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STATE-OF-THE-ART REVIEW
Utilization and Potential of RNA-Based
Therapies in Cardiovascular Disease
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HIGHLIGHTS

� RNA-based therapeutics have the potential to reach previously “undruggable” pathways in cardiovascular disease

� RNA-based therapeutics constitute a vast array of technologies, including unique forms, chemistries, and modalities

of delivery

� Rapid development of RNA-based vaccines was made possible by decades of foundational work

� Specificity and efficacy of targeting and determination of mechanism(s) of action remain a distinct challenge
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Cardiovascular disease (CVD) remains the largest cause of mortality worldwide. The development of new effective

therapeutics is a major unmet need. The current review focuses broadly on the concept of nucleic acid (NA)–based

therapies, considering the use of various forms of NAs, including mRNAs, miRNAs, siRNA, and guide RNAs, the latter

specifically for the purpose of CRISPR-Cas directed gene editing. We describe the current state-of-the-art of RNA

target discovery and development, the status of RNA therapeutics in the context of CVD, and some of the challenges

and hurdles to be overcome. (J Am Coll Cardiol Basic Trans Science 2022;7:956–969) © 2022 The Authors.

Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
W ith cardiovascular disease (CVD) remain-
ing the largest cause of mortality world-
wide, responsible for close to 18 million

deaths annually (World Health Organization statis-
tics),1 the development of new assays for early diag-
nosis, more accurate prognosis, and effective
preventative and curative therapies is a major unmet
global need. Other than the relatively rare pathogenic
sequence variants that lead to CVD, such as trun-
cating mutations in the gene for Titin responsible
for at least one-quarter of cases of familial idiopathic
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dilated cardiomyopathy, the molecular basis of CVD
remains poorly understood. This is reflected in the
increasing morbidity and mortality rates for CVD
even in countries with highly developed health care
and biomedical research.

In the context of CVD, the history of therapeutics
for most disorders, including heart failure (HF), hy-
pertension, lipids, and ischemia, has been limited
primarily to small organic molecules, eg, cardiac
glycosides, beta-blockers, angiotensin-converting
enzyme inhibitors, angiotensin receptor blockers,
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AB BR E V I A T I O N S

AND ACRONYM S

AAV = adeno-associated viral

vector

ASO = antisense

oligonucleotide

circRNA = circular RNA

CRISPR = clustered regularly

interspaced short palindromic

repeats

CVD = cardiovascular disease

DMD = Duchenne muscular

dystrophy

HF = heart failure

lncRNA = long noncoding RNA

miRNA = microRNA

NA = nucleic acid

ncRNA = noncoding RNA
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calcium-channel blockers, nitrates, statins, and so
on.2 And, more often than not, the most recently
marketed “new” drugs for CVD are combinations or
formulations of already approved therapeutics rather
than novel compounds. Opening new doors to path-
ways previously considered “untargetable” are alter-
native therapeutic modalities, including peptides,
antibodies, and nucleic acid (NA)-based therapies;
one virtue of the latter approach is the high-fidelity
nature of complementary base-pairing of therapeu-
tic and target.3

The use of NA-based therapies is rapidly acceler-
ating as evidenced by the number of clinical trials4-10

using this approach. Specifically, within the CVD
space, NA-based therapies are currently undergoing
testing in several areas including those of lipid man-
agement: apo(a), PCSK9; hypertension and HF:
angiotensinogen, FOXO3, SERCA2A; angiogenesis:
angiopoietin like proteins (ANGPTLS); and amyloid-
osis: transthyretin (TTR).9

For recent comprehensive reviews detailing non-
coding RNA (ncRNA) therapeutics in animal models,
see Braga et al,11 or De Majo and De Windt.12 For
recent U.S. Food and Drug Administration (FDA)
and/or European Medicines Agency approved NA-
based therapies and/or clinical trials, see Winkle
et al,13 Roberts et al14 and Dammes and Peer,4 Laina
et al,15 Kaczmarek et al,7 Crooke et al,16 or Qadir et al17

(Table 1).
The current review focuses broadly on the concept

of NA-based therapies especially for CVD, considering
the use of synthetic antisense oligonucleotides
(ASOs), mRNAs, noncoding (nc)RNAs: siRNAs, micro
(mi)RNAs, long noncoding (lnc) RNAs, and single
guide (sg) RNAs, the latter specifically for the purpose
of clustered regularly interspaced short palindromic
repeats (CRISPR)-Cas directed gene editing. We
describe the current state-of-the-art of RNA target
discovery and development, the status of RNA
therapeutics in the context of CVD, and some of
the challenges and hurdles to be overcome (see
Central Illustration).

