VSMCs proliferation. 
It is therefore identified that miR-21 targets both 
PTEN and bcl-2 in proliferation and apoptosis of 
VSMCs [109].
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Cellular fibroblasts maintain extracellular 
matrix in healthy individuals. Cardiac fibrosis 
which is a hallmark of cardiac hypertrophy 
occurs along with proliferation and activation of 
fibroblasts. In fibrosis the monolayer of fibro-
blasts produces extracellular matrix, proteinase, 
cytokines and growth factors which interact with 
myocyte cells [111]. The upregulation of miR-
21 is linked with up regulation of factors which 
triggers cardiac fibrosis. miR- 21 targets sprout 1 
which acts as a repressor of endogenous ERK/
MAP pathway. In mice ventricle pressure over-
load was significantly improved after treatment 
with miR-21 antagomir. In contrast, in mice car-
diac fibroblasts, the over expression of miR-21 is 
responsible for cardiac ischemic/reperfusion 
injury (IR) [112]. miR-21 also targets PTEN and 
as a result increases level of p-AkT and MMP-2 
which increases fibrotic response. In vitro exper-
iments revealed that miR-21 is stimulated by 
angiotensin II or phenylephrine which is further 
confirmed by in vivo analysis that miR-21 
expression was increased by four folds during 
cardiac hypertrophy after aortic bending. 
However, modulating miR-21 via antisense 
showed a negative effect on cardiac hypertrophy 
[113]. The miR-21 knock down experiment 
showed decrease in proliferation and increase 
apoptosis in rat cultured aortic vascular smooth 
muscles cells (VSMCs) thus miR-21 possess 
both proliferative and anti- apoptotic activity due 
to  the involvement of bcl2 [114]. Moreover, 
miR-21 attenuates the AKT/mTOR pathway by 
targeting tensin homolog (Pten) and phosphatase 
which ultimately leads to cardiac hypertrophy 
[115]. The passenger strand of miR-21-3p also 
exerts its cardiac hypertrophic effect by targeting 
sorbin and SH3 domain- containing protein 2 
(Sorbs2), PDZ-LIM domain 5 (Pdlim5) and 
histone deacetylase-8 (Hdac8) [116].

Ischemia/reperfusion injury is the pathologi-
cal cause of oxidative stress and apoptosis among 
cardiovascular diseases. miR-1 is up regulated 
and has a pro-apoptotic role in ischemia which 
also enhances arrhythmogenicity [103]. Calcium 
and calmodulin signaling pathways play impor-
tant roles in cardiac hypertrophy which is nega-
tively regulated by miR-1 [117]. The level of 

miR-1 is reduced in αMHC calcineurin mice. 
Calm1 and calm2 are the effectors of calmodulin 
which are the targets of miR-1. Mef2a is a pro 
hypertrophic transcription factors which is 
directly targeted by miR-1. Adenovirus induced 
miR-1 over expression blocked cardiac hypertro-
phic response and calcium calmodulin signaling 
pathway [118] . Arrhythmogenesis may also 
occurs due to the over expression of miR-1. 
When the expression level of miR-1 was reduced 
by antagomirs in infarcted hearts, it protected 
conductive potential by reducing the level of ion 
channel proteins, KCN2 and GJAI [119]. 
Neonatal cardiac hypertrophy can be prevented 
via over expression of miR-1. In such study 
miR-1 inhibited the expression of its targets 
including cyclin-dependent kinase 9, Ras 
guanosine- triphosphatase activating protein, Ras 
homolog enriched in brain and fibronectin [120] 
Protein phosphatase PP2A is targeted by miR-1 
which in turns lead to CaMKII dependent hyper 
phosphorylation of RyR2 that plays a critical role 
in arrhythmia by calcium release. Muscle specific 
miR-1 deletion is responsible for arrhythmia and 
ventricular septal defects [121]. The cardiac tran-
scription factor, (Irx5) can block potassium chan-
nel subunit Kv4.2 which is responsible for rapid 
potassium current. However, experiments showed 
that Irx5 is the valid target of miR-1 [122]. Basic 
helix loop helix transcription factor Hand2 has a 
major role in cardiogenesis. Due to down regula-
tion of Hand2 as a effector response of miR-1 
over expression, mice were unable to survive due 
to insufficient development of myocardial cell. 
Moreover, miR-I also targets serum response fac-
tor (SRF), myogenic differentiation factor (Myo 
D) and myocyte enhancing factor 2 (Mef2) dur-
ing development of heart which bears thin wall 
texture of ventricle, HF and cardio-genesis arrest 
at embryonic stage [123]. It has also been found 
that various genes are targeted by miR-1 in silico 
including cyclin-dependent kinase 9 (Cdk9), Ras 
GTPase-activating protein (RasGAP, fibronectin 
and Ras homolog enriched in brain (Rheb) [120]. 
Cardiac hypertrophy can also be mitigated by 
down-regulation of insulin-like growth factor 
(Igf1), extracellular matrix (ECM) remodeling 
factor, twinfilin 1 (Twf1) and heart and neural 
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crest derivatives expressed 2 (Hand2) [124]. The 
downstream transcription factor GATA4 is also 
regulated by miR-1 showing their pivotal role 
during cardiac hypertrophy [125]. Twinfilin 1 
(Twf1) is a cytoskeletal regulatory protein which 
prevent the assembly of actin monomers in to 
filaments [126]. During stress signals it can 
induce hypertrophy in neonatal cardiomyocytes 
with the down regulation of miR-1. It confirmed 
that Twf1 is a putative targets of miR-1 while the 
up regulation of this miRNA can be used thera-
peutically to reduce the level of Twf1 [125]. 
Insulin like growth factor (IGF-1) is also a vali-
dated target of miR-1 [127] In various cardiac 
hypertrophic failure models there is reciprocal 
expression of miR-1 and IGF-1. However, previ-
ous studies showed that expression of miR-1 
depends on activation of IGF-1 via PI3K/AKT 
pathway and attenuation of their downstream tar-
gets Foxo3a [128].

There are strong evidences which revealed 
that miR-133 expression is important for proper 
development of heart and their function. The over 
expression of miR-133 mitigate the cardiac 
hypertrophy induced through agonist while on 
the other hand, knock down of miR-133 with 
antagomeric sequence induce cardiac hypertro-
phy. The beneficial effect of miR-133 was also 
validated by sponges where the cardiac cells 
started proper growth. Both in vivo and in vitro 
study proved that miR-133 is down-regulated 
while calcineurin activity is enhanced during car-
diac hypertrophy [129]. However, cyclosporine A 
inhibits the activity of calcineurin and up- 
regulated miR-133. It shows that miR-133 and 
calcineurin are reciprocal to each other during 
the progression of cardiac hypertrophy. Low 
expression of miR-133 is also associated with 
diabetics induced cardiomyocytes hypertrophy 
through SGK1 and IJGR1 [130]. In vivo low 
expression of miR-133 triggered cardiac hyper-
trophy by an injection of an antagomir while 
adenovirus mediated up regulation of miR-133 
protects cardiac hypertrophy [118]. Therefore 
transient miR-133 mimic can also be used as a 
therapeutic approach to reduce cardiac hypertro-
phy. miR-133 targets ether-a- go-go related gene 
(ERG) and reduces it expression in diabetes. 

ERG encodes a potassium channel (IKr) which 
plays a major role in potassium current in myo-
cardial cells. In vivo diabetes animal model stud-
ies showed that there is increase expression of 
miR-133 and low level of ERG protein. In vitro 
experiments showed that exogenous delivery of 
miR-133 reduced the level of ERG protein while 
miR-133 antagomir delivery halted the miR-133 
and in turns increased the protein level of ERG 
[131] Connective tissue growth factor (CTGF) is 
a potential candidate of miR-133. The up- 
regulation of miR-133  in fibroblasts suppresses 
its expression level which triggers the expression 
of collagen synthesis in cardiac fibrosis [132]. 
HCN2 is an ion channel gene which is down reg-
ulated during hypertrophy being targeted by 
miR-133. In vitro inhibition of miR-133 showed 
increase expression of HCN2 gene [133]. In 
addition, in vitro analysis also showed that miR- 
133 expression can inhibit cardiac hypertrophy. 
On the other hand, the suppression of miR-133 
by decoy sequence induced cardiac hypertrophy 
further confirmed their cardioprotective effect. In 
vivo study also showed increase in cardiac hyper-
trophy by a single antagomir infusion of miR- 
133. There are various targets of miR-133 which 
positively regulate cardiac hypertrophy including 
RhoA, Cdc42, and Nelf-A/WHSC2. The down 
regulation of respective targets with the up regu-
lation of miR-133 can suggest their therapeutic 
application in cardiac hypertrophy [118]. Some 
transgenic mice experiments with abdominal aor-
tic constriction (AAC) showed that insulin-like 
growth factor-1 (IGF-1) deficiency resists cardiac 
hypertrophy through mitigating down regulation 
of miR-133 [134]. Gain of function approaches 
revealed that miR-133 has the capability to 
reduce the expression of NFATc4 at transcription 
level and attenuates the cardiac hypertrophic 
stimuli mediated by PE in primary cardiomyo-
cytes [126].

Circulatory miRNAs in plasma and serum 
contribute in various types of heart diseases and 
can also be used as biomarkers for diagnostic 
purposes. As miR-133a is expressed by cardio-
myocytes [135] and it’s down regulation triggers 
cardiac hypertrophy [136]. The targets of miR- 
133a includes Wolf-Hirschhorn syndrome 
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 candidate 2/Negative elongation factor A 
(WHSC2/NELFA), Inositol 1,4,5′-triphosphate 
receptor II (IP3RII), Calcineurin, Serum response 
factor (SRF), Ras homologue gene family mem-
ber A (RhoA), Cell division control protein 42 
(Cdc42), and Nuclear factor of activated T cells 
calcineurin- dependent 4 (Nfatc4) [137, 138]. 
Villar et al found a significantly high expression 
level of plasma miR-133a in 74 patients of Aortic 
Stenosis characterized by left ventricle elonga-
tion in post- operative patients which normalized 
left ventricle mass (LVM) compared with surgi-
cally pre- operative, after 1  year. miR-133a is 
released by myocardium in circulation and its 
high expression can be used as a strategy to 
reverse the LV hypertrophy after Aortic Valve 
Replacement (AVR) [138]. In this study only 
WHSC2/NELFA constituted a negative predictor 
of 1 year post- operative LVM reduction among 
the targets of miR-133a.

The transcription factor, Nuclear factor of 
activated T cells (NFAT) contains five distinct 
iso- forms, among these iso-forms NFATc3 is 
considered as a downstream key mediator of 
calcinerurin which play a major role in cardiac 
hypertrophy [139]. The knock down experiment 
of anti-hypertrophic factors like muscles specific 
ring finger protein 1 (Murf1) showed severe car-
diac hypertrophy in response to pressure over 
load. miR-23a is a pro hypertrophic miRNA and 
its expression can be increased by cardiac hyper-
trophy signals upon treatment with Isoproterenol 
(Iso) or aldosterone (Aldo). Cardiac hypertrophy 
can be validated by its markers like atrial natri-
uretic peptide (ANP), brain natriuretic peptide 
(BNP) beta- myosin heavy chain (β-MHC) and 
the protein/DNA ratio analysis. The antimiR-23a 
(knock down) strategy revealed reduction in 
these markers. The promoter of miR-23a was 
activated but the knock down experiment of 
NFATc3 showed no hypertrophic signals upon 
treatment with Iso or Aldo which confirm that 
miR- 23a is a direct downstream target of NFATc3 
and calcinerurin. On contrary its expression level 
was reduced being anti-hypertrophic factor. 
Murf1is the potential valid target of miR-23a 
proved by luciferase assay. In vivo experiment 
showed that antagomir of miR-23a reduced 

hypertrophic signals results in less hypertrophic 
phenotype of heart and their respective markers 
which inturn increases the expression of Murf1. 
miRNA transgenic mice showed that cardiac 
hypertrophy is positively regulated by miR-23 
and increase cardiac hypertrophic markers like 
ANP, β MHC upon treatment with phenyleph-
rine. On contrary, when the transgenic over 
expression of miR-23a was attenuated by 
antagomir, the heart weight was also reduced 
with reducing hypertrophic markers. Foxo3a is 
an anti- hypertrophic factor [140] and is a down-
stream target of miR-23 proved during luciferase 
assay analysis which has three distinct sites in 3’ 
UTR of Foxo3a mRNA.  Enforced over expres-
sion of mR-23a also showed a reduce level of 
endogenously expressed Foxo3a. The transgenic 
over expression of Foxa3a attenuated ROS levels 
through Mn-SOD target factor [141]. The over 
expression of miR-23a and 23b trigger hypertro-
phy in cardiac cultured cells [142]. miR-23a is 
up-regulated as a result of hypertrophic response 
dependent on NFAT function. In vivo the expres-
sion level of miR-23a was reduced by an 
antagomir which could not induce hypertrophy in 
cardiomyocytes when infected with adenovirus 
constructs carrying NFAT and calcineurin. miR- 
23a targets anti-hypertrophic MURF1 and trig-
gers hypertrophic signals [143]. Some recent 
studies also demonstrated that during the pro-
gression of cardiac hypertrophy miR-23a may 
also regulates lysophosphatidic acid receptor 1 
(Lpa1) [144].

