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A B S T R A C T

The majority of the human genome encodes non-coding RNAs (ncRNAs), species of RNA without protein-coding
potential but with powerful regulatory functions in disease onset and progression. Functional studies demon-
strate that both coding and ncRNAs underlie various mechanisms in heart disease and that molecules targeting
RNA species show promising efficacy in preclinical development. Accompanying the exciting developments in
basic RNA biology, an equally provocative field has flourished for the design of RNA-based strategies to generate
innovative types of therapeutics against these new “druggable” targets, going beyond our current repertoire of
small chemistry or biologics. Here, we review the (bio)chemical basis of RNA-based drug design, provide ex-
amples that show promise as translatable drug products in preclinical studies, give an insight in the current
barriers that hamper straight-forward clinical translation and discuss future directions that may overcome these
hurdles to expand the current pharmacotherapy for myocardial disorders.

1. RNA avenues for heart disease

Heart diseases are a major cause of morbidity and death in Western
societies with little recent progress to reduce their high mortality and
are now also steeply on the rise in the developing world [1]. The dis-
eases are preceded by ventricular remodelling and changes in left
ventricular mass and volume of the myocardium in response to al-
terations in loading conditions [2,3]. The molecular events that un-
derlie myocardial remodelling still remain poorly understood. Another
major hurdle towards improved therapeutics is that currently cardio-
vascular disease therapy mainly follows a generic ‘one-size-fits-all’ ap-
proach, ignoring the inter-individual differences caused by underlying
genetic susceptibility, age, gender or stages of disease. This calls for
better disease stratification and introduction of medical breakthroughs
to address the key biological mechanisms that derail in subsets of pa-
tients, an approach that will likely signal the end of the big block-buster
treatments for vast numbers of patients, introducing the concept of
“Precision Medicine”. With “Precision Medicine” is meant medical de-
cisions, practices, and interventions tailored to the individual patient
who will benefit, sparing expenses and side effects for those who will
not.

Heart diseases are most commonly provoked by the acute and
chronic loss of cardiomyocyte function secondary to coronary artery
disease, hypertension, diabetes or combinations thereof, which places a

volume load or a pressure load, respectively, on the surviving portion of
the myocardium. Chronic “load” causes quite generic responses in the
myocardium, such as hypertrophy of cardiac myocytes, cardiac dilata-
tion and interstitial fibrosis. These structural cardiac changes are pre-
ceded by changes in the “genomics” of the heart: changes in transcript
abundance of protein-coding or non-coding genes and the re-expression
of genes that are normally only observed in the embryonic heart [4].
These complex forms of heart disease are referred to as “acquired heart
diseases” [5]. Acquired forms of heart disease are contrasted by mono-
genetic forms of heart disease caused by mutations in single genes
identified using candidate gene studies or linkage analysis, leading to
hereditary, familial dilated cardiomyopathy (DCM), hypertrophic car-
diomyopathy (HCM) and arrhythmogenic right ventricular cardio-
myopathy (ARVC) [5].

Since cardiovascular disease mechanisms are typically genomic in
nature (hereditary cardiovascular diseases comprise a very small subset
of the patient population), new developments will likely derive from a
better understanding of our genome. The results of the Encyclopedia of
DNA Elements (ENCODE) project demonstrate that at least 80% of our
genome is functional, has a regulatory role and is transcribed into
various classes of non-coding, regulatory RNAs. In short, RNA species
beyond mRNAs include intronic RNAs, microRNAs (miRNAs), long non-
coding RNAs (lncRNAs), circular RNAs (circRNAs) and extracellular
RNAs. Collectively, these are known as non-coding RNAs (ncRNAs)
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because they lack clear coding potential, although notable exceptions
exist [6]. Here, we will focus on coding and ncRNAs as direct drug
targets for heart disease using RNA to silence or mimic the expression of
the target RNA molecule. Additionally, we will give examples how the
versatility of RNA as drug substance can be employed to function as
homing devices or delivery tools to locate other molecules in close
proximity of a desired drug target, as is in the case of aptamers or short
guide RNAs in CRISPR technology.

