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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
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studies manipulate miRNAs and IncRNAs 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.
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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
anumber 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 (IncRNAs). 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 IncRNAs [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 IncRNAs, 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 IncRNAs and aims to provide readers with an
updated summary on those miRNAs and
IncRNAs 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 (THRAPI, 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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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,

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

Cardiomyocytes

obesity

Considerations:
. Disease severity
Disease etiology
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Type of inhibitor

Sl

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

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.



346

J.Y.Y.Ooi and B. C. Bernardo

2.2 Targeting IncRNAs

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 IncRNAs that show
promise for therapeutic application in cardiovas-
cular disease (Fig. 21.1). One of the most widely
used antisense oligonucleotides (ASOs) to inhibit
IncRNAs 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 IncRNAs in preclinical mod-
els of heart failure [36, 37]. Three IncRNAs 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 IncRNA Chast was identified from whole-
genome IncRNA 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 IncRNA 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 IncRNA with potential to be an anti-
fibrotic therapy is Meg3. Meg3 was identified
from global profiling of IncRNAs 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 IncRNA
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 IncRNAs in circulation as useful pre-
dictors of disease prognosis ([32, 49, 50]). The
IncRNA 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 IncRNAs have
been identified as potential biomarkers. The
IncRNA GASS 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 [S1].
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 IncRNAs to
be dysregulated in peripheral blood cells of
patients with acute myocardial infarction which
may help predict outcome. Other potential
IncRNAs as biomarkers for acute myocardial
infarction include Zinc finger antisense 1
(ZFAS1), Cdrl 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 IncRNAs 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 miRNASs) 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 Ila 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 IncRNAs 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 [3, 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 miRINAs can enter clinical trials as a thera-
peutic for cardiac fibrosis and hypertrophy.

3.2 IncRNAs

Several challenges need to be resolved before a
IncRNA based therapy enters the clinic for car-
diovascular disease (see reviews [29, 30, 68, 69]).
The most challenging issue is target specificity. A
single IncRNA 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 IncRNA 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
IncRNAs, such as Braveheart (Bvht; regulates
cardiac cell fate), Mirtl 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 IncRNAs 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 IncRNAs more difficult.
However, it is thought that the secondary struc-
ture of IncRNAs is conserved rather than the pri-
mary sequence, and that structure may be more
important to function than sequence [29]. Thus,
IncRNAs may have structural homologs in other
species, which may allow the use of animal mod-
els for preclinical testing. However, the relation-
ship between IncRNA structure and function is
not well understood and needs to be studied
further.

Another hurdle facing the development of
IncRNAs as therapeutic targets is cellular loca-
tion. LncRNAs have widely varying subcellular
distributions. Some IncRNAs reside in the cyto-
plasm, nucleus, mitochondria and other extracel-
lular locations, and can even shuttle to various
subcellular locations [74]. The same IncRNA 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 IncRNAs
need to be determined in order to employ the best
potential therapeutic approach [75].

ASOs (such as GapmeRs) are commonly used
to inhibit IncRNAs, 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 IncRNA 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 IncRNAs include (i) efficiency of
IncRNA upregulation, (ii) low packaging limit of
adeno-associated virus (AAV) vectors and these
cannot be used for packaging IncRNA >3-4 kb;
and (iii) ability to overexpress the IncRNA in the
subcellular localization in which it resides [32].
Despite these challenges, two studies have used
viral-mediated overexpression of IncRNAs 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 IncRNAs 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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