Antagonist of miR-29 reduces apoptosis in 
H9C2 cells manipulated for ischemic/reperfusion 
injury. In cardiac injury the infarct size and 
apoptosis reduced after injection with miR-29 
antagomir. miR-29 targets various fibrosis related 
effectors like collagen. miR-29 is down-regulated 
in cardiac fibrosis in rats which is a pathological 
stimulus of myocardial infarction (MI) and 
hypertension characterized by excessive accumu-
lation of ECM protein. The expression level of 
miR-29 is reduced after MI which tends to 
increase the level of collagens fibrosis response. 
In knock down miR-29 experiment using 
antagomir technique in vivo, the collagen level 
was increased. miR-29 was directly applied to 
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the myocardial infarcted tissue and it  reduced 
the level of collagens in fibroblasts. There are 
also some other fibrotic genes which were also 
found to be the potential targets of miR-29 [145]. 
Boon et  al found that LNA modified antisense 
has a potency of silencing miR-29 which tends to 
increase the level of ECM [146]. miR-29a 
repressed angiogenesis in mice. Mice started 
recovering from hind limb ischemia and MI after 
injection with antagomiR-29a acquiring new 
capillaries and smooth muscles actin positive 
arterioles [147]. The infarct size and apoptosis 
was decreased after injection with antagomiR- 
29a with more improvement of systolic and dia-
stolic function. Knock down experiment of 
miR-29 showed a high level of collagen whereas 
the expression level of collagen was down in 
fibroblast with over expression of miR-29. It 
shows that collagen is a negative potential target 
of miR-29 [145].

Myocardial capillaries are formed by endothe-
lial and circulating angiogenic cells. The angio-
genic cells stimulate ECs for developing new 
vascularization. The crucial role of miRNA for 
vascularization was identified in Dicer transgenic 
mice lacking two exons in which the vessels 
could not developed at embryonic stage [148] . A 
reduced level of angiogenesis was observed in 
knockdown Dicer mice in response to vascular 
endothelial growth factors (VEGF) [149]. miR- 
126 plays a major role in vascular development. 
miR-126 deficient mice showed defects in ves-
sels because spred 1 was highly expressed which 
results in reduced angiogenesis signaling through 
VEGF and FGF [150]. In myocardial infarcted 
animal model, the mice were unable to survive 
for 3 weeks after cardiac injury. Most of the miR-
NAs are transcribed from intergenic region of 
genes while miR-126 is located within intron of 
egfl7 gene. miR-126 knock down mice showed 
an observable defects in vascular system com-
pare with knock down mice of egfl7 [151]. A 
dose of antagomir reduced the expression of 
miR-126 and ultimately the mice suffered from 
impaired vascularization after hind limb ischemia. 
The expression of miR-126 is up-regulated in 
endothelial cells. In the knock down experiment 

of miR-126, the mice were not able to survive 
because of poor angiogenesis [152] The poor 
vascularization in mice model reveals that miR-
126 is essential for angiogenesis which shows 
that miR-126 mimic can be used as a therapeutic 
agent in ischemic conditions.

miR-34 family is highly expressed in cardiac 
hypertrophy and MI as a result of pressure over 
load. The administration of a single 8 mer 
LNA- antimiR 34 can better inhibits entire miR-
34 family in cardiac models of TAC pressure 
overload. Luciferase assay showed that Vinculin, 
Sema4b, Pofut1, Bcl6 and VEGFs are targets of 
miR-34, which have cardio-protective properties. 
An improved systolic cardiac function which 
reduces fibrosis with increased akt activation, 
increased capillary density, lower ANP and 
increased expression level of respective cardio-
protective genes was observed after treatment 
with LNA- antimiR- 34 [153] The cardio-protec-
tive genes have a critical role in enhance capillary 
density (VEGFs), [154] as vinculin for cardiac 
electric function [155], pofut1 is important for 
Notch signaling [156], Bcl6 is important in pre-
vention of cardiac inflammation and Sema4b 
inhibit IL 6 production [157].

Calcineurin elicit a serine/threonine protein 
phosphatase linked cardiac hypertrophy signal 
[158], while cyclosporine A and FK506 prevent 
cardiac hypertrophy by inhibiting calcineurin 
[159]. NFATc3 is a downstream target of calci-
neurin [159] which phosphorylates NFATc3 on 
serine residues at N termini in cytoplasm and 
restricted to nucleus upon dephosphorylation. 
Myocardin is a transcriptional co activator which 
expresses at high level during cardiac hypertro-
phic stimuli as a downstream target of NFATc3. 
miR-9 also target Myocardin and can reduce it 
expression under hypertrophic stimuli via aldo-
sterone and isoproterenol [34]. The expression 
level of phosphorylated NFATc3 was reduced 
while myocardin was increased as a result of car-
diac hypertrophic signals in mice models. 
Focusing on therapeutic role of miR-9 as it down 
regulates in cardiac hypertrophy, target validation 
analysis (luciferase assay) showed that miR-9 
can potentially targets myocardin. The miR-9 
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mimic administration showed a reduce level of 
myocardin along with hypertrophic markers like 
β MHC and ANP in mice models [160].

miR-199a was up-regulated during cardiac 
hypertrophy in mice. The miR-199a expression 
was also high in transgenic mice of HF express-
ing b1-adrenergic receptor (AR) or b2-AR. The 
cardiac hypertrophic effect of miR-199a was also 
confirmed after exposure of cardiomyocytes to 
isoproterenol. On the other hand, miR-199a was 
down-regulated after insulin receptor induced 
activation of Akt pathway. In addition, transcrip-
tion factor including hypoxia-inducible factor 
1-alpha (HIF-1a), and sirtuin (Sirt1) were also 
up-regulated and induced cardiac hypertrophy 
[161]. The adenovirus mediated over expression 
of miR-199a showed increase in cardiomyocytes 
hypertrophy [162].

The activator of transcription 3 (STAT3) is 
one of the factors which maintain the cardiac 
integrity and function. The knock down experi-
ments in animal model showed the elevated 
level of miR-199b. Further experiments of over 
expression of miR-199b revealed the disruption 
of sarcomere integrity. miR-199a also regulates 
ubiquitin conjugated enzymes (Ube2i and 
Ube2g1) while in vitro knock down experiments 
showed dysfunction in cardiomyocytes due to the 
reduction in expression of α and β MHC and loss 
of sarcomeres. It shows that STAT3 negatively 
regulates miR-199a through ubiquitin conju-
gating enzymes [163]. miR-199b expression is 
increased during mice and human heart hypertro-
phy, while it can also regulate calcineurin/nuclear 
factor of activated T cells (NFAT) pathway. The 
inhibition of miR-199b by antagomir in mice 
reduced cardiac hypertrophy and fibrosis. The 
dual-specificity tyrosine (Y) phosphorylation- 
regulated kinase 1a is also regulated by miR- 
199b which can also effect calcineurin-responsive 
gene expression during cardiac hypertrophy. 
The knock down experiments of miR-199b with 
antagomir revealed the normalization of 
Dyrk1a expression, reduction in NFAT activity 
and restoration of cardiomyocytes from hypertro-
phy. It demonstrates that miR-199b destabilizes 
the coordination of Dyrk1a and calcineurin/

NFAT which ultimately leads to cardiac hyper-
trophy and HF [164].

The level of thioredoxin tends to increase the 
level of miR-98  in cardiac hypertrophy. The 
expression level of Ang II increased in cardiac 
hypertrophy, fibrosis, and in cardiomyocyte 
apoptosis. The expression level of Ang II was sig-
nificantly reduced by mirR-98 mimic and 
increased by miR-98 anatgomir in vivo. Further 
studies also demonstrated that the overexpression 
of miR-98 reduces the cardiac hypertrophy by 
targeting Cyclin D2. This shows a negative co 
relation of Ang II with miR-98 which can also be 
used a therapeutic agent. Thioredoxin (Trx1) is 
an anti-hypertrophic protein which inhibits, Ras, 
apoptosis signal regulating kinase 1 (ASK1), 
nuclear factor kappa-light-chain enhancer of acti-
vated B cells and (NF-kB). In vivo experiments 
showed that Trx1 is a positive regulator of miR- 
98. Endothelin and Isoproterenol are widely used 
as  oxidative stress based stimulus for inducing 
cardiac hypertrophy in animal models. However, 
inadequate level of reactive oxygen species 
(ROS) also provoke signals for cardiac hypertro-
phy [165–168]. Recently, in rats cardiac hyper-
trophic models, miR-152, miR-212 and miR-132 
were up-regulated while miR-142-3p was down- 
regulated [169]. miR-503 expression is high in 
ischemic endothelial cells of hind limb in dia-
betic mice [170]. Treatment of diabetic mice with 
a decoy miR-503 completely re-perfused the 
ischemic region by increasing angiogenesis.

Excessive angiogenesis is harmful especially 
in diabetes which leads to ratinopathy and cause 
blindness. miR-200b is down-regulated in ratina 
of diabetic mice and tends to increase its targets 
VEGF [171]. Injection of miR-200b mimic 
reduce the level of diabetic- induce- VEGF and 
angiogenesis. It shows that in diabetes (retinopa-
thy), miR-200b mimic can be used as a good 
therapeutic agent. miR-195 which is a member of 
miR-15 family target cell cycle regulators thus 
play an important role in cardiomocyte cell 
survival at post natal stage. The knock down 
experiment of miR-195 showed increase mitotic 
division of cardiomyocyte in neonatal mice 
[172]. In vivo and in vitro study showed that 
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miR- 195 is highly expressed during cardiac 
hypertrophy [173]. In vitro over expression of 
miR-320 triggers apoptosis in cardiomyocytes 
while the knock down of miR-320 with antagomir 
rendered apoptosis and reduced the infarct size 
also in vivo [174].

miR-33 plays a major role in atherosclerosis 
in up taking of cholesterol and its synthesis. It 
targets ABCA1 gene which is responsible for 
transporting and shifting of cholesterol out of 
cell. In vivo the inhibition of miR-33 results in 
increased expression of ABCA1 [175]. miR-33 
also targets HDL which can be used as a hall 
mark in coronary artery disease. The inhibition of 
miR-33 results in increase level of HDL, low 
level of VLDL and TG [27]. The up-regulation of 
miR-92a was attributed to be anti-angiogenic in 
ischemic disease. In murine model studies, miR- 
92a was down-regulated by antagomir injection 
and improved capillaries were developed 
with increasing blood flow in ischemic condi-
tion. The expression of miR-143/145 cluster 
remains high in Smooth muscle cells but the 
expression of this cluster is decreased during re-
stenosis and chronic atherosclerosis. The knock 
down experiment showed defect in SMCs acquir-
ing small capacity for vasoconstriction [176].

2.2  Prospective of miRNAs 
Utilization in Cardiac Valvular 
Heart Diseases

Cardiac aortic valve stenosis due to calcification 
is one of the leading cause of death in adults 
[177]. In developed countries it is also the most 
common form of cardiac valvular diseases [178]. 
Aortic valve calcification is found in 25% of 
65 year old patients [179]. Among different risk 
factors, calcification in bicuspid aortic valve 
(BAV) is also one of the risk factor of cardiac 
valve dysfunction which is found in 1–2% of the 
population [178]. Fibrosa; facing the aorta, the 
ventarcularis; facing the left ventricle and spon-
giosa; the layer between the existing two layers 
are the three main layers of Aortic valve. There 
are two types of cells in aortic valve, the intersti-
tial cell and endothelial cell which line the valve 

[180]. Calcified aortic valve tissue examination 
in human and their in vitro experiments using 
interstitial cells (AVICs) showed that morphoge-
netic protein-2 (BMP-2), NOTCH1 [181] and the 
SMADs (Mothers against decapentaplegic) [182] 
provoke calcification transpiring gene pathways.

2.2.1  miRNAs in Valvular Calcification
miRNAs play various roles in the pathogenesis 
regulation of valvular diseases. Nigam et al quan-
tified miRNAs using microarray analysis that 
showed the expressions of miR-16, miR- 26a, 
miR-27a, miR-30b, miR-130, miR-195, and 
miR-497 were altered. These seven miRNAs 
were highly expressed in aortic stenosis (AS) 
compared with aortic insufficiency (AI) group. 
The miRNAs qPCR analysis revealed that miR- 
26a, miR-195 and miR-30b levels were down- 
regulated to 65%, 59% and 62% respectively in 
AS compared to AI. In this study of intonation of 
calcification related gene analysis showed that 
the miR-26a has potential to reduce the expres-
sion of alkaline phosphatase (ALPL) gene by 
38%, BMP2 by 36% and SMAD by 26%. The 
miR-26a upregulate the expression of those genes 
which have a role in inhibition of calcification, 
JAG2 by 31% and SMAD7 by 15% but the 
expression of two genes was increased which are 
considered as pro-calcific RUNX2 by 16% and 
SMAD5 by 21%. The miR-30b reduced the 
expression of genes which regulates calcification 
pathways, SMAD1 by 18%, SMAD3 by 12%, 
BMP by 39%, NOTCH1 by 19% while the levels 
of JAG2 and SMAD7 were increased by 14% and 
40%. miR-195 increased the expression of two 
genes which repress calcification, JAG2 and 
SMAD7 by 13% and 26% while it also activated 
calcification related gene, BMP2 by 68%, 
RUNX2 by 11%, SMAD1 by 9%, SMAD3 by 
4% and SMAD5 by 17% [181].

Valve Interstitial cells (VIC) keep the integrity 
of the valve and acquire osteoblast phenotype 
during its dysfunction. VIC transformation by 
cell differentiation and apoptosis are the main 
culprit of cardiac aortic valve disease (CAVD). 
Experiments with MC3T3-E1 cells showed that 
mir30b family members act as a negative regula-
tor of osteoblastic differentiation, targeting the 
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master osteogenic transcription factors Smad1 
and Runx2. miR-30b was dramatically reduced 
in cultured VICs obtained from aortic calcific 
patients. VICs were induced to osteoblast differ-
entiation after transfection with miR-30b inhibi-
tor and BMP2 triggered osteoblast differentiation 
was characterized by ALP (Alkaline Phasphatase) 
assay. In such analysis high ALP level was 
observed. The expression level of Osteocalcin 
was also high which can be used as a hallmark for 
mature osteoblasts. miR-30b decreases the calci-
fication of VICs in part by inhibiting the apopto-
sis. In vitro experiments of 293 T cell transfected 
with luciferase receptor showed that miR-30b 
directly inhibited the Runx2, Smad1, and Caspase 
3 which are downstream regulators of BMP-2 
signaling during osteogenesis. In addition a nega-
tive relationship was identified of miR-204 with 
Runx2 in osteogenesis [183].