2. Modulation of RNA activity: antisense oligonucleotides

Modulation of endogenous ncRNA activity can be efficiently ac-
complished by the use of antisense oligonucleotide (ASO) technology or
modified RNA mimics, such as plasmid or viral vectors carrying RNA
sequences to cells and tissues. ASOs were first discovered decades ago
and are defined as short, single-stranded chains of nucleotides that
hybridize with complementary RNA sequences following Watson-Crick
base pairing; they exert their function either by leading to the de-
gradation of the endogenous ncRNA, mediated by RNase H activity, or
by sterically blocking the access to its targets [7]. ASOs have already
been successfully employed as tools to inhibit ncRNAs and the simple
biological principles of their function makes ASO design relatively
straightforward. However, since several exo- and endonucleases in or-
ganisms rapidly degrade RNA-like structures, premature degradation of
ASOs severely hampers their bioavailability. In this context, chemical
modifications of ASOs are often employed to alter their pharmacoki-
netic properties and enhance cellular uptake without concomitant loss

of target binding (Fig. 1). Here, we will list the most commonly used
chemical nucleotide modifications of ASOs employed for the treatment
of heart diseases in vivo (Fig. 2).

2.1. ASO: 2′-OMe modifications

Methylation of the hydroxyl group at the 2′ position of the ribose
unit is a relatively simple and attractive approach to increase resistance
to nuclease attack. The 2′-O-methyl (2′-OMe) ASOs have been widely
used in the past decade and have proven in vivo efficacy. Besides en-
hanced resistance to nuclease attack, 2′-OMe ASOs show improved
binding affinity to their corresponding RNA sequence when compared
to unmodified ASOs. To further enhance resistance to nuclease attack,
phosphorothioate moieties in the linking backbone are often in-
troduced: these sulphur analogues of phosphate can be incorporated
near the 5′ or the 3′ end, showing, in combination with a 3′-cholesterol
unit, enhanced ASO stability in cell cultures. Krützfeldt et al. were the
first to explore the potential of 2′-OMe ASO modifications to modulate
microRNA activity in vivo. Systemic injection of 2′-OMe-modified oli-
gonucleotides with a partial or fully modified phosphorothioate back-
bone and a 3′ cholesterol conjugation through a hydroxyprolinol
linkage, termed “antagomirs”, were able to completely silence en-
dogenous miR-122 levels in the liver through microRNA degradation;
moreover, high sequence specificity was demonstrated by introducing
position specific mismatches that abolished ASOs activity. The authors
reported that the administration of a miR-122-targeting antagomir at a
dose of 80mg/kg for 3 consecutive days effectively reduced miR-122

Fig. 1. Strategies for the regulation of RNA levels with antisense oligonucleotides, ncRNA mimics and CRISPR/Cas9. A) Transcription regulation by miRNA mimics.
Double-stranded (ds) or single-stranded (ss) miRNA mimics reduce transcription of target mRNAs by destabilization or inhibition of the translation of the transcript
they couple with. B) Regulation by miRNA inhibitors. MiRNA inhibitors can form DNA-RNA duplexes with their miRNA targets that are then cleaved by RNase H.
Alternatively, miRNA inhibitors can act by binding their miRNA targets when loaded in the Argonaute protein (AGO), impairing their activity. C) Reduction of
mRNAs by antisense oligonucleotides GapmeRs. RNase H recognizes the duplex formed by the GapmeR and its mRNA target and degrades it. D) Genome editing
strategy using CRISPR/Cas9 tool. SgRNA molecule coupled with Cas9 enzyme binds to the target DNA region, Cas9 introduces a DSB upstream its PAM sequence and
if a donor DNA molecule is present it can be used for homology-directed repair (HDR) of the DSB. E) Aptamers function as nucleotide analogues of antibodies for the
tissue or cell-specific delivery of drugs.
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expression levels in mice for a period of at least 23 days. By the use of
fluorescently labelled antagomirs they showed that the interaction be-
tween antagomirs and microRNAs takes place in the cytoplasmic
compartment, upstream of the processing bodies (P-bodies), sites that
act as scaffolding centres for microRNA function. Antagomirs display a
broad biodistribution and can efficiently silence their target microRNAs
in all tissues tested. Although they cannot cross the placental and blood-
brain barriers, injection of antagomirs directly into the cortex can ef-
ficiently produce a reduction of the targeted microRNAs levels in the
brain.