RNA, THE BASICS

The original central dogma of molecular biology, as
described by Francis Crick,18 dictates that DNA
is transcribed into messenger RNA (mRNA), which is
then translated into proteins. Molecular fidelity is
maintained between DNA and RNA and between
RNA and tRNA adaptors through Watson-Crick com-
plementary base pairing. Until the completion of the
Human Genome Project in 2003, it was firmly believed
that this was the sole function of the genome—to be
transcribed into messenger RNA and encoded
for proteins. However, the final reporting of
just w21,000 protein coding genes, account-
ing for just 1% of the human genome, brought
to question why the overwhelming majority
of the genome, then so-named “junk DNA,”
had been conserved through evolution at a
biologically energetic expensive cost.19

The revolution in next-generation deep
genomic and RNA sequencing of the last
decade has revealed that the portion of the
human genome used to encode proteins is far
outweighed by the proportion that is tran-
scribed into ncRNAs. ncRNAs lack protein
coding capability (see the next paragraph) but
remain as functional RNA molecules of a
number of subclasses. ncRNAs represent an
extensive and heterogeneous family of bio-
logically functional RNA molecules that have

been shown to play essential roles in differentiation,
development, homeostasis, and disease (Figures 1A
and 1B).

It should be noted that a number of lncRNAs have
been found to encode cryptic, short, functionally
relevant “micro” peptides. As a canonical example in
the cardiovascular space, Olson’s group20-23 have
described a series of micropeptides that act similarly
to or in opposition to phospholamban in their capac-
ity to modulate SERCA2 medicated calcium flux.
Thus, ncRNAs annotated as such are only truly
“noncoding” until proven otherwise.24,25

The ncRNA revelation has led to a re-evaluation of
the central dogma of molecular biology (Figure 1A).26

Categorization of ncRNA has been somewhat un-
standardized, in part because of the explosive rate of
discovery of ncRNAs, with different structures,
functions, and genomic contexts by different labora-
tories, institutions, and fields. Although also ncRNAs,
the core mediators of protein translational machin-
ery, ribosomal (r)RNAs and transfer (t)RNAs, as well
as RNA components of the spliceosome and nucleo-
some, snRNAs and snoRNAs, will not be discussed
herein.

MESSENGER RNAs

mRNAs are the classic protein coding single-stranded
RNAs that are transcribed from protein coding genes
in a complementary base pair manner by RNA poly-
merase II. mRNA goes through a number of post-
transcriptional modifications before translation,
including 50 capping, 30 polyadenylation, and splicing
of noncoding introns to form a mature mRNA.
Different isoforms of a protein can be formed from the



TABLE 1 Currently Approved NA-Based Therapies and/or Clinical Trials in CVD and Related Diseases

Drug/Stage Disease Therapeutic Modality Target Comments/Company

Preclinical

CDR426D Dilated cardiomyopathy Interaction with ncRNA undisclosed Cardior

CDR348T Hypertrophic
cardiomyopathy

Modulation of ncRNA undisclosed Cardior

CDR641L Hypertrophic
cardiomyopathy

Interaction with ncRNA undisclosed Cardior

SRP-5051 DMD ASO Dystrophin Sarepta

SRP-5053 DMD ASO Dystrophin Sarepta

SRP-5045 DMD ASO Dystrophin Sarepta

SRP-5052 DMD ASO Dystrophin Sarepta

SRP-5044 DMD ASO Dystrophin Sarepta

xx DMD CRISPR-Cas9 Dystrophin Vertex (acquisition of Exonics Therapeutics)

Clinical trials

CDR132L Heart failure (HFpEF) ASO Interaction with miR-321 Phase 1 (Cardior)

Pelacarsen (IONIS-APO(a)-LRx) Lipid disorders AS Lp(a) Phase 3 (Ionis)

Eplontersen (IONIS-TTR-LRx) Amyloidosis AS transthyretin Phase 2 (Ionis/AstraZeneca)