Vascular smooth muscle cells (SMC) acquire 
osteoblast like phenotype that promotes calcifica-
tion of vessels [184]. In these vessels the smooth 
muscle cells markers are decreased such as myo-
cardin, smooth muscle myocin heavy chain, and 
smooth muscle alpha actin and increases the 
expression of bone acquiring proteins like alka-
line phasphatase, osteocalcin. Runx2 is consid-
ered as a master factor for calcification of vessels. 
Runx2 is up-regulated as a response to pro- 
calcification stimuli like inflammation, stress and 
bone morphogenetic protein (BMP) [185]. The 
factors which increase the risk for calcification of 
vascular smooth muscles were found by Joshua 
et al that BMP decreases the expression of miR- 
30b and miR-30c and promotes calcification of 
vascular smooth muscles cells. The smooth mus-
cles cells were treated with increasing concentra-
tions of BMP which tend to decrease smooth 
muscles cells marker and increase bone morpho-
genic markers. In SMC the Runx2 level was 
increased while anti calcification miR-30b and 
miR-30c levels were decreased. BMP activates 
smad signaling pathway by phosphorylation 
which tends to decrease miR-30b and miR-30c 
expression. Runx2 was high in the cells in the 
presence of BMP as compared with the absence 
of BMP while forced expression of miR-30b and 
miR-30c down-regulated Runx2. BMP is a mem-

ber of TGF beta which decreases the expression 
of miR-133 and miR-206 tends to increase 
the expression of Runx2 in C2C12 cells [186]. In 
proteoblast MC3T3-E1 cells, BMP decreased the 
expression of miR-208 to regulate the expression 
of Ets-1 and osteogenic differentiation [187]. 
BMP plays a very critical role in osteogenic char-
acter by high expression of Runx2 and low 
expression of miR-3960, results in decrease 
expression of home box A2 which is a repressor 
of Runx2 [188].

2.2.2  miRNAs in Atrial Fibrillation 
with Valvular Stenosis

Atrial Fibrillation (AF) is one of the most preva-
lent arrhythmia in developed and under develop-
ing countries. AF increases the stroke and 
thromboembolic complications which lead to 
death and disability. Chronic AF also leads to the 
various abnormalities associated with the dilated 
atria of patients with valvular heart disease 
(VHD). Mitral valve stenosis due to rheumatic 
heart disease is also considered as major cardio-
vascular disease in developing countries [189]. 
Nicola cooley et  al found miRNAs expression 
profile in VHD patients with and without chronic 
AF. VHD patients were classified AF on the basis 
of clinical assessment of 1 year and the patient 
who did not show AF over 1 year were consid-
ered as sinus rhythm (SR). Coronary artery 
bypass grafting- Right atrium (CABG RA) tissue 
obtain from patients with normal left ventricle 
function were used as a control. They compare 
the miRNAs expression profile between VHD 
RAA AF (Valvular Heart Disease Right Atrial 
Appendage Atrial Fibrilation) and VHD LAA SR 
(Sinus Rhythm) through miRNA microarrays 
experiment and observed a considerable change 
in 47 different miRNA expressions, among them 
15 miRNAs showed high expression in AF group 
while 32 showed low expression compared with 
SR. The greatest difference was observed in miR- 
146b- 5p which was 6.5 fold higher while low 
expressions of miR-133 and 30 family were also 
observed in VHD RA AF than VHD RA SR basis 
on array experiment given in Table 24.1.

In similar study total 53 different miRNAs 
were showing different expressions during the 
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comparison of Valvular Heart Disease Left 
Atrium (VHD-LA) and healthy LA, in which 12 
miRNAs were upregulated and 41miRNAs were 
downregulated given in Table 24.2. In addition 4 
miRNAs (miR-(146b-5p, miR-21, miR-376c, 
miR-376a) were expressed at high level and miR- 
490- 3p was downregulated in VHD-RA than 
CABG-RA.  Further, differences in expression 
profiles of miRNAs were also been observed 
comparing LA with RA of VHD in which 13 
miRNAs were highly expressed in LA than RA 
and 26 miRNAs were downregulated (Table 24.3) 
[190].

Hiroyuki et al found miRNAs expression pro-
file in human atrial tissue in atrial fibrillation 
among the patients who underwent cardiac sur-
gery in 25 valvular and 4 CABG patients after 6 
months of final clinical examination. The patients 
were divided in three classes. Group A included 
those 6 patients who had atrial fibrillation and 
chronic AF with and without maze procedure. 
Group B included those 10 patients who had 
postoperative SR and underwent successful maze 
procedure and Group C included those 13 patients 
that underwent aortic valve replacement or 
CABG (coronary artery bypass grafting). In this 

study 94 miRNAs were differently expressed as 
compared with SR group of patient who did not 
develop postoperative AF in which 94 miRNAs 
were up-regulated and 4 miRNAs were down- 
regulated in AF based on microarray analysis 
given in Table 24.4. The qPCR analysis showed a 
high expression of miR-21 and miR-208b, while 
it was also observed that miR-21 expression was 
high in patients with chronic AF of unsuccessful 
and reduced in those patients of successful maze 
procedure. The plasma level of miR-21 was also 
identified which showed decrease in its expres-
sion compared with normal. There was a positive 
relationship of miR-21 in AF and was gradually 
decreased in patients with successful maze pro-
cedure [191]. Yang et al studied miR-21 and its 
downstream target Sprouty 1(spryl) and also 
found a positive relation of miR-21 with AF in 
the tissue obtained from left atria. There were 

Table 24.1 Comparison miRNAs expression between 
VHD RAA AF and VHD LAA SR

Up-regulated 
miRNAs Down-regulated miRNAs
miR- 
146b- 
5p

miR- 
1308

miR- 
490- 
3p

miR- 
29c∗

miR- 
99a

miR- 
145

miR- 
142- 3p

miR- 
224

miR- 
378∗

miR- 
24- 1∗

miR- 
181c

miR- 
367

miR- 
21

miR- 
16

miR- 
133a

miR- 
197

miR- 
331- 
3p

miR- 
484

miR- 
1202

miR- 
377

miR- 
143∗

miR- 
30c

miR- 
374b

hsa- 
let- 7c

miR- 
142- 5p

miR- 
337- 
5p

miR- 
22∗

miR- 
139- 5p

miR- 
628- 
5p

miR- 
490- 5p

miR- 
21∗

miR- 
1290

miR- 
378

miR- 
125b- 
2∗

miR- 
128

miR- 
30b

miR- 
483- 5p

miR- 
198

miR- 
133b

miR- 
30e

miR- 
181d

miR- 
149

miR- 
22

miR- 
30a∗

miR- 
99b

miR- 
203

miR- 
30a

Table 24.2 Expression profile of miRNAs in VHD-LA 
and healthy LA

Up-regulated 
miRNAs Down-regulated miRNAs

miR-34b∗ miR- 
886- 3p

miR- 
371- 5p

miR- 
605

miR- 
1237

miR-10b miR- 
21∗

miR- 
134

miR- 
563

miR-602

miR-454 miR- 
17

miR- 
490- 3p

miR- 
20a

hiv1- 
miR- H1

miR-146a miR- 
939

miR- 
940

miR- 
770- 5p

let-7f-1∗

miR-101 miR- 
663

miR- 
33b∗

miR- 
125a- 
5p

let-7b∗

miR-20a∗ miR- 
193a- 
5p

miR- 
125a- 
3p

miR- 
132

miR- 
199b- 5p

miR- 
212

miR- 
320a

miR- 
149

miR-301a miR- 
197

miR- 
150

miR- 
487b

miR-221 miR- 
202

miR- 
1234

miR- 
550

miR-148b miR- 
324- 3p

miR- 
1224- 
5p

miR- 
1274a

miR-23a miR- 
191∗

miR- 
425∗

miR- 
423- 5p

miR-26b miR- 
1238

miR- 
1225- 
3p

miR- 
1228
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also increased level of atrial collagen, reduced 
level of spryl and increased level of connective 
tissue growth factor (CTGF), lysyl oxidase and 
Rac1-GTPase which can trigger AF. Due to this 
conspicuous role miR-21 can also be used for 
regulation of AF. miR-328 over expression 
repressed lcaL which trigger AF in patients with 
rheumatic heart disease [115].

The miR-21 level was also reported high in 
response to cardiac injury which protects fibro-
blast from apoptosis and results in fibrosis. Due 
to its critical role Ana et al found high expression 
of circulatory miR-21 in left ventricular fibrosis 
in patients of aortic stenosis (AS). Its major 
targets are TGF beta effectors which play major 
role in LV remodeling in response to hemody-
namic stress [192]. TGF beta acts as a promoter 
of excessive and abnormal deposition of ECM 
proteins. AS affect the expression of Collagen I, 
Collagen III, Fibronectin, TGF-β1, Smad2, 
Smad3, Smad4, TAK-1, PTEN, TIMP3, PCDC4, 
SPRY1 and RECK [193]. It was also found that 
miR-21 represses some myocardial mRNAs 
including sprouty homolog 1 (SPRY1) [104], 
phosphatase and tensin homolog (PTEN), [108] 
and programmed cell death 4 (PDCD4) [194]. 
Furthermore, extra-cardiac tissues [195] such as 

reversion-inducing-cysteine-rich protein with 
kazal motifs (RECK) and the tissue inhibitor of 
metalloproteinase 3 (TIMP3), contributes in 
ECM homeostasis are considered the valid targets 

Table 24.3 Comparison miRNAs expression profile 
between LA than RA of VHD

Up-regulated 
miRNAs Down-regulated miRNAs
miR- 
10b

miR- 
499- 
5p

miR- 
575

miR- 
513a- 
5p

miR- 
638

miR- 
324- 3p

miR-1 miR- 
34b∗

miR- 
663

miR- 
939

miR- 
765

miR-210

miR- 
145∗

miR- 
133a

miR- 
100

miR- 
630

miR- 
202

miR- 
371- 5p

miR- 
24- 1∗

miR- 
216a

miR- 
125a- 
3p

miR- 
1246

miR- 
1275

miR- 
574- 5p

miR- 
133b

miR- 
23b

miR- 
483- 
5p

miR- 
134

miR- 
155

miR150∗

miR- 
22∗

miR- 
301a

miR- 
1225- 
5p

miR- 
1826

miR- 
1224- 
5p

miR- 
95

miR- 
17

miR- 
671- 
5p

miR- 
320a

Table 24.4 miRNAs expression in patients with AF 
compared to those with SR

Expression of miRNAs
Up Down
let-7a miR- 

152
miR- 
210

miR- 
337- 
5p

miR- 
499- 
5p

miR- 
548d- 
5p

miR- 
429

let-7d miR- 
15a

miR- 
21

miR- 
34a

miR- 
500

miR- 
579

miR- 
31

let-7f miR- 
15b

miR- 
215

miR- 
361- 
5p

miR- 
504

miR- 
597

miR- 
200b

miR- 
101

miR- 
181a

miR- 
216a

miR- 
362- 
5p

miR- 
505

miR- 
618

miR- 
885- 
5p

miR- 
103

miR- 
181c

miR- 
216b

miR- 
371- 
3p

miR- 
508- 
3p

miR- 
652

miR- 
106b

miR- 
184

miR- 
217

miR- 
372

miR- 
509- 
5p

miR- 
660

miR- 
125b

miR- 
185

miR- 
22

miR- 
423- 
5p

miR- 
511

miR- 
671- 
3p

miR- 
127- 
3p

miR- 
187

miR- 
23b

miR- 
424

miR- 
517a

miR- 
758

miR- 
129- 
3p

miR- 
190

miR- 
24

miR- 
431

miR- 
517c

miR- 
874

miR- 
130a

miR- 
193a- 
3p

miR- 
27a

miR- 
449a

miR- 
518b

miR- 
886- 
5p

miR- 
130b

miR- 
196b

miR- 
27b

miR- 
450a

miR- 
518f

miR- 
887

miR- 
134

miR- 
199a- 
5p

miR- 
28- 5p

miR- 
455- 
5p

miR- 
520e

miR- 
888

miR- 
140- 
5p

miR- 
199b- 
5p

miR- 
320

miR- 
487a

miR- 
522

miR- 
93

miR- 
142- 
3p

miR- 
203

miR- 
32

miR- 
487b

miR- 
539

miR- 
95

miR- 
146b

miR- 
208b

miR- 
324- 
5p

miR- 
494

miR- 
542- 
5p

miR- 
148b

miR- 
20b

miR- 
330- 
3p

miR- 
495

miR- 
545

M. I. Jan et al.



399

of miR-21 [196]. It is also found that in ECM of 
AS, fibrotic genes collagen I, III and fibronacten 
were highly expressed. Different regression anal-
ysis revealed that the expression of miR-21, 
smad2, TAK1, RECK and MMP were positively 
related to collagen I while PTCD4 is a negative 
predictor of collagen  I [193]. The circulatory 
miR- 21, myocardial smad2 and TEK had also a 
significantly positive relation with collagen. In 
vitro analysis showed that repression of PTCD4 
enhances the expression level of TGF beta and 
trans differentiation of fibroblast in myofibro-
blast [197].