The use of 2′-OMe modified antagomirs has been extensively tested
in the context of heart diseases: the study of Carè et al. was one of the
first demonstrating how the use of an antagomir efficiently silences
endogenous miR-133, a particularly abundant miRNA species in the
heart, leading to significant cardiac hypertrophy in mouse [8]. Various
studies afterwards have made use of 2′-OMe antagomirs to revert pa-
thological cardiac conditions induced in small mammals. For instance,
mice subjected to pressure overload of the left ventricle by transverse
aortic constriction (TAC) have been injected with antagomirs specific
for miR-21, with subsequent attenuation of the impairment of left
ventricular function as well as interstitial fibrosis and cardiac hyper-
trophy expected after TAC surgery [9]. The injection of antagomirs
against miR-132 has also shown the potential to prevent the patholo-
gical cardiac remodelling induced in mice subjected to TAC [10]. Boon
et al. showed that miR-34a level increases after acute myocardial in-
farction and that its inhibition enhances cardiac recovery; interestingly,
they also demonstrated the involvement of this microRNA in cardiac
ageing. MiR-34a is increased in the hearts of Ku80-/- mice with ac-
celerated ageing and its pharmacological inhibition significantly

abolishes the deterioration of cardiac function accompanied by the
premature ageing phenotype in this model [11]. Further examples of
pre-clinical studies against heart diseases using oligos with 2′-OMe-
based chemistry are quite common [4,12–27] (Table 1). Taken to-
gether, 2′-OMe-based antagomirs follow a proven chemical design that
relies more on endogenous miRNA degradation rather than steric in-
hibition and uses chemical modifications that were proven as a rela-
tively safe and tolerable option in future clinical studies.

2.2. ASO: locked nucleotide acid (LNA) modifications

The pharmacokinetics of ASOs can alternatively be modified by
incorporating nucleotides with a so-called “locked nucleic acid” (LNA)
modification. Here, the 2′-hydroxyl group is linked to the 4′ carbon
atom of the sugar ring thereby forming a bicyclic sugar moiety. The
linkage is preferably a methylene [CH2]n group bridging the 2′ oxygen
atom with the 4′ carbon atom wherein n is 1 or 2. LNA-protected an-
tisense RNA oligonucleotides exhibit extreme high thermal stability
when hybridized with their corresponding RNA target molecules. In
addition, LNA oligonucleotides display relatively low toxicity in rodents
at very low doses, are water-soluble and show excellent target specifi-
city even when the ASO sequence is relatively short, typically consisting
of 16-mer oligonucleotides. In clinical settings, however, LNA oligos
have on occasion shown a rather severe acute kidney toxicity [28],
possibly hampering straightforward clinical application.

Among the LNAs tested in the context of heart dysfunction, delivery
of an LNA oligo that targets miR-92a in a porcine model of myocardial
infarction resulted in reduced cell death in the infarcted area, increased
capillary density, reduced inflammation and overall improved cardiac

Fig. 2. Chemical modifications in RNA-based drugs. A natural RNA nucleoside is depicted for reference in the middle. Each box surrounding the natural nucleoside is
colour-coded and represents a specific chemical modification.
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recovery. An important aspect addressed in this study regards the de-
livery method used and how drastically it can change the outcome:
local administration of the compound rather than its systemic delivery
proved to be key for the aforementioned positive effects on the phe-
notype of the ischemic animals, pointing out a central critical aspect in
the use of RNA therapeutics, that is their efficient delivery to the target
organ [29]. Additional examples of LNA based ASO studies in the
context of heart disease have been reported [30–38] (Table 1).

