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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
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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 IncRNAs 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 1is 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: @ the single-stranded
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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

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;@The single-
stranded microRNA isincomplete 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

miRNAs Tt )

circRNAs O |
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BVHT, CHRF, CARL, "
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non-coding RNAs (IncRNAs) 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

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
IGFI-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.
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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/WHSC?2 (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,f1-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 I (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 Rafl-MEKI1-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.
AngllI significantly up-regulates the expression
of cyclin D2, which promotes Angll-induced car-
diac hypertrophy. Up-regulation of miR-98/let-71
can significantly reduce the basal expression of
cyclin D2. It partially inhibits AnglI-induced car-
diac hypertrophy by inhibiting the expression of
cyclin D2 induced by Angll. The overexpression
of miR-98/let-7i can significantly reduced the
expression of atrial natriuretic peptide (ANP)
mRNA and cardiomyocyte hypertrophy induced
by Angll, suggesting that miR-98/let-71 can
inhibit Angll-induced cardiac hypertrophy [26].

miR-26b reduces the expression of GATA4.
GATAA4 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), NFATSs, 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].



13 Non-coding RNAs and Pathological Cardiac Hypertrophy

235

In a mouse model with cardiac hypertrophy
conducted by TAC and Angll, 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 HDACS8. HDACS belongs to the
class II of HDACSs 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 (Angll), 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 Angll were down-
regulated. The overexpression of miR-30a in car-
diomyocytes can attenuate myocardial autophagy
and myocardial cell morphological hypertrophy
induced by Angll; inhibiting the activity of miR-
30a in myocardial cell can aggravate myocardial
autophagy and morphological hypertrophy of
cardiomyocytes induced by AnglI [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 Angll. 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 o-actinin. Transfection of
HO9c2 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 SOXG6 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 o-actinin, and cardiomyocyte hypertrophy
was inhibited [35].

miR-19a/b inhibits the expression of atroginl
and Murfl. Atroginl and muscle ring finger pro-
tein (Murfl) 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 -myosin
heavy chain (B-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 SPRY?2 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 (IncRNA) 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,
IncRNA 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 IncRNA 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 (Brgl). First, Mhrt recognizes
the target gene of Brgl and represses its abnor-
mal gene expression under pathological stimula-
tion (inhibit the pathological conversion of
o-MHC to p-MHC). At the same time, Mhrt
inhibits chromatin remodeling by competitively
inhibiting the combination of chromatinized
NDA and Brgl, 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 IncRNA 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].

34 Cardiac Hypertrophy Related

Factor (CHRF)

The expression of cardiac hypertrophy related
factor (CHREF) 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 HI19 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 II8& (CaMKIId) 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 CaMKIIS 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].
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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 3-MHC
were increased. Knockdown of MIAT inhibited
Angll-induced cardiac hypertrophy by decreas-
ing cell surface area and lowering the expressions
of ANF and B-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 Angll-

induced cardiac hypertrophy through PI3K/Akt/
mTOR pathway. Knockdown of MIAT inhibited

Angll-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
Angll-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 HIF1a. The expression
of ID-1, E2F1, FAK, and HIFlais 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 p-MHC) through target
3’UTR of Timp3. Besides, tRFsl, tRFs2, tRFs3,

and tRFs4 were highly expressed in Hyp FO
sperm and in Hyp F1 offspring hearts. Compared
to Con F1 offspring, Hyp F1 offspring had ele-
vated expression levels of B-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,
IncRNAs, 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 pm), exo-
somes (20-100 nm) and apoptotic bodies (ABs)
(0.5-2 pm). 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, ATIR 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-21x
induces cardiac hypertrophy by down-regulating
sorbin and SH3 domain containing 2 (SORBS2)
or PDZ and LIM domain 5 (PDLIMS), both
involved in regulation of cardiac muscle structure
and function [79].

Immune Cells
and Cardiomyocytes

6.3

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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