AF and mitral stenosis both found in patients 
who are relatively young. There is also the greater 
risk for stroke and embolism. AF is also caused 
by mitral valve stenosis [198]. MiRNAs expres-
sion profile in nine patients having AF with mitral 
stenosis and four had only mitral stenosis using 
array analysis in which 136 miRNAs were differ-
ently expressed, 50 miRNAs were up-regulated 
and 86 miRNAs were down-regulated given in 
Table 24.5. In AF having mitral stenosis, 96 were 
differently expressed, 47 miRNAs were up- 
regulated and 49 miRNAs, were down-regulated 
(Table 24.6). 

The pathway analysis showed that high 
expression of miR-212, miR-335 and miR-630 
triggers TGF- signaling pathway, actin cytoskel-
eton and MAPK. These signaling pathways may 
trigger generation of AF in mitral stenosis 
patients. miR-212 targets: KCNK2, PAIP2, miR- 
335 targets: FMR1 while miR-630 targets: 
MYPN, LRP6, CDH2, FKBP1B and TGF were 
assessed. However, down regulation of miR-874, 
-miR-181, miR-550, miR-500, miR 149, miR- 
181a, miR-181c, miR-125a- 5p, miR-497 and 
miR-125b might also provoke MAPK signaling 
pathway, the TGF- signaling pathway, the regula-
tion of the actin cytoskeleton, oxidative phos-
phorylation, gap junctions, and the VEGF 
signaling pathway in development of AF in mitral 
stenosis. In more detail the down-regulated miR-
NAs and their putative targets are given in 
Table 24.7.

Hai et al found that miRNAs expressions were 
altered due to AF in RA of mitral stenosis 
patients. They analyzed miRNAs in LAA tissue 

Table 24.5 Regulation of miRNAs in AF patient com-
pared with control

Up-regulated 
miRNAs Down-regulated miRNAs
miR- 
320c

miR- 
1915

miR- 
326

miR- 
98

miR- 
26b

miR- 
139- 3p

miR- 
638

miR- 
664∗

miR- 
143

miR- 
744

miR- 
340

miR- 
502- 3p

miR- 
605

miR- 
483- 
5p

miR- 
484

miR- 
500

miR- 
128

miR- 
628- 3p

miR- 
933

miR- 
134

miR- 
139- 
5p

miR- 
149

miR- 
377

miR- 
590- 5p

miR- 
33b∗

miR- 
1471

miR-9 miR- 
769- 5p

miR- 
190

miR- 
450a

miR- 
550

let-7i miR- 
29c∗

miR- 
101

miR- 
340∗

miR- 
452

miR- 
155

miR- 
135a∗

miR- 
650

miR- 
30e∗

miR- 
628- 
5p

miR- 
361- 3p

miR- 
563

miR- 
601

miR- 
1305

miR- 
181a∗

miR- 
99a

miR- 
186

miR- 
188- 
5p

miR- 
103

miR- 
362- 
3p

miR- 
19a

miR- 
19b

miR- 
486- 3p

miR- 
505∗

miR- 
345

miR- 
145

let-7e∗ miR- 
143∗

let-7a∗

miR- 
1228

miR- 
1207- 
5p

miR- 
301a

miR- 
23b∗

miR- 
26b∗

let-7i∗

miR- 
765

miR- 
1275

miR- 
337- 
3p

miR- 
542- 5p

miR- 
193a- 
5p

miR- 
1226∗

miR- 
1224- 
5p

miR- 
338- 
5p

miR- 
10a

miR- 
125b- 
2∗

miR- 
342- 
3p

miR- 
923

miR- 
99a∗

miR- 
17∗

miR- 
598

miR- 
370

miR- 
63

miR- 
22∗

miR- 
9∗

miR- 
29b

miR- 
371- 
5p

miR- 
939

miR- 
193a- 
3p

miR- 
145∗

miR- 
532- 
5p

miR- 
572

miR- 
513b

miR- 
365

miR- 
424

miR- 
29c

miR- 
575

miR- 
1202

miR- 
26a

miR- 
32

miR- 
7- 1∗

miR- 
1225- 
5p

miR- 
1308

miR- 
215

338-3p miR- 
208a

miR- 
574- 
5p

miR- 
149∗

miR- 
324- 
3p

miR- 
133b

miR- 
125a- 
5p

(continued)
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characterized by mitral stenosis with AF and 
compared with Normal SR patients. In total 22 
miRNAs were dysregulated in which 10 miRNAs 
including miR-3613-3p, miR-3196, miR-3178, 
miR-466, miR-574-3p, miR-4492, miR-4707-5p, 
miR-15b-5p, miR-21-5p, miR-4497 were up- 
regulated and 12 miRNAs miR-26a-5p, miR-1, 
miR-195-5p, miR-26b-5p, miR-5100, miR- 
29a- 3p, miR-24-3p, miR-361-5p, miR-151a-5p, 
miR-4454, miR-720, let-7 g-5p were down- 
regulated [199].

GO term and KEGG pathway analysis showed 
that potential targeted genes are associated with 
important biological actions that regulate tran-
scription factor activity, protein metabolism, cell 
division transforming growth factor beta receptor 
signaling pathways. These pathways play major 
roles in disease progression in which miRNAs 
play a regulatory role at transcription level. In 
this study, it has been reported that mir-466, miR- 
574 and miR-3613 are also potentially involved 
in cardiovascular pathology targeting some 
important wnt, mTOR and Notch signaling path-
ways. Yang et  al found that over expression of 
miR-1 play a critical role in arrhythmogenic 
potential by depolarizing the cytoplasmic mem-
brane and post transcription repression of KCNJ2 
(potassium inwardly-rectifying channel, subfam-
ily J) which encode Kir2.1 (potassium ions chan-
nel subunit) and GJAI (gap junction protein alpha 
1 which encodes connexin 43 [119]. miR-1 is 
down-regulated in some AF cases which leads to 

up regulation of its target gene Kir2.1 and tend to 
increase cardiac inward rectifier potassium cur-
rent I k1 [200].

Alteration in miRNAs expression mostly 
implicated oncogene expression [201] and cause 
various types of diseases including CVD and also 
valvular dysfunction. Sadakatsu et  al found 

Table 24.5 (continued)

Up-regulated 
miRNAs Down-regulated miRNAs
miR- 
602

miR- 
30d

miR- 
455- 
5p

miR- 
133a

miR- 
374a

miR- 
513a- 
5p

miR- 
18b∗

miR- 
374b

miR- 
582- 5p

miR- 
423- 
5p

miR- 
1249

miR- 
1268

miR- 
33a

miR- 
1271

miR- 
181d

miR- 
1181

miR- 
671- 
5p

miR- 
29a∗,

miR- 
660

miR- 
501- 
5p

miR- 
223

let-7b miR- 
136∗

miR- 
20a∗

miR- 
126∗

Table 24.6 Regulation of miRNAs in MS patients com-
pared with healthy individuals

Up-regulated miRNAs Down-regulated miRNAs
miR- 
320c

miR- 
602

miR- 
630

miR- 
326

miR- 
10a

miR- 
18a

miR- 
933

miR- 
513a- 
5p

let-7b∗ miR- 
29a

miR- 
let- 7a∗

miR- 
29b

miR- 
33b∗

miR- 
223

miR- 
574- 3p

miR- 
650

miR- 
17∗

miR- 
29c

miR- 
181b

miR- 
1915

miR- 
1183

miR- 
1305

miR- 
9∗

miR- 
7- 1∗

miR- 
1539

miR- 
181a

miR- 
324- 5p

miR- 
362- 
3p

miR- 
212

miR- 
208a

miR- 
550,

miR- 
664∗

miR- 
513b

miR- 
1914∗

miR- 
424

miR- 
374a

miR- 
155

miR- 
191∗

miR- 
1308

miR- 
337- 
3p

miR- 
32

miR- 
335∗

miR- 
563

miR- 
1471

miR- 
149∗

miR- 
22∗

338-3p miR- 
423- 5p

miR- 
505∗

let-7i miR- 
497

miR- 
193a- 
3p

miR- 
582- 5p

miR- 
126∗

miR- 
494

miR- 
92b

miR- 
425∗

miR- 
18b

miR- 
660

miR- 
628- 3p

miR- 
765

miR- 
218

miR- 
30d

miR- 
215

miR- 
20a∗

miR- 
590- 5p

miR- 
130b

miR- 
135a∗

671-5p miR- 
324- 
3p

miR- 
892b

miR- 
452

miR- 
342- 
3p

miR- 
103

let-7b miR- 
455- 
5p

miR- 
340

miR- 
186

miR- 
370

miR- 
1238

miR- 
136∗

miR- 
377

miR- 
486- 3p

miR- 
371- 
5p

miR- 
1275

miR- 
744

miR- 
190

let-7i∗

miR- 
1234

miR- 
1224- 
5p

miR- 
101

miR- 
19b

miR- 
574- 
5p

miR- 
923

miR- 
19a

miR- 
335
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altered expression profile of 428 miRNAs from 
67 patients including aortic stenosis, AS, isch-
emic cardiomyopathy, IC and dilated 
 cardiomyopathy (DCM). In the Griffith’s study 
of miRNAs expression [202] miR-1, miR-133 
and miR-208 have great impact as regulators of 
heart and myocyte development and differentia-
tion [121]. In the disease condition of DCM, 47 
miRNAs were up-regulated and 40 miRNAs 
were down- regulated given in Table 24.8. In the 
disease condition with ICM, 52 miRNAs were 
up-regulated while 35 miRNAs were down-regu-
lated given in Table 24.9. Human patients charac-
terized with disease condition AS, 43 miRNAs 
were up- regulated while 44 miRNAs were down- 
regulated (Table 24.10) [203].

miR-1 expression was down-regulated in ICM 
but Yang et  al reported a high expression of 
miR-1 in ICM while the expression of miR-133 
was also not significantly reduced comparing 
with hypertrophic cardiomyopathy and dilated 

atrial myocardium reported by care et al [118]. 
This difference in miRNA expression might be 
due to difference in tissue samples, while miR- 
214 was highly up-regulated to 2 to 2.8 folds in 
all three respective diseases which show its con-
tribution to cardiac hypertrophy. The miR-19 and 
miR-19a were mostly down-regulated in DCM 
and AS but not in ICM which thought to be the 
reason of the up regulation of such genes that can 
prompt a pathway lead to DCM and AS.

The up and down regulation of shear and side 
specific miRNAs in valvular endothelial cells 
(ECs) play a major role in its dysfunction in 
respond to shear stress which leads to alternation 
in gene expression profile both in vivo and in vitro 
[34]. In aortic disease ventricularis ECs receive 

Table 24.7 Down-regulation of miRNAs in MS with AF 
compared with MS without AF with their putative targets

miRNAs Targets
miR- 
497

CASR, FGFR1, MINK1, SCN8A, SMAD7

miR- 
125b

ELOVL6, ENPEP

miR- 
874

CACNA1E, ESR1, FMR1, ITPR2, RGS4, 
TFAP2B

miR- 
181b

CACNA2D2, GRIA2, MINK1, PIAS3

miR- 
550

CUGBP1, SOX5, TPM1, ATP2B3

miR- 
500

PDE3A, ITPR2, GRIA3

miR- 
149

GIT1, RAP1A

miR- 
181a

ATP1B1, GRIA2, MINK1, SMAD7

miR- 
181c

ATP1B1, GRIA2, MINK1, PIAS3, SMAD7

miR- 
125a- 
5p

BCL2, CACNB1, CACNB3, E2F2, E2F3, 
ENPEP, HCN4, KCNA1, KCNH4, 
MAPK14,MAPKAPK2, SCN2B, SCN4B, 
STAT3

miR- 
181d

ANK1, GRIA2, KCNMA1, PIAS3, 
SMAD7

miR- 
324- 5p

NIPBL

Table 24.8 Regulation of miRNAs in patients with 
DCM

Up-regulated miRNAs Down-regulated miRNAs
let-7a miR- 

30c
miR- 
150

let-7f miR- 
30a- 3p

miR- 
222

let-7b miR- 
30d

miR- 
151∗

let-7 g miR- 
30a- 5p

miR- 
335

let-7c miR- 
93

miR- 
152

miR-1 miR- 
30b

miR- 
374

let-7d miR- 
99a

miR- 
181a

miR- 
10a

miR- 
30e- 3p

miR- 
422b

let-7d∗ miR- 
99b

miR- 
185

miR- 
15a

miR- 
30e- 5p

miR- 
424

let-7e miR- 
100

miR- 
191

miR- 
16

miR- 
92

miR- 
483∗

miR- 
10b

miR- 
103

miR- 
195

miR- 
17- 5p

miR- 
98

miR- 
495

miR- 
15b

miR- 
107

miR- 
199a∗

miR- 
19a

miR- 
101

miR- 
499

miR- 
22

miR- 
125a

miR- 
214

miR- 
19b

miR- 
106a

miR- 
23a

miR- 
125b

miR- 
320

miR- 
20a

miR- 
106b

miR- 
23b

miR- 
130a

miR- 
342

miR- 
20b

miR- 
126

miR- 
24

miR- 
133a

miR- 
361

miR- 
21

miR- 
126∗

miR- 
26a

miR- 
133b

miR- 
365

miR- 
26b

miR- 
146a

miR- 
27a

miR- 
140∗

miR- 
423∗

miR- 
28

miR- 
146b

miR- 
27b

miR- 
143

miR- 
451

miR- 
29b

miR- 
191∗

miR- 
29a

miR- 
145

miR- 
29c

miR- 
208
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pulsatile and uni-directional blood flow while in 
fibrosa ECs faces disturbed low and oscillatory 
blood. Recently some miRNAs like miR-23b and 
miR-19a were found to regulate cell growth and 
cyclin D1 expression be a shear response in 
umbilical vein ECs (HUVAECs). Microarray 
analysis showed the up and down expression pro-
file of shear and side specific miRNAs in human 
aortic valve endothelial cells (HAVEC) by expos-
ing non calcified fHAVECs, from fibrosa of 
endothelial cells and ventricularis endothelium 
vHAVECs. The Parallel plate flow chamber was 
used to expose HAVECs to steady laminar shear 

(LS). However, cone and plate viscometer can 
also be used to adopt the strategy [204] for oscil-
latory shear (OS). Basis on the shear strategy of 
HAVECs for 24 h either LS or OS were divided 
into four groups. In group a and b the fHAVECs 
were exposed to OS (FO) and LS (FL) however, 
in group c and d the vHAVECs were exposed to 
OS (VO) and LS (VL). The miRNAs expression 
in these groups is given in Table 24.11.