GapmeRs are a relatively new class of LNA ASOs used to target
lncRNAs, but still only a few examples of these compounds to treat
myocardial diseases are available. Typically, GapmeRs are designed as
a 20-base pair ASO with a phosphorothioate backbone along the entire
length of the oligo to provide nuclease resistance, while the 2′-sugar
modification is used exclusively on the first and last 5 nucleotides,
leaving the middle 10 nucleotides unmodified at the 2′-sugar positions.
This design provides increased target RNA binding affinity on the outer
portions of the ASO allowing RNAse H cleavage at the central portion of
the oligo. One example of a GapmeR tested to treat heart dysfunctions
consists of the GapmeR against Chast (Cardiac hypertrophy–associated
transcript), a lncRNA increased in pressure overloaded mouse hearts,
whose administration ameliorates adverse cardiac remodelling and re-
duces hypertrophy [39]. Other studies addressing the use of GapmeRs
to treat heart diseases have also been reported [40,41] (Table 1).

2.3. ASO: 2′(F)-MOE modifications

Another tested approach to increase the stability of ASOs is the
combination of 2′-O-methoxyethyl (2′-MOE) with phosphorothioate
modifications in the linking backbone. This method is similar to 2′-OMe
modifications albeit using CH2CH2OCH3 protective groups rather than a
simple CH3. Apart from 2′-MOE variations of RNA analogues, other
RNA analogues contain a 2′-fluoro modification, which has proven to be
a potent inhibitor of both miR-122 and miR-21 in mice. However, ASOs
containing 2′-fluoro modifications require further modifications to
make them resistant to nuclease attack by making single strand an-
tagonists with a full phosphorothioate backbone or additional 2′ pro-
tective groups like 2′-MOE. By using 22-mer oligonucleotides with ei-
ther the 2′-OMe or the 2′(F)-MOE modifications, successful silencing of
miR-21 was reached in a study which established a central role for this
miRNA in pressure overload-induced cardiac dysfunction in mice [33]
(Table 1).

3. Modulation of RNA activity: ncRNA mimics

In case a ncRNA is decreased in expression in a disease setting and
restoration of its expression is warranted or could have therapeutic
potential, it may be desirable to reintroduce the activity of the ncRNA.
Most experimental evidences to date show the restoration of miRNA
activity with synthetic RNA duplexes that harbour chemical modifica-
tions to improve their stability and cellular uptake. In such double-
stranded miRNA mimics, the strand identical to the miRNA of interest is
named guide strand (or antisense strand), while the opposite one is
called passenger strand (or sense strand). The latter strand is less stable
and can be linked to a molecule, such as cholesterol, to enhance cellular
uptake. In addition, the passenger strand may contain chemical mod-
ifications to prevent RISC loading while carrying minimal nucleotide
modifications that might prevent it from degradation, typically con-
sisting of 2′-fluoro modifications. Apart from chemically modified
miRNA mimics, the use of lenti-, adeno-(Ad) or adeno-associated
viruses (AAV) to drive expression of a given ncRNA for restoring its
activity has been successfully reported by several studies in the cardiac
field. Examples of either strategy are reported below.

3.1. RNA mimics: agomirs

The “agomir” miRNA mimics technology is available at Creative

Biogene Biotechnology Inc. (USA) and essentially consists of chemi-
cally-modified double-strand miRNA mimics that resemble endogenous
mature miRNAs and rely on the use of the natural miRNA machinery
after transfection into cells or when delivered to organs to be func-
tional. The antisense strand of the agomir has two phosphorothioates at
the 5′ end, four phosphorothioate backbone modifications plus a cho-
lesterol group at the 3′ end and a full-length nucleotide 2′-methoxy
modification and is reported to exhibit enhanced cellular uptake, sta-
bility and regulatory activity in vivo. These compounds have been tested
for therapeutic purposes, as for instance to transiently increase the miR-
302-367 cluster to promote cardiac regeneration after myocardial in-
farction in the mouse [42]. This miRNA cluster is involved in the re-
pression of the Hippo pathway and when temporarily overexpressed
can increase cardiomyocyte proliferation and decrease apoptosis
without adverse effects on cardiac function [42]. Additional examples
using agomirs to treat diseased hearts are reported in the following
reports [43–45] (Table 1).