In this study the miRNAs which have inverse 
relation with their targets has also been identified. 
Two  potential targets were identified for miR-
139-3p, 16 potential targets for miR-187, 22 poten-
tial targets for miR-192, and 8 potential targets for 
miR-486-5p are given in Table 24.12 [205].

Table 24.9 miRNAs expression in patients with ICM

Up-regulated miRNAs
Down-regulated 
miRNAs

let-7a miR- 
27b

miR- 
151∗

let-7f miR-98

let-7b miR- 
29a

miR-152 let-7g miR- 
101

let-7c miR- 
29b

miR- 
181a

miR-1 miR- 
106a

let-7d miR- 
30d

miR-191 miR- 
17- 5p

miR- 
126

let-7d∗ miR-93 miR-195 miR-19a miR- 
126∗

let-7e miR- 
99a

miR- 
199a∗

miR-19b miR- 
133a

miR- 
10a

miR- 
99b

miR-208 miR-20a miR- 
133b

miR- 
10b

miR- 
100

miR-214 miR-20b miR- 
146a

miR- 
15a

miR- 
103

miR-320 miR-26b miR- 
146b

miR- 
15b

miR- 
106b

miR-342 miR-28 miR- 
185

miR-16 miR- 
107

miR-361 miR-29 miR- 
191∗

miR-21 miR- 
125a

miR-365 miR- 
30a- 3p

miR- 
222

miR-22 miR- 
125b

miR- 
423∗

miR- 
30a- 5p

miR- 
335

miR- 
23a

miR- 
130a

miR-424 miR-30b miR- 
374

miR- 
23b

miR- 
140∗

miR-451 miR-30c miR- 
422b

miR-24 miR- 
143

miR- 
483∗

miR- 
30e- 3p

miR- 
495

miR- 
26a

miR- 
145

miR- 
30e- 5p

miR- 
499

miR- 
27a

miR- 
150

miR-92

Table 24.10 miRNAs expression profile in patients with 
AS

Up-regulated miRNAs Down-regulated miRNAs
let-7a miR- 

93
miR- 
150

let-7d∗, miR- 
28

miR- 
146a

let-7b miR- 
99a

miR- 
151∗

let-7f miR- 
29a

miR- 
146b

let-7c miR- 
99b

miR- 
181a

let-7g miR- 
29b

miR- 
152

let-7d miR- 
100

miR- 
191

miR -1 miR- 
29c

miR- 
185

let-7e miR- 
103

miR- 
195

miR- 
10a

miR- 
30a- 
3p

miR- 
191∗

miR- 
15b

miR- 
106b

miR- 
199a∗

miR- 
10b

miR- 
30a- 
5p

miR- 
208

miR- 
22

miR- 
107

miR- 
214

miR- 
15a

miR- 
30b

miR- 
222

miR- 
23a

miR- 
125a

miR- 
320

miR-16 miR- 
30e- 
3p

miR- 
335

miR- 
23b

miR- 
125b

miR- 
342

miR- 
17- 5p

miR- 
30e- 
5p

miR- 
374

miR- 
24

miR- 
130a

miR- 
361

miR- 
19a

miR- 
92

miR- 
422b

miR- 
26a

miR- 
133a

miR- 
365

miR- 
19b

miR- 
98

miR- 
424

miR- 
27a

miR- 
133b

miR- 
423∗

miR- 
20a

miR- 
101

miR- 
514

miR- 
27b

miR- 
140∗

miR- 
483∗

miR- 
20b

miR- 
106a

miR- 
495

miR- 
30c

miR- 
143

miR-21 miR- 
126

miR- 
499

miR- 
30d

miR- 
145

miR- 
26b

miR- 
126∗
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2.3  miRNAs Expression 
in Ischemic Heart Disease 
(IHD)/Myocardial Infarction 
(MI)

Cardiovascular diseases including IHD are the 
leading cause of death. Inflammation is the sec-
ondary pathological effect occurs during IRI in 
acute myocardial infarction (AMI) of occluded 
coronary artery [206].

In rat AMI model the over expression of miR- 
214 improves hemodynamic, left ventricular 
function, and LV remodeling. The enhanced 
expression of miR-214 also showed repression in 
cardiomyocytes apoptosis through suppressing 

the Phosphatase and Tensin Homolog (PTEN) 
[207]. The IRI was more severe in knockdown 
experiment in mice with increase cardimyocytes 
apoptosis and increase cardiac fibrosis. miR-214 
target sodium–calcium exchanger-1 which also 
influences calcium transport. In addition miR- 
214 also participates in angiogenesis which play 
a vital role in cardiac function [208].

In humans and animal model exercise training 
(ET) therapeutic strategy is used to treat different 
cardiovascular diseases. In human, the ET strat-
egy produces beneficial effects on left ventricle 
remodeling including ejection fraction after MI 
[209]. In animals models, ET reduces collagen 
content, restored intracellular Ca+2 handling, and 
contraction of cardiomyocytes [210]. In addition, 
ET also modulates miRNAs which are in associa-
tion with left ventricle remodeling. The sodium/
calcium exchanger 1 (NCX), and sarcoplasmic 
reticulum calcium ATPase-2a (Serca2a), are the 
key regulators of cardiac function. However, 
miR-1 and miR-214 have the potential to target 
NCX and Serca2a respectively. In addition, high-
lighting the therapeutic values of miRNAs ET 
procedure can be used to normalize the expres-
sion of miR-1 and miR-214 [210]. Increase level 
of miR-21 expression was observed in the infarct 
region. The miR-21 can lead the suppression of 
phosphatase and tensin homolog which can also 
leads to the expression of fibroblast matrix 

Table 24.11 Expression of miRNAs in shear strategy of HAVECs

FO versus VL VO versus VL FO versus FL FL versus VL
Up Down Up Down Up Down Up Down
miR-74a miR-486-5p miR-21 miR-1290 miR-769-3p miR-486-5p miR-370 miR- 

485- 3p
miR-187 miR-483-3p miR-187 miR-486-5p miR-187 miR-923 miR- 

485- 5p
miR-217 miR-1244 miR-518e miR-1244

miR-139-3p miR-5480 miR-486-3p
miR- 486-3p miR-654-3p
miR- 382 miR-486-3p
miR-923 miR-411
miR-543 miR-1244
miR-1237 miR-1300
miR-433 miR-647
miR- 485-3p miR-192
miR-549 miR-923
miR-485-5p miR-139-3p

Table 24.12 miRNAs and their putative targets in shear 
strategy of HAVECs

miR- 
139- 
3p

fosB, Rnf41

miR- 
187

Cd276, Armc7, Cyyr1, Ets1, Dync1li2, Flnc, 
Lypd1, Ifnar1, Nfkbiz, Mbnl2, Pgm2l1, 
Sema3f, Snx27, Ssh2, Plod3, Trib2

miR- 
192

Acp1, Apln, Asb1, Atf3, C10orf10, Ccnd2, 
Chrnb1, Ctnnbip1, Dynlt1, Egr1, Fam129a, 
FosB, Hoxb5, Mcm6, Myo1d,Nav1, Ndst1, 
Nmt2, Nrip3, Osbpl10, Phactr2, Phlda1

miR- 
486- 
5p

Ak2, Als2cr4, Camk2n1, Ctdspl, Efna1, 
Mylk2, Prnd, Rnf41
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 metalloproteinase- 2, activated fibroblast survival, 
and triggered fibrotic infarct remodeling. The 
administration of anti-miR-21 indicated benefi-
cial results in MI rats model [211]. However, 
therapeutic inhibition of miR-21 showed reduc-
tion in atrial fibrosis (AF) and sustained heart 
function. The validation of fibroblast- specific 
pro survival action revealed that elevated level 
tends to increase fibroblast proliferation. 
Therapeutically, anti-miR-21 experiment showed 
reduction in fibroblast proliferation. This antago-
meric intervention open an avenue to use anti 
miR-21 treatment strategy to reduce cardiac 
fibrosis as well as fibrosis in lungs, kidneys, and 
skeleton muscles [212]. The deterioration of 
heart function can be increased by cardiac fibro-
sis which may occur after MI. miR-21 has a 
major role in cardiac fibrosis. The miR-21 expres-
sion was increased in infarcted zone of heart in 
MI mice model. However, the miR-21 expression 
was increased in cardiac fibroblasts by TGF-β1 
treatment through involving the upregulation of 
Col-1, α-SMA and F-actin. The treatment of anti-
miR- 21 showed attenuation in cardiac fibrosis 
while miR-21 mimic showed an increase in 
fibrotic characteristics. Bioinformatics and lucif-
erase assays showed that miR-21 directly targets 
Smad7 and miR-21 promotes fibroblasts activa-
tion via TGF-β/Smad7 signaling pathway [213]. 
In vivo study showed that miR-21 was signifi-
cantly reduced after 6 h of AMI in infarct area 
however, their expression was high in boarder 
zone of infarction. In AMI animal model the ade-
novirus over expression of miR-21 reduced 
infarct size by 29% at 24  h with reduced cell 
apoptosis. In addition, decrease in dimension of 
left ventricles at 2  weeks after AMI was also 
observed. The protective effect of miR-21 was 
further evaluated by cardiomyocytes apoptosis 
induced by ischemia. miR-21 protects cardiomy-
ocytes cell loss by targeting apoptotic target gene 
programmed cell death 4 (PDCD4) and activator 
protein 1 (AP1) pathway. It shows that therapeu-
tically upregulation of miR-21 can be used to 
reduce the cardiomyocytes apoptosis and enhance 
cardiac function in the early phase of AMI [194]. 
miR-21 produces an anti-apoptotic effect by 
down-regulating FasL and activation of AKT 

through inhibition of PTEN [214]. However, 
inhibition of miR-21 decreases the expression 
level of p38 MAPK in A-498 cells. The cardio- 
protective effect of miR-21was enhanced when 
combined with miR146a. miR-146a also protects 
the cardiomyocytes against myocardial I/R injury 
by attenuating the nuclear factor κB (NF-κB) 
interleukin-1 receptor-associated kinase1 
(IRAK1) and tumor necrosis factor (TNF) 
receptor- associated factor 6 (TRAF6). miR-146a 
together with IRAK1, TRAF6 and p-p38 consti-
tutes a negative feed forward loop that attenuates 
cytokine protein synthesis in human THP-1 
monocytes [215]. Previous study showed that 
PDCD4, PTEN, sprouty 1 (SPRY1), and SPRY2 
are the valid targets of miR-21 while TRAF6 and 
IRAK1 are the potential targets of miR-146a. 
miR-21 inhibits cardiomyocytes apoptosis via 
PTEN/AKT–p-p38–caspase-3 and miR-146a 
attenuate cardiomyocytes apoptosis via TRAF6–
p-p38–caspase-3 signal pathways. The combined 
effect of both the miRNAs (miR-21 and miR- 
146a) in a single mice model increases the cyto-
protective therapeutic efficacy [216].

High expression level of miR-15 is associated 
with MI. In recent report of murine and porcine 
MI model, miR-15 expression was high in infarct 
zone [217]. However, cardiomyocytes cellular 
stress was decreased after endogenous silencing 
strategy of miR-15. In addition, the translation 
approach using locked-nucleic-acid–based miR 
therapy also showed attenuation in miR-15 
expression. The role of miR-15 got more interest 
from researchers as it actively participating in 
mitochondrial function and cardiomyocyte apop-
tosis by targeting downstream mediators Pdk4 
and Sgk1 [218].