3.2. RNA mimics: viral delivery of ncRNA

Viruses are naturally very efficient at transducing their own genetic
information into host cells for their own replication. By replacing non-
essential viral genes with foreign genes of therapeutic interest, re-
combinant viral vectors can be used to transduce the cell type that they
would normally infect. Although viruses may trigger a host immune
response, they also have evolved and developed efficient counter-
measures, thus enabling them to reach and replicate in their target cells.
Among the viral vectors most employed in preclinical cardiac disease
settings there are Adenovirus, Lentivirus, Moloney Murine Leukemia
Virus (MMLV) and Adeno-Associated Virus (AAV). In depth reviews on
these vector types are described elsewhere [46,47]. The overall design
of viral vectors for the delivery of ncRNAs includes the endogenous
genomic DNA sequence encoding the ncRNA coupled to a strong pro-
moter driving the transcription of the encoded RNA transcript (e.g. the
cytomegalovirus promoter or even a cardiac cell type-selective pro-
moter sequence). In such manner, transcription, subsequent processing
and maturation of the delivered ncRNA uses the machinery of the cell.
A lentivirus has been used for the delivery of lncRNA H19 in the heart
of diabetic rats: as a result, H19, normally down-regulated in diabetic
conditions, was found increased in the animals injected with this len-
tivirus, resulting in a lower cardiomyocyte apoptotic index, better left
ventricular function, less inflammation and lower oxidative stress [48].
Viral vectors have also been successfully used to deliver antisense oli-
gonucleotides as well as evidenced by the local transfection of lentiviral
vectors encoding a Let-7 ASO to silence the targeted miRNA in diabetic
rats subjected to temporal coronary artery occlusion. As a result, cardio-
protection against ischemia-reperfusion injury was observed [49].
Apart from lentiviruses, the use of AAV vectors in cardiovascular dis-
ease settings are now increasingly reported [50]. AAV serotype 2/9
(AAV2/9) presenting cardiac tropism has been the tool for the delivery
of anti-miR-99/100 to mice subjected to left anterior descending artery
ligation, with subsequent improvement of contractile cardiac para-
meters and a significant reduction in fibrotic scarring and infarct size
[51] (Table 1).

4. Aptamer delivery of RNA

Aptamers are small (ranging from 20 to 60 nucleotides) single-
stranded RNA or DNA oligonucleotides able to bind target molecules
with high affinity and specificity. In fact, aptamers are nucleotide
analogues of antibodies, but aptamer-generation is significantly easier
and cheaper than the production of antibodies. Moreover, aptamers are
neither immunogenic nor toxic. All these features make aptamers ideal
candidates for diagnostic and therapeutic applications, purification of
target molecules from complex mixtures, or biosensor design. Aptamers
are usually selected from the oligonucleotide collection that is known as
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the initial oligonucleotide pool (IOP), often called “combinatorial li-
brary”, which includes > 1000 different single-chained DNA or RNA
oligonucleotides conditioned to bind the target molecule. The conven-
tional method for aptamer engineering is known as SELEX (systematic
evolution of ligands by exponential enrichment): the sequences in the
library are exposed to the target ligand and those that do not bind the
target are removed. The bound sequences are then eluted and amplified
by PCR to prepare the library for the following rounds of selection,
which will be performed increasing the stringency of the elution.
Maximum enrichment of the pool of aptamers with the strongest affi-
nity for the target molecules is usually achieved after 5–15 rounds.
Theoretically, aptamer-based approaches may provide efficient tools for
delivery of RNA species to specific cell types or organs, increasing their
intracellular uptake, processing and function [52].

The direct conjugation of (nc)RNAs to aptamers against cell-type
specific receptors represents an innovative experimental approach for
their selective delivery to cardiac cells. An interesting example of the
use of aptamers with potential therapeutic purposes comes from the
work by Li et al., where the authors succeeded in efficiently targeting
the osteopontin transcript in pressure overloaded mouse hearts, re-
sulting in the prevention of pathological cardiac remodelling and fi-
brosis [53]. Aptamers have been successfully used in the context of
heart diseases in additional studies [54,55] (Table 2).