Myocardial infarction is characterized by 
insufficient myocardial capillary density. This 
event can lead to HF and even death although the 
exact mechanism of angiogenesis is not well 
understood. Therapeutically, the overexpression 
of miR-24 can used to heal cardiac cells by inhib-
iting fibrosis via repression of fibroblast marker 
genes Col1a2, Col3, fibronectin, and α SMA. In 
vivo analysis of intramyocardial injection of lenti-
viruses showed that, miR-24 improved heart func-
tion and reduction in fibrosis was observed after 
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MI. Furthermore, in vitro experiments proved that 
overexpression of miR-24 reduce fibrosis. 
However, miR-24 also reduced differentiation and 
migration of cardiac fibroblasts. Further studies 
showed that TGF-b secretion and Smad2/3 phos-
phorylation in CFs were reduced during overex-
pression of miR-24. Cardiac fibrosis can also be 
activated by proteases, furin which further acti-
vates TGF-b. Bioinformatics studies revealed that 
furin is the valid target of miR-24  in fibrosis. It 
shows that miR-24 attenuates cardiac fibrosis by 
targeting furin–TGF-b pathway. Therapeutically, 
increased expression of miR-24 can be used to 
reduce the cardiac fibrosis after MI. The lentivirus 
delivery approach of miR-24 showed decrease in 
cardiomyocytes apoptosis by inhibiting proapop-
totic pathways [219]. On the contrary, the expres-
sion level of miR-24 was increased in hypoxia 
and cardiac ischemia in mice ECs [220]. However, 
in vitro expression of miR-24 highlights its role as 
a pro-apoptotic factor in ECs by inhibiting endo-
thelial capillary network formation on Matrigel. 
Luciferase assays confirmed that endothelium-
enriched transcription factor GATA2 and p21-acti-
vated kinase PAK4 are the valid targets of miR-24 
which have a wide role in cardiac angiogenesis. In 
vitro expression of miR-24 showed anti-angio-
genic features in developing vasculature of zebraf-
ish. However, in mouse MI model, therapeutic 
antagonism of miR-24 showed improvement in 
ischemic remodeling by cardiac EC survival. 
These findings showed that miR-24 has versatile 
characteristics on fibroblast, cardiomyocytes and 
endothelial cell biology within heart [220]. The 
cardiomyocytes loss through necrosis and apopto-
sis are the characteristics of AMI.  The highly 
demanding strategy of miRNAs to salvage isch-
emic cardiomyocytes has a great importance to 
modulate gene expression towards cell survival. A 
wide number of different miRNAs are involved in 
regulation of apoptosis. miR-24 has a cardio- 
protective effect and plays a critical role in 
AMI. After MI, the ischemic border zone of the 
murine left ventricle showed down-regulation of 
miR-24. This miRNA also suppresses cardiomyo-
cyte apoptosis by targeting BH3-only domain–
containing protein Bim. Luciferase assay showed 
that miR-24 directly binds to Bim. However, in 

vivo overexpression of miR-24 attenuated apopto-
sis, reduced infarct size, and enhanced cardiac 
function. Therefore manipulating miR-24 level 
can be used as a therapy to overcome various car-
diac diseases including MI [219].

miR-29 consist of three family members a, b 
and c. Microarray-based analysis showed that 
miR-29 is highly expressed in MI [145]. miR-29 
is abundantly found in fibroblasts which is also 
playing a critical role in fibrotic ECM appearance. 
In vitro and in vivo experiments proved that miR-
29 inhibits the expression of collagens in MI. The 
profibrotic properties of miR-29 with reduced 
collagen providing a clue for their therapeutic 
potential. Some other studies also confirmed that 
miR-29 has a direct effect on collagen expression 
[221]. The pharmacological effect of miR-29 was 
well understood by their down- regulation with 
reduced apoptotic rate of cardiomyocyte. The 
potential target of miR-29 is Mcl-1 which is an 
anti-apoptotic protein of Bcl-2 family. Mcl-1 acts 
as a regulatory subunit of p85a, phosphoinositide 
3-kinase and cell division cycle [222]. The family 
members of miR-29 (a,b,c) positively regulates 
cardiomyocytes apoptosis. The inhibition of miR-
29 successfully increases the level of Mcl-1 and 
significantly reduces the levels of apoptosis and 
infarct size area after I/R [223].

Endothelial miR- 92 is found within miR-17 
to miR- 92 locus and has a wide role in ischemia 
[147]. The altered miR-92a was found in Hind 
limb ischemia or MI with ECs triggering angio-
genic defects. The systemic administration of 
miR-92a antagonist showed inhibition in anti- 
angiogenic activities in ECs. The potential target 
of miR92a is Sirt1, a class III histone deacetylase 
and longevity gene. However, various studies 
shows that miR-92a is related with strong anti- 
angiogenic characteristics [223, 224]. On the 
basis of these notions, therapeutically antimiR- 
92a strategy can be used to increase neovascular-
ization especially after ischemic injury.

miR-101 has two distinct isoforms including a 
and b. miR-101 was down-regulated in cardiac 
fibrosis after MI in rats. A decrease in miR-101 
expression was observed in peri infarct zone. 
miR-101a might control the expression of colla-
gen in cardiac fibrosis however, therapeutically 
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the adenoviral mediated delivery of miR-101a 
showed beneficial effect on heart with reduce 
fibrotic scare [218].

Endothelial miR-126 plays a vital role for 
endothelial function and integrity after MI [150]. 
In a knock down experiment, endothelial miR- 
126 showed loss in neovascularization after MI 
due to reduce activities in angiogenic signaling 
and prominent chemokines vascular endothelial 
growth. However, the angiogenic capacity and 
sustained endothelial integrity were enhanced by 
over expression of miR-126. Importantly, endo-
thelial miR-126 is one of the outstanding candi-
date among different miRNAs which can be used 
for neovascularization in MI [218]. The pro- 
angiogenic action of miR-126 showed inhibition 
of Sprouty-related protein-1, which acts as an 
intracellular inhibitor of angiogenic signaling 
[152] and vascular cell adhesion molecule 1 
[225]. Its plasma circulatory expression level was 
reduced in patients with AMI.  It revealed that 
miR-126 can also be used as a biomarker for 
diagnostic purposes in different cardiovascular 
diseases including AMI [226].

The rat’s MI Model showed a high expression 
of miR-208a. MI was also accomplished with 
development of left ventricular dysfunction and 
fibrosis. Endoglin is an auxiliary transforming 
growth factor-b (TGFb) receptor that modulates 
TGF-b1 and TGF-b3 responses and plays critical 
role in vascular repair function [227]. However, it 
has also pro-fibrotic effects. It was proposed that 
miR-208a has extensive complementarity in the 
promoter region of endoglin. However, luciferase 
assay showed that miR-208a can directly modu-
lates the expression of endoglin protein. The 
knock down expression of 208a abolished the 
stimulatory effect on the promoter region of 
endoglin. It shows that miR-208a enhanced the 
expression of endoglin during acute MI. In addi-
tion, the anti-miR-208a strategy to down regulate 
the expression of endoglin protein can be used as 
a therapeutic strategy [228]. The circulatory 
miR-208b was also quantified in Greek patients 
of AMI which support the use of this miRNA as 
a therapeutic marker in AMI. miR-208b is 
encoded by an intron of the alpha-myosin heavy 
chain gene (MYH7). During cardiac development 

it also regulates the production of the myosin 
heavy chain in cardiomyocytes [229, 230].

Plasma levels of miR-208 and miR-499 are 
highly increased in MI patients. There are two 
subunits of miR-208 including miR-208a and 
miR-208b. In addition increase concentrations of 
creatine kinase and cardiac troponin T (cTnT) 
were also identified. Cardiac cells release a 
detectable concentration of miRNAs and slightly 
detectable concentration of cTnT in plasma in 
patients with 1  h after onset of chest pain. 
However, patients showed highest plasma con-
centration of miR-208b and miR-499 and cardiac 
troponin T hs-cTnT within 3 h after onset of pain. 
However, miRNA-208a remains significantly 
elevated for 5 days, and even 90 days after AMI 
[231]. The proposed reason for this phenomena 
might be that miRNAs are bound to protein com-
plex and predominantly present in cytosol while 
cardiac troponins mainly bound to myofibrils and 
a small part is found in cytosol [232]. Circulating 
miRNAs can be used as  a rapid and powerful 
diagnostic markers in acute MI. Clinical data and 
presentation showed that initial diagnostic tools 
including echocardiography is nonspecific in 
patients with chest pain. Therefore, circulatory 
miRNAs can be considered good markers. The 
levels of miR-208b was found high up to 30 days 
of death in patients died with MI. Further study is 
required regarding diagnostic marker usage of of 
hs-cTnT because its concentration is also 
increased in apparently healthy patients with 
chronic stable coronary artery disease [233]. In 
addition to diagnostic marker the reduced expres-
sion levels of miR-208b and miR-499 with antag-
onist increase attention for further studies in MI.

The aberrant expression profiles of miRNAs 
are associated with a variety of cardiovascular 
diseases including cardiac hypertrophy, HF, 
arrhythmias and AMI [234]. The damage of car-
diac tissue releases miRNAs in to circulation 
which also makes them suitable as biomarkers 
[235]. However, different cardiac cell’s specific 
miRNAs in the blood were found modified upon 
initiation and remodeling of AMI. These  miRNAs 
can also be used as a hall mark for evaluation of 
AMI. In addition, circulatory miR-499 was found 
highly expressed in patients of AMI. miR-499 is 
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encoded by myosin and expressed in myocar-
dium and skeletal muscle. It is specifically 
encoded by an intron of the Myh7b, a ventricular- 
specific myosin heavy chain gene [236]. It regu-
lates the expression of the β-MHC and enhanced 
myocardial oxygen metabolism and tolerance 
[237]. In another study, miR-499 was observed in 
patients of AMI. The miR-499 concentration was 
increased within 24  h from the onset of symp-
toms and return back to the baseline after 7 days 
[238]. Plasma levels of miRNA- 499 were already 
detectable in AMI patients after onset of 1 h of 
the chest pain while its levels is gradually raised 
within 9 h [239].

Mitochondrial fission is an important event 
involved in apoptosis. The knock down experi-
ment of miR-499 showed increase in infarct size 
with decrease of cardiac function and increase 
cardiac hypertrophy in mouse model. The miR- 
499 inhibits cardiomyocyte apoptosis by tar-
geting calcineurin-mediated activation of 
Drp1. In vivo, the knockdown experiment of 
p53 showed attenuation in the reduction of miR-
499 which shows that miR-299 might also be 
regulated by p53 [240]. In addition, miRNA-499 
also plays a key role in structural and functional 
differentiation of cardiac stem cells (CSCs) into 
cardiomyocytes [241]. Therefore, it shows that 
the use of miR-499 mimic therapy can be used 
for the recovery of cardiomyocytes after injury.

Recent advanced investigation in MI therapies 
has significantly reduced the rate of mortality but 
still is the major cause of death. MI also occurs as 
a result of chronic congestive HF and ventricle 
remodeling plaques. However a wide range of 
miRNAs are involved in MI including miR-93. 
The miR-93 plays a major role in cardiomyocyte 
survival via inhibiting apoptosis. miR-93 also 
enhances protection from ischemia by increasing 
angiogenesis and antioxidant effects against 
MI. In mice models, the knock down experiment 
of miR-93 showed deterioration in cardiac 
remodeling. It shows that therapeutically miR-93 
can be used to reduce the rate of MI as a cardio- 
protective strategy [242].

AMI is characterized by insufficient myocar-
dial capillary density which can leads to cardiac 
remodeling and HF. miRNAs play critical role in 

MI at transcription and translation levels. 
Recently, various drugs have been used which 
can activate the level of cardio-protective effect 
during transition of cardiac cells. Cardiac endo-
thelial cell (CEC) cultured analysis revealed that 
miR-532 is elevated after treatment with 
β-arrestin-based β-adrenergic receptor antagonist 
(β-blocker) ‘carvedilol’. This phenomenon ulti-
mately triggers cardio-protective pathways inde-
pendent of G protein-mediated second messenger 
signaling. The knockdown study of miR-532-5p 
further highlight their cardio-protective effect by 
increased transition to a fibroblast-like phenotype 
via endothelial-to-mesenchymal transition 
(EndMT). However, over expression of miR-532 
reduced the EndMT.  The inhibitory study of 
miR-532 in mice revealed abnormalities in func-
tion and structure of heart, reduced vasculariza-
tion and reduced CEC proliferation after MI. The 
cardio-protective study of miR-532 was further 
supported by reduced expression of prss23 (a 
protease serine 23) which is a positive regulator 
of maladaptive EndMT, in CECs [243].

miR-98 is down-regulated in infarcted and 
ischemic myocardium of MI mice. In addition, 
miR-98 was also down-regulated in neonatal rat 
ventricular myocytes (NRVCs) after treatment 
with H2O2. The overexpression of miR-98 
is cardio- protective by remarkable increase in cell 
viability and also inhibits H2O2 mediated apopto-
sis of NRVCs. Moreover, miR-98 overexpression 
also down-regulate H2O2-induced Bcl-2, Bax and 
JC-1 monomeric cells. Further, miR-98 down-
regulate Fas and caspase-3  in H2O2-treated car-
diomyocytes both at transcription and translation 
levels. The dual luciferase assay proved that miR-
98 directly target Fas 3′-UTR which confirmed its 
target validation for advance studies as a candi-
date for therapeutic intervention in MI. The serum 
levels of LDH, apoptotic cells, Fas, caspase-3 
activities were significantly reduced after injec-
tion of miR-98 mimic in MI mice. However, the 
infarct size was also reduced with improved heart 
function. It shows that miR- 98 is an anti-apoptotic 
factor which reduces the activity of Fas/Caspase-3 
apoptotic signal pathway [244].

miR-17-5p is interlinked with cardiac func-
tion after MI by suppressing neovascularization. 
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In vitro and in vivo analysis proved that low 
expression level of miR-17-5p tends to activate 
the ERK pathway. However, the expression of 
ERK was increased both at transcription and 
translation levels. In addition, the expression 
level of anti-apoptotic protein (bcl-2) was 
increased. However, the expression levels of 
bax/caspase 3/caspase 9 were decreased. The 
anti- miR- 17-5p administration in mice showed 
decrease in infarct size and collagen fibers, the 
rate of apoptosis was also inhibited and enhance-
ment in endothelial growth was observed. It 
shows that therapeutically anti-miR-17-5p can 
be used to restore heart function after MI by 
inhibiting apoptosis and repairing vascular 
injury [244]. The activation of promoter of miR-
144/451 has been identified and regulated by a 
transcription factor GATA-4 [245]. miR-144 
and miR-451 promote cardiomyocytes survival 
which is further proved by their overexpression 
analysis. However, the knock down experiment 
of miR- 144 and miR-451 showed opposite 
effect on cardiac cells. The luciferase reporter 
assay revealed that both miR-144 and miR451 
target ubiquitously expressed RNA-binding 
protein called CUG triplet repeat-binding pro-
tein 2 (CUGBP2) which further interact with 
COX-2, 3’untranslated region and inhibit its 
translation. Further, western blotting analysis 
showed that overexpression of miR-144 and 
miR-451 down- regulated CUGBP2 and up-reg-
ulated COX-2 respectively. Moreover, inhibi-
tion of COX-2 partially reduces the 
cardio-protective effect of miR- 144 and miR-
451. It shows that miR-144 and miR-451 protect 
cardiac cells by targeting CUGBP2-COX-2 
pathway [245] during IRI.