5. RNA to guide precision genome editing

The identification of the clustered regularly interspaced short pa-
lindromic repeats (CRISPR)-associated (Cas)9 system has re-
volutionized the field of genetics, has greatly facilitated the generation
of genetically modified animals and even opened the possibility to
correct human germline monogenic mutations [56–58]. In particular,
CRISPR–Cas9 is a versatile tool for recognizing specific genomic se-
quences and inducing double-strand breaks (DSBs). To do so, the
CRISPR-associated endonuclease Cas9 is directed to specific locations in
the genome via an RNA-guided system involving single-guide (sg)RNAs.
DSBs induced by Cas9 are resolved by endogenous DNA repair me-
chanisms, preferentially using a non-homologous end-joining (NHEJ)
pathway [56]. Obviously, NHEJ is inappropriate for gene correction
applications because it introduces additional mutations in the form of
insertions or deletions at the DSB site. Consequently, frameshift muta-
tions might occur that can impair the expression of the gene, for in-
stance by degradation of the transcript due to nonsense-mediated
decay, leading in the end to protein loss [56]. As a result, CRISPR/Cas9
has been increasingly used to generate loss-of-function mutations in
genes of interest in a variety of model organisms, including zebrafish,
mice, and nonhuman primates [59]. In some cases, however, targeted
cells activate an alternative DNA repair pathway called homology-di-
rected repair (HDR) that rebuilds the DSB site using the non-mutant
homologous chromosome or a supplied exogenous DNA molecule as a
template, leading to correction of the mutant allele without accumu-
lating additional indels [56]. Because HDR efficiency is relatively low,
examples of genome editing for gene therapy have been limited, but
notable examples of correcting human mutations leading to inherited
cardiomyopathies have been reported.

One of the most striking examples involved sperm donated by an
adult male patient with well-documented familial HCM caused by a
heterozygous dominant 4-bp GAGT deletion in exon 16 of MYBPC3. It
was used to fertilize healthy donor oocytes to obtain heterozygous
MYBPC3ΔGAGT zygotes. In these zygotes the capacity of CRISPR-Cas9
system to correct the pathological deletion was then tested by micro-
injecting a mixture containing sgRNAs and Cas9 protein in the cyto-
plasm of pronuclear stage zygotes. The overall targeting efficiency in
human embryos was 72%; the majority of targeted blastomeres (63%)
resolved their DSBs by HDR using the wild-type allele as a template.
Moreover, the treated embryos carried normal diploid karyotypes with
no evidence of detectable numerical or structural chromosomal Ta
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rearrangements and the results of Digenome-seq, Whole-Genome
Sequencing and Whole-Exome Sequencing demonstrated high on-tar-
geting specificity of CRISPR–Cas9 without off-target effects [60].
Likewise, additional examples where this technology was successfully
applied in myocardial diseases are reported [61,62] (Table 2).

6. RNA therapeutics: hurdles towards clinical application

RNA-based drugs have conceptual and practical advantages com-
pared to conventional small chemistry-based drugs or therapeutic an-
tibodies directed against a target protein product. For example, small
chemistry-based medicinal products lack absolute target specificity and
require expensive drug screening procedures before lead compounds
can be refined towards an acceptable drug substance with sufficient
specificity [63]. Antibodies can only recognize targets that are both
druggable and secreted or extracellular, because there is no good
strategy to deliver them inside cells [64]. By contrast, siRNAs and ASOs
can in principle suppress any gene, even if it is highly expressed, in-
cluding non-coding genes, which conventional chemical therapeutics or
antibodies cannot [7]. Unlike antibodies, RNAs can be chemically
synthesized, thus leading to cheaper and more easily manufactured
drugs than biologics, which can suffer from batch-to-batch variability.
Antibodies need to be administered every few weeks, and patients often
develop immunological responses, which can limit the effectiveness of
antibody therapy with continued use. Thus far, there is no evidence of
adaptive immune responses against RNA therapeutics [65]. A final
potential advantage of RNA drugs that utilize a Watson-Crick target-
binding motif, compared to antibodies, is that an antisense oligo is
straightforward to design using the complementary sequence to speci-
fically bind and inactivate the target sequence, being either a mRNA, a
ncRNA or a ssDNA [7,65].