Cardiomyocyte loss is the major event 
observed during various cardiac pathologies 
including MI. In vitro experiments revealed that 
miR-122 is up-regulated after MI. Furthermore, 
transcription and translation study showed that 
anti-miR-122 study enhances cell survival by 
down-regulating the pro-apoptotic protein cas-
pase- 8. On contrary, the miR-122 mimic study 
showed down regulation of caspase-8 both at 
mRNA and protein levels. It opens an avenue as a 
therapeutic point of view for further study of 

miR-122 to reduce their expression and increase 
cardiomyocytes viability [246].

The overexpression of miR-1 could contribute 
to enhance pro-apoptotic effect in myocardium 
by targeting sodium calcium exchanger-1 target 
gene in rats MI model. In cardiomyocytes and 
skeletal muscles, miR-1 is predominantly 
expressed. miR-1 is also associated with differ-
entiation and development of cardiac tissue 
[247]. In vivo experiment showed that genetic 
deletion of miR-1 gene causes late embryonic 
lethality and HF due to arrhythmias [121]. The 
gap junction protein  – connexin (GJA1), and 
potassium ion channel (KCNj2) [119] are the 
potential candidate proteins to regulate cardiac 
arrythmogenicity however miR-1 may modulate 
these two potential proteins. Further studies 
revealed that miR-1 was highly expressed both in 
animal and human with AMI [248]. Significantly, 
up-regulation of miR-1 in plasma of human AMI 
patients opens a therapeutic window to use anti-
miR- 1 to cure AMI. Some proteins like cardiac 
troponin I (cTnI) have been applied as a bio-
marker for diagnosis of AMI.  However some 
circulatory miRNAs like miR-1 and miR-126 
can also be used as a biomarkers for diagnostic 
purposes in different cardiovascular diseases 
including AMI [226]. The plasma circulatory lev-
els of cardiac specific miRNAs (miR-1, miR-133, 
miR- 499, miR-208) are increased due to AMI 
characterized by cardiac injury. However endo-
thelial-enriched miRNAs, such as miR-126 was 
down-regulated [249] in patients with coronary 
artery disease.

miR-133 is widely found in skeletal, cardiac, 
and smooth muscle cells of cardiovascular sys-
tem [250] miRNA-133a has a major role in regu-
lation of cardiomyocyte proliferation. However 
in vivo experiment showed that genetic deletion 
of miRNA 133a causes lethal ventricular septal 
defect in embryos, dilated cardiomyopathy and 
HF [230]. The AMI animal model showed that 
the circulation levels of miR-133a increase after 
1–3 h and attained a peak valve after 3-12 h, how-
ever a decrease was observed after at 12-24 h of 
coronary artery ligation (AMI). In addition the 
circulatory level of miR-133 was also significantly 
increased in human with AMI.  The circulatory 
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levels of miRNA-133a can also be strongly linked 
with cTnI with substantially high levels. The 
increase in level of miR-133a in early peak hours 
can provide a better platform to use it as early 
diagnostic marker [34]. 

Different miRNAs have been reported with a 
key role in cardiac ischemia including miR-16 
which is up-regulated in ischemic heart. However, 
Beta2-adrenoreceptor (β2-AR) has a cardio- 
protective effect during ischemic injury. miR-16 
was highly expressed in AMI animal model in 
rats induced by ligation of left coronary artery. 
However, oxidative injury via hydrogen peroxide 
in cultured neonatal rat ventricular cells (NRVCs) 
also showed an increased expression of miR-16. 
In vivo and vitro experiment also showed down 
regulation of cardio-protective protein β2-AR. In 
addition, the miR-16 over expression also 
decreases cardiomyocytes viability by increase 
rate of apoptosis. The miR-16 lentivirus overex-
pression experiments showed increase in infarct 
size, creatine kinase activity, lactate dehydroge-
nase levels, and increase cardiac dysfunction. 
The knock down study of miR-16 showed benefi-
cial effect of heart. Luciferase assay further con-
firmed that miR-16 can target the 3’untranslated 
region of β2-AR mRNA [251]. The antimiR-16 
promising therapy can be used to protect cardiac 
cells from ischemic cell death.

MI injury can be regulated by different 
miRNAs of miR-30 family. This network of miR-
30 family is composed of five miRNAs (a, b, c, d, 
and e). The endogenous production of Hydrogen 
sulfide (H2S) acts as a signaling molecule and 
regulates cardiovascular system. Physiologically, 
L-cysteine generated H2S catalyzed by 
cystathionine- b-synthase, cystathionine-c-lyase 
(CSE), or 3-mercaptopyruvate sulfurtransferase. 
However, in the cardiovascular system, CSE is 
the predominant H2S generating enzyme [252]. 
The hypoxic murine MI and ischemic NRCM 
models showed elevated levels of miR-30 family 
with significantly low expression of CSE and 
H2S. The knock down of miR-30 showed increase 
expression of CSE and H2S which further reduce 
IRI. However, luciferase assay revealed that miR- 
30 directly target CSE. In addition locked nucleic 
acid (LNA)-miR-30 family inhibitor reduced 

infarct size, decreased apoptosis in border zone 
of infarction and improved heart function. These 
finding showed endogenous production of H2S 
via CSE in the cardiomyocytes at miRNA level 
and their application as a therapeutics to reduce 
IHD [253].

miR-22 expression is highly related to aging 
including mice and human. However, increase in 
their expression was observed with increasing 
age. Cardiac miR-22 acts as a strong inhibitor in 
the process of cardiac autophagy. In vitro analy-
sis of aging, cardiomyocytes showed that miR-22 
expression is increased via P53-dependent mech-
anism. In vitro study revealed that knock down of 
miR-22 promoted cardiac autophagy and inhibi-
tion in cardiac hypertrophy. The pharmacological 
inhibition of miR-22 enhanced autophagy in post 
MI older mice, improved cardiac function and 
prevention in post infarct remodeling [254]. 
These notions showed that moderate expression 
strategy of miR-22 can be used to regulate the 
incidents of both cardiac autophagy and cardiac 
hypertrophy.

The miRNA-210 gets more attention in car-
diovascular research due to its association with 
angiogenesis in AMI.  The over expression rat 
models showed a strong interconnection with 
MI.  The expression of miRNA-210 was up- 
regulated via transfection with hepatocyte growth 
factor (HGF) in heart. The transcription and 
translation analysis revealed that up-regulation of 
miR-210 tends to reduce the expression of 
HGF.  However, marked increase in HGF was 
observed after silencing of miR-210. In the pres-
ent study micro-vessel density (MVD) of the 
infarcted myocardium was selected for the angio-
genesis efficacy. Moreover, the anti-miR-210 
also showed promotion in angiogenesis with 
increased MVD and  improved cardiac output 
[255]. The reduced expression of miR-210 can be 
used as a therapy to reduce the risks of AMI by 
promoting angiogenesis.

The high level of miR-34a increases the rate 
of cardiomyocytes apoptosis by down-regulat-
ing anti-apoptotic enzymes including, Aldehyde 
dehydrogenase 2 (ALDH2). In addition, the 
serum level of AMI patients also showed 
increase expression of miR-34a with low level 
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of ALDH2. Further, luciferase assay showed 
that miR-34a directly targets ALDH2 and 
reduces its expression both at transcription and 
translation levels [256]. It shows that miR-34a 
can be employed as a therapeutic candidate and 
diagnostic marker for MI.

miR-320 plays a critical role in MI. In vivo 
experiment revealed that up-regulation of miR- 
320 enhances cardiomyocytes loss through apop-
tosis during simulated I/R. However, homozygous 
deletion of miR-320 showed cardio-protective 
effect by decreased infarct size with enhanced 
cardiac function. The detail study of miR-320 
showed that it down regulates HSP20 which is a 
cardio-protective protein and provide protection 
against IRI [257]. It shows that HSP20 is a puta-
tive target of miR-320. miR-26 inhibits the high 
mobility group box 1 (HMGB1) which signifi-
cantly reduce IR. miR-613 expression also alters 
in case of IR [258].

2.4  Prospective of miRNAs 
Therapeutics in Cardiac 
Fibrosis

Cardiac fibrosis is also associated with aberrant 
expression of miRNAs. Several ECM mediating 
encoding genes for fibrillin, elastin, and colla-
gens are associated with miR-29 family. miR-29 
is down-regulated in HF.  Animal model with 
mouse cardiac fibroblasts analysis proved that 
IGF-1, leukemia inhibitory factor, and pentraxin-
 3 (fibrosis related genes) are the valid targets of 
miR-29b [259]. In vitro inhibition experiment of 
miR-29 revealed an increased in cardiac fibrosis 
and vice versa. In addition, transfection analysis 
in vivo study showed improvement in cardiac 
function and attenuated cardiac fibrosis. Cardiac 
fibrosis signaling pathways through TGF-𝛽/and 
Smad3 play a critical role in HF and is targeted 
by miR-29 [260]. It shows that therapeutically 
overexpression strategy of miR-29 can be used to 
overcome cardiac fibrosis.

Extracellular signal-regulated kinase (ERK) 
mitogen activated protein (MAP) kinase signal-
ing pathway increases the expression of miR-21 
during stimulation of cardiac fibrosis. In mouse 

model, the antimiR-21 study showed a reduction 
in fibrosis and improvement in heart function 
with low activity of cardiac ERK-MAP kinase. In 
murine cardiac fibroblasts, miR-21 increased the 
expression level of metalloprotease-2 (MMP-2) 
via the phosphatase and tensin homologue 
(PTEN)–AKT phosphorylation-dependent path-
way [112]. In cardiac fibrosis the expression of 
cytokine osteopontin (OPN) is increased which 
also increases the level of miR-21 [261]. In vivo 
inhibitory analysis of miR-21 study revealed that 
PTEN and SMAD7 expressions were restored 
which are involved in cardiac fibrosis [262]. 
These results propose a promising therapeutic 
strategy of miR-21.

miR-24 plays a critical role in HF and other 
related pathways both in cardiomyocytes and 
fibroblasts which ultimately leads to cell death 
[263]. In MI model, the expression of miR-24 
was down-regulated. After a short period of MI, 
miR-24 interacts with fibronectin, collagen, and 
TGF-𝛽 and triggers ECM remodeling. In mouse, 
MI model revealed reduction in infarct size and 
improvement in cardiac output after transfection 
of miR-24. miR-24 also regulates cardiac fibrosis 
via furin which ultimately secretes TGF-𝛽 [264]. 
In cardiac cells, miR-24 also regulates cardio-
myocytes apoptosis. miR-24 significantly reduce 
apoptosis in transgenic animal models of MI. In 
addition, miR-24 also regulates excitation and 
contraction uncoupling of the sarcoplasmic retic-
ulum in cardiomyocytes and T-tubules through 
the junctophilin-2 protein [220].

2.5  Prospective of miRNAs 
in Cardiac Apoptosis

Apoptosis is regulated by different miRNAs 
which target pro-apoptotic factors and various 
apoptotic pathways. Previous study showed that 
different miRNAs (miR-21, miR-24, miR-133, 
miR-210, miR-494, and miR-499) play major 
roles in cardiomyocytes protection against 
 apoptosis. However, some miRNAs including 
miR-1, miR-29, miR-199a, and miR-320 trigger 
apoptosis [265]. The expression level of different 
miRNAs is also associated with cardiomyocytes 
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apoptosis which further leads to cardiac valve 
dysfunction. In such study miR-15a and miR-29a 
were down regulated while miR-214 expression 
level was increased. Furthermore, target valida-
tion analysis proved that miR-15a targets PUMA 
while miR-29a targets DRP1, however miR-214 
targets ARC. PUMA, DRP1 and ARC are mito-
chondrial membrane regulatory protein. PUMA 
and DRP1 expression levels were increased dur-
ing apoptosis while ARC is down-regulated [166, 
266]. The expression of miR-15a, miR-29a and 
miR-214 and its respective targets in human car-
diac valve dysfunction opens up new strategy 
where miRNAs can be used for therapeutic inter-
vention in future. Variety of other miRNAs have 
been also investigated which can regulate cardio-
myocytes apoptosis like let-7 family of miRNAs, 
miR-34 family, miR-21 family, miR-30 family, 
miR-125b, and miR-138. In mice experimental 
model of (I/R) injury, the overexpression of miR- 
93 attenuates cardiomyocyte loss by targeting 
phosphatase and tensin homolog (PTEN) [267]. 
In adult cardiomyocytes (H9C2), apoptosis can 
be inhibited by miR-7a/b-Sp1/PARP-1 pathways 
[242]. However, miR-138 exhibits hypoxia- 
induced apoptosis via MLK3/JNK/c-jun pathway 
in H9C2 cardiac cells [268]. In addition, miR- 
142- 3p and miR-613 also attenuated apoptosis by 
targeting high mobility group box 1 (HMGB1) 
[269] and PDCD10 [258]. Inhibition of miR-320 
leads to up-regulate IGF1 which attenuates apop-
tosis by up-regulation of Bcl-2 levels and down- 
regulation of p-ASK, p-JNK, p-p38, Bax and 
Caspase-3 expression levels [270]. miR-122 is an 
apoptosis-related miRNA.  The knockdown 
experiment of miR-122 showed inhibition in 
hypoxia/re-oxygenation induced cardiomyocytes 
cell apoptosis by increasing the expression of 
GATA-4 [271]. The expression of miR-153 was 
significantly high during oxidative stress. 
However, endogenous inhibition of miR-153 
attenuated cardiomyocyte apoptosis [272]. Some 
miRNAs are oxidatively modified by various oxi-
dative systems including miR-184, miR-204-3p, 
and miR-139-3p. Oxidation enables to establish a 
negative association between miRNAs and genes 
expression through mismatching. The oxi- 
miR- 184 mismatches with the 3’ UTRs of anti- 

apoptotic genes Bcl-xL and Bcl-w. The negative 
interaction between oxi-miR-184 and Bcl-xL and 
Bcl-w reduced their levels and ultimately leads to 
cardiomyocytes apoptosis [273]. miR-103/107 
expressions are increased during MI.  Inhibition 
analysis of miR-103/107 showed reduction in 
infarct size and improvement in cardiac function 
after IRI [273]. miR-325 is up-regulated during 
MI and positively regulates autophagic cell death 
[274]. miR-874 displays an increased in it expres-
sion profile after MI. It positively regulates MI by 
suppressing Foxo3a [275]. miR-873 and miR- 
2861 [269] are down-regulated during 
MI. However, these miRNAs have the ability to 
reduce myocardial infarct size by attenuating I/R 
induced programmed necrotic cell death [269]. 
Therefore up-regulation of miR-873 and miR- 
2861 has the potential to reduce infarct size and 
restoring cardiac activities. The expression level 
of miR-188-3p also reduces during MI. miR- 
188- 3p can target ATG7 [274] which leads to 
reduced autophagy and MI. miR-145 promotes 
repair of infracted myocardium cardiomyocyte 
[276]. However its expression is down-regulated 
during MI.

2.6  miRNAs and Cardiac 
Progenitor Cells

Neonatal mouse cardiomyocytes have the poten-
tial to repair and regeneration after injury by 
MI. However, after birth the regenerative capac-
ity of cardiac cells substantially declines within 
7  days. The repair and regeneration capability 
become very much low in the adult cardiac cells 
[172]. The activation of cardiomyocytes renewal 
provides a new platform for the MI. Among dif-
ferent strategies miRNAs have the potential as 
new therapeutic targets for MI. miR-17~92 
cluster including miR-17, miR-18a, miR-19a, 
miR- 19b, miR-20a, and miR-92a are involved 
in cardiomyocytes proliferation. In vivo study 
with mice model showed that overexpression of 
this cluster produce beneficial results by raising 
the total number of cardiomyocytes which fur-
ther leads to increase in wall thickness and left 
ventricle dimension. On the other hand, the 
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knock down study showed reduction in cardio-
myocyte proliferation and heart weight at birth 
time [277]. Significant proliferation in adult car-
diomyocytes can be achieved by miR-548c-3p, 
miR-509-3p, and miR-23b-3p through transla-
tional inhibition of MEIS by regulating cell-
cycle progression [278]. In ex  vivo, miR-590 
and miR-199a trigger cell cycle re-entry of adult 
cardiomyocytes. miR- 590/miR-199a mimic 
showed stimulation of cardiac repair and 
improvement in cardiac function by regenera-
tive processes [279].

Overexpression of miRNA-204 can trigger 
proliferation in neonatal and adult cardiomyo-
cytes by targeting Jarid2. miR-204 overexpres-
sion in transgenic mice revealed excessive 
proliferation in cardiomyocyte throughout the 
embryonic and adult stages which further leads 
to increase in ventricular mass [280]. miR-15 
family (including miR-15a, miR-15b, miR-16, 
miR-195, and miR-497) inhibit cardiomyocytes 
proliferation. The knock down experiment of 
miR-15b and miR-16 in mouse showed extension 
in the period of cardiomyocyte proliferation after 
birth [172]. Transgenic mice with overexpression 
of miR-195 showed decrease in cardiomyocytes 
undergoing mitosis. Furthermore, at the early 
postnatal period multinucleated cardiomyocytes 
were also remarkably increased [281]. miR-133a 
is an anti-proliferative marker. In zebrafish 
model, inhibition of miR-133 triggers cardiomy-
ocytes proliferation [282].

The endogenous stem cells or progenitors like 
cardiac progenitor cells (CPCs) proliferation and 
differentiation can also be used an alternative 
strategy to compensate cardiomyocytes loss. 
miRNAs are also highly associated with such 
pathways which promote cardiomyocytes regen-
eration [283]. Some miRNAs including miR- 
302~367 clusters maintain tissue-specific 
progenitors in early cardiac developmental stages 
[284]. This cluster includes miR-302a, miR- 
302b, miR-302c, miR-302d and miR-367 which 
trigger proliferation of embryonic cardiomyo-
cytes by targeting CPCs. The overexpression of 
miR-302~367 cluster in infarcted heart leads to 
improvement in cardiac function and exhibits 

attenuation in fibrosis [285]. In vitro study 
revealed that overexpression of miR-499 triggers 
the differentiation of human CPCs to CMs. 
Cardiac fibroblasts are the major constituents 
(50%) of the whole cells in the heart [286]. MI 
mice model showed that fibroblast can be repro-
gramed into cardiomyocytes with miRNAs in 
combination of some transcription factors which 
further produce beneficial results on heart by 
reducing infarct size. In vitro and in vivo analysis 
showed that miR-1, miR-133, miR-208 together 
with miR-499 also called as ‘miR combo’ suc-
cessfully reprogrammed cardiac fibroblasts into 
cardiomyocytes and produce improvement in 
cardiac output [287].

2.7  microRNAs and Arrhythmias

Arrhythmia is mostly found in elder however, 
atrial fibrillation (AF) is the most common 
arrhythmia. Structural and electrical remodeling 
is the end stage manifestation due to various 
pathological modifications including different 
miRNAs. miR-1 has been demonstrated that its 
level reduced by ≈86% in AF.  The postulated 
effect of miR-1 is on inward-rectifier K+ cur-
rents (IK1) [288]. miR-328 also plays a positive 
association with AF. miR-328 was increased by 
3.5 fold in tissue of atrial sample of AF patients. 
The knockdown experiment of miR-328  in 
mouse models showed decease in AF.  In addi-
tion, enhanced expression increases the risks of 
AF.  Furthermore, miR-223 and miR-664 have 
been also enhanced in AF [289] suggesting their 
possible role as AF future therapeutic targets.

2.8  miRNAs and Hypertension

Blood pressure is regulated by renin angiotensin 
aldosterone system however this system is further 
regulated by miRNAs. The comparison study of 
normal and hypertensive individuals using micro-
array showed that miR- 181a and miR-633 are 
associated with down regulation of renin in kid-
ney [290]. In animal models (rats) the expressions 
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of miR-132 and miR-212 were increased in aorta, 
heart, and kidneys after infusion with angioten-
sin-II.  The treatment of Angiotensin-II receptor 
type 1 blockers with internal mammary artery of 
patients showed down regulation of respective 
two miRNAs. It shows that miR-132 and miR-
212 have a major role in regulating angiotensin-II 
mediated hypertension. Further experiments in 
mice model showed that knockout down of miR-
143 and miR-145 significantly reduced blood 
pressure. However target validation analysis 
proved that miR-145 targets angiotensin convert-
ing enzyme (ACE) mRNA [176]. The atheroscle-
rotic plaques showed overexpression of 
miR-145  in hypertensive patients undergoing 
carotid endarterectomy [291]. It shows the impli-
cation of miR-145 has the potential to consider 
blood pressure regulation and vascular damage.

2.9  miRNAs and Infective Carditis

There is no specific biomarker available for 
infective carditis including myocarditis and peri-
carditis. The diagnosis of infective carditis is 
mostly performed on clinical basis and some pro-
tein based biomarkers. The elevated plasma level 
of miR- 208b and miR-499 in viral myocarditis 
have been assessed to utilize as a diagnostic bio-
markers for infective carditis. Furthermore, the 
level of expressions of these miRNAs can also be 
used to determine the severity of myocardial 
damage [292]. The miR-155 is up-regulated dur-
ing acute myocarditis The experiments with viral 
myocarditis animal model showed an increase 
level of miR-155 in mouse cardiac tissue [293]. 
miR-221 and miR-222 are also key regulators of 
viral myocarditis and their response has been 
observed in animal models and human [294] pav-
ing way for the future research in their mechanis-
tic regulation.

2.10  microRNAs 
and Atherosclerosis

Atherosclerosis is a complicated, multifaceted 
pathological process which is still incompletely 

understood. Various pathological processes 
including endothelial cell (EC) dysfunction, infil-
tration of inflammatory cells, lipid dysregulation 
and VSMCs differentiation are the major causes 
of atherosclerosis. Some miRNAs are also 
involved in dysfunction of endothelial cell. 
Atherosclerosis is characterized by the formation 
of plaque at arterial branching which leads to EC 
dysfunction due to disturbed laminar flow. miR- 
126- 5p plays a critical role in proliferative reserve 
of ECs due to stress by down regulating delta-like 
homologue 1 (Dlk1) [295]. However, reduced 
expression of miR-126-5p leads to plaque forma-
tion due to reduce proliferative reserve of ECs. 
Infiltration of inflammatory cells occurs due to 
the permeability of ECs which is actively con-
tributed by miR-155 [296]. Large numbers of 
miRNAs are involved in EC dysfunction given 
with its putative targets in Table  24.13. In 
response to inflammatory cell infiltration, athero-
sclerosis also occurs due to VSMC migration 

Table 24.13 miRNAs and their targets in endothelial 
dysfunction

miRNAs Targets miRNAs Targets
miR-1 MLCK miR- 

221/222
c-Kit, eNOS, 
ETS-1, PAK1, 
p27, p57, 
STAT5A

miR- 
27a/b

SEMA6A miR-223 IGF-1R

miR- 
34a

SIRT1 miR-365 BCL-2

miR- 
92a

KLF2, 
KLF4, 
PTEN, 
SOCS5

miR-492 Resistin

miR- 
144

IDH2 miR- 
513a- 5p

XIAP

miR- 
146a

NOX4 miR-712 TIMP3

miR- 
155

AT1R, 
ETS-1, 
MLCK

let-7c BCL-XL

miR- 
216a

BECN1 let-7g CASP3, 
SMAD2, 
TGFBR1, 
THBS1

miR- 
217

SirT1
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Table 24.14 miRNAs and their targets during 
inflammation

miRNAs Targets miRNAs Targets
miR-9 ACAT1, 

PPARδ
miR- 
126- 3p

VCAM-1

miR- 
10a,

MAP3K7, 
βTRC

miR- 
145

JAM-A

miR- 
15a

CARM1 miR- 
146a/b

CD40L, IRAK1, 
IRAK2, TLR4, 
TRAF6

miR- 
17- 3p

ICAM-1 miR- 
155

BCL-2, ETS-1, 
FADD, HBP1, 
MAP3K10

miR-21 PPARα, 
TLR4

miR- 
181a

c-Fos

miR- 
29a

LPL miR- 
181b

IPOA3

miR-31 E-selectin miR- 
342- 5p

AKT1

miR- 
125a- 5p

ORP9

Table 24.15 miRNAs and their targets during VSMC 
differentiation and proliferation

let-7 g LOX-1 miR- 
133a

IGF-1R, 
RUNX2

let-7d KRAS miR- 
143/145

ELK1, fascin, 
KLF4, KLF5, 
PDGF-Rα, 
PKC-ε

miR-1 KLF4, 
MRTF-A, 
PIM-1

miR- 
181a

OPN

miR- 
21

BCL-2, 
PDCD4, 
PPARα, 
PTEN, TPM1

miR-195 CDC42

miR- 
26a

SMAD1, 
SMAD4

miR-208 p21

miR- 
29b

DNMT3b miR- 
221/222

c-Kit, p27, p57

miR- 
125b

SP7 miR- 
490- 3p

PAPP-A

miR- 
126

BCL-2, 
FOXO3, IRS1

miR-638 NOR1

miR- 
132

LRRFIP1 miR-663 JUNB, MYL9

miR- 
133

SP1

from the media to the intima. miR-143/145 have 
been showed as critical regulators of VSMC dif-
ferentiation. However, miRNAs also change its 
expression during inflammation which also alters 
the expression of its targets given in Table 24.14. 
VSMC differentiation and proliferation also 
characterized by various number of miRNAs 
which ultimately change the expression of its 
putative targets (Table 24.15) [289].

2.11  miRNAs and Heart Failure

The expression level of miRNAs is also associ-
ated with HF. These miRNAs include miR-122, 
miR-210, miR-423-5p, miR-499 miR-622, miR- 
92b, miR-30a, miR-29b, miR-21, miR-22, miR- 
18b∗, miR-320a, miR-200b, miR-142-3p, 
miR-133a, miR-129-5p, miR-1254, miR-675 and 
miR-499. The plasma expression of these miR-
NAs have been increased during HF which can 
also be used for diagnostic purposes [289]. The 
low expression level of miRNAs including miR- 
30b, miR-107, miR-103, miR-125b, miR126, 
miR-139, miR-142-3p, miR-142-5p, miR-342-3p 
and miR-497 can also be used for diagnostic 
purposes during HF.

miR-16, miR-27a, miR-101, and miR-150 are 
involved in the improvement of left ventricle 
(LV) contractility after AMI.  The level of 
NT-proBNP can be increased during HF [297]. 
However, in such study NT-proBNP was an 
established biomarker of HF [233]. The low level 
of expression of miR-150 is associated with 
increased LV remodeling after ST segment eleva-
tion MI (STEMI) [175]. The low level of miR- 
150 can also be used for diagnostic and prognostic 
predictors of HF. The expression levels of miR-
NAs can be used as a prognostic indicator in the 
development of HF.
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