Although a considerable number of preclinical studies involving
ncRNA therapeutics for heart diseases have now been conducted in the
past decade, only a remarkably small number of RNA-based therapies
so far managed to move into clinical development [66]. In fact, for the
cardiovascular field, only one single study using an ASO targeting miR-
92 is recruiting patients for a Phase I safety/dosing study (press release
Miragen Therapeutics Inc., 14-03-2018). Whereas clinical examples for
RNA-based drugs for other disease areas are now increasingly pro-
gressing through all clinical phases including FDA approval for market
entry [67], clinical stage RNA therapeutics for cardiovascular disorders
remain conspicuously rare. This fact could well be related to the shared
hurdles faced by any RNA-based drug in any disease context [7,65], but
could equally well reflect the fact that genomic studies in cardiac dis-
ease were initiated later than is the case for other non-communicable
disease fields, despite the staggering numbers of heart disease patients
worldwide.

RNA-based therapeutics as siRNAs and ASOs still face several
threats compared to more traditional drugs. First, siRNAs can show off-
target effects due to partial homology of the intended target with other
genes, thus leading to unwanted effects even respecting the strict
complementarity between the target and the RNA-based compound
[68]. Off-target activities can also arise because of additional roles of
the target rather than the one of interest which would be possibly af-
fected by the drug [68]. Secondly, the toxicity of RNA therapeutics
remains to be fully explored. So far, LNA or 2′OMe-based oligonu-
cleotides display relatively low toxicity in rodents at very low doses. In
clinical settings, however, LNA oligos on occasion have shown a rather
severe acute kidney toxicity [28], possibly hampering straightforward
clinical application. Indeed, ASOs, in particularly those with phos-
phorothioate chemistry, have also been reported to activate the com-
plement cascade by the C4d‐specific classical pathway with subsequent
inhibition of the intrinsic pathway of blood coagulation [68]. In addi-
tion, and even if unlikely, ASOs can show toxic effects when they
trigger immune responses either directly because of their sequence or
indirectly by their delivery vehicle [68].To explore these potential risksTa
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during the development of RNA-based drugs towards clinical applica-
tion, preclinical safety and toxicity studies in mice and non-human
primates and in early Phase I clinical trials are recommended to be
performed as have been reported for other disciplines employing RNA
therapeutics [69–71].

A main challenge all forms of RNA-based drugs face is the delivery
of the drug product to the site of action, in such a way that allows the
accumulation of the drug candidate in high enough concentrations in
the organ or cell-type of preference to have the desired effect but
without potential toxicities and off-target effects [7,65]. Above, we
elaborated on the chemical modifications providing resistance to de-
gradation to the RNA drugs when exposed to the systemic environment.
Today, the RNA-based therapies approved for commercial use are
against spinal muscular atrophy (Spinraza, Nusinersen), homozygous
familial hypercholesterolemia (Kynamro, Mipomersen), cytomegalo-
virus retinitis (Vitravene, Fomivirsen), and age-related macular retinal
degeneration (Macugen, Pegaptanib). Part of their success may be re-
lated to the delivery routes of these compounds (intravitreal, in-
trathecal) to the site of action, which ensures a higher and localized
drug substance accumulation without excess diffusion to other organs
where toxicity and off-target effects may ensue [67]. Even in the case of
the subcutaneously administered Mipomersen, the characteristic of
ASOs to distribute mostly into liver and kidney following systemic de-
livery indicates that drug targets in the liver have a competitive drug
delivery advantage. Indeed, several studies demonstrate that only trace
amounts of systemically delivered RNA-based drugs will end up in the
myocardium. Obviously, for treatment of heart disease patients, who
may need life-long delivery of RNA therapeutics, repeated systemic
delivery carries the realistic risk for hepatotoxicity and renal toxicity.

The importance of a tissue- or even a cell-specific delivery of RNA-
based drugs emerges from two well-performed studies where either
miR-29 or miR-21 were placed centrally as drug targets in pathological
cardiac remodelling [9,16,33,38]. In one study, it was demonstrated
that infusion of an ASO targeting miR-29 protects from cardiac hyper-
trophy, fibrosis and dysfunction in a mouse model of heart failure [38].
Although miR-29 is expressed in several cardiac cell types, the bene-
ficial effects derive from its specific silencing in cardiomyocytes, thus
because of a dominance of miR-29 activity in cardiac muscle cells
compared to cardiac fibroblasts with respect of cardiac remodelling
[38]. Indeed, a previous study observed a decrease of miR-29 in cardiac
fibroblasts under pathological conditions, suggesting that miR-29 in-
hibition would facilitate adverse fibrosis and remodelling from the
perspective of miR-29 function in fibroblasts [16]. Likewise, early
studies demonstrated that systemic inhibition of miR-21 was beneficial
against myocardial fibrosis and dysfunction, with later reports in-
dicating a protective function of miR-21 in cardiac myocytes [9,33].
Using elaborate combinations of mice harbouring a floxed allele for
miR-21 and diverse viral vectors driving Cre recombinase in distinct
myocardial cell types, a therapeutic benefit was found in mice with
miR-21 deficiency in nonmyocyte cardiac cells, but not in mice with
global or cardiac muscle-specific ablation, indicating that miR-21 exerts
its pathologic activity directly in cardiac nonmyocytes [33].

One possibility to reach the myocardium for local delivery could
encompass the technology of percutaneous coronary intervention (PCI),
a non-surgical procedure where the blood stream is accessed through
the femoral or radial artery with small catheters, routinely used in in-
terventional cardiology to visualize the blood vessels on X-ray imaging
and treat narrowing of the coronary arteries of the heart found in
coronary artery diseases. This procedure is clinically already in use for
local delivery of therapeutic agents as adjuncts during percutaneous
interventions and was successfully demonstrated to deliver an ASO for
miR-92 by intracoronary infusion in a porcine model [29]. An in-
novative approach was recently published where inhalation of small
biocompatible and biodegradable calcium phosphate nanoparticles
were shown to rapidly translocate from the pulmonary tree to the
bloodstream and myocardium. Inhalation of calcium phosphate

nanoparticles carrying a therapeutic peptide resulted in improved car-
diac function in a mouse model of diabetic cardiomyopathy as well as in
a porcine large animal model, effectively providing a proof-of-principle
that inhalation of nanoparticles could offer an effective method of
targeted delivery to the heart [72]. Finally, ligand conjugation strate-
gies could also be an avenue to increase potency and more efficient
uptake by the cardiac cell type. The examples of ligand conjugation of
triantennary GalNAc to siRNA or single-stranded ASOs with greatly
enhanced targeted distribution of these molecules to hepatocytes (ap-
proximately 10-fold with concomitant reductions in distribution to
other organs and cell types) [7], demonstrates the theoretical technical
possibility to conjugate ligands or antibodies for myocardial cell surface
receptors to RNA-based drugs as a way to optimize organ or cell-type
specific delivery through endocytic pathways.

Taken together, several preclinical formulations have shown to be
promising, thanks to their low toxicity profile and their effective de-
livery to the target site. The flexibility of their design leaves a lot of
room for the further improvement of their drug-like properties; it would
possibly allow also the production of multifunctional drugs with more
than one way of action for the substitution of drug cocktails. In our
opinion, RNA-based drugs have the potential to become a new tool for
the treatment of heart diseases, revolutionizing the current panorama of
the available “traditional” therapeutics. The current surge in genomic
and proteomic data in human biology will aid in the identification of
key RNA targets for drug development and pharmacotherapy in heart
disease; this increased body of knowledge, coupled with a compre-
hensive preclinical analysis possible through novel delivery platforms,
should enable RNA therapeutics in cardiovascular medicine to become
a long-term clinical reality.
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