Olezarsen Lipid disorders AS ApoC-III Phase 3 (Ionis)

Vupanorsen (AKCEA-ANGPTL3-
LRx)

Lipid disorders LICA ANGPTL3 Phase 2 (Ionis/Pfizer)

IONIS-AGT-LRx CHF/HFrER LICA Angiotensinogen Phase 2 (Ionis)

Olpasiran (AMG-890) Lipid disorders siRNA Lp(a) Phase 2 (Amgen)

AZD8601 Heart failure/ischemia naked mRNA VEGF-A Phase 2 (AstraZeneca)

FDA/EMA approved

Nusinersen (Spinraza) SMA AS0 SMN2 (intron 7) FDA approved (Biogen)

Waylivra (volanesorsen) Triglycerides ASO APO-C3 EMA approved (Ionis/Aksea)

Exondys 51 (eteplirsen) DMD ASO Dystrophin exon 51 FDA approved (Sarepta)

Vyondys 53 (golodirsen) DMD ASO Dystrophin exon 53 FDA approved (Sarepta)

Amondys 45 (casimersen) DMD ASO Dystrophin exon 45 FDA approved (Sarepta)

Leqvio (inclisiran) Lipid disorders siRNA PCSK9 FDA approved (Novartis)

Vitepso (Viltolarsen) DMD ASO Dystrophin exon 53 FDA approved (NS Pharma)

AS ¼ antisense; ASO ¼ antisense oligonucleotide; CRISPR ¼ clustered regularly interspaced short palindromic repeats; CVD ¼ cardiovascular disease; DMD ¼ Duchenne muscular dystrophy;
EMA ¼ European Medicines Agency; FDA ¼ U.S. Food and Drug Administration; HFpEF ¼ heart failure with preserved ejection fraction; HFrEF ¼ heart failure with reduced ejection fraction;
LICA ¼ ligand conjugated antisense; ncRNA ¼ noncoding RNA; VEGF ¼ vascular endothelial growth factor.
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same gene and by the highly regulated process of
alternative splicing. Stability, localization, and
function of mRNAs can be altered further by post-
transcriptional modifications, such as N6-methyl-
ation of adenosine or by RNA editing (A-to-I) with
adenosine being replaced by inosine.27

MicroRNAs

MicroRNAs (miRNAs) are single-stranded 21-23 nt
molecules that regulate gene expression post-
transcriptionally by complementary base pairing to
mRNAs or other ncRNA targets, preventing trans-
lation, activity, and/or priming them for degradation.
Mature miRNAs are processed from pri-miRNAs and
pre-miRNAs through a Drosha/DICER-dependent
mechanisms.28,29

Further, miRNAs are known to be key regulators
of cardiovascular development, homeostasis, and
disease with functional studies in vitro, ex vivo, and
in vivo demonstrating that modulation of miRNA ac-
tivity affects cellular biochemistry and cardiovascular
function, thereby presenting themselves as thera-
peutic targets to prevent or treat CVD decline.30,31

That said, compared with ASO and antisense RNAs,
miR-based therapeutics remain a substantial chal-
lenge due, at least in part, to a lack of understanding
of their mechanism(s) of action.32 Vagaries related to
therapeutic efficacy include binding specificity/af-
finity, off-target effects, the number of miR binding
sites per target mRNA, and ability to bind to AGO/
GW182 complex.

LONG ncRNAs

ncRNAs >200 base pairs in length are described as
lncRNAs. However, lncRNAs continue to be further
divided into categories according to their genomic



CENTRAL ILLUSTRATION From Bench to Bedside: Utilization and Potential of RNA-Based Therapies in
Cardiovascular Disease

Robinson EL, et al. J Am Coll Cardiol Basic Trans Science. 2022;7(9):956–969.

(A) Therapeutic Target Identification: Molecular target drug discovery by next generation sequencing comparing diseased tissue with healthy tissue data. Candidates

genes can be validated and evaluated for potential as therapeutic targets by high throughput cell based functional screens. (B) RNA Therapeutics. RNA molecules have

different biological and therapeutic modalities. (C) Mechanisms of Action of RNA Therapeutics. Once inside the cell, nucleic acid therapeutics can exert their molecular

modality through complementary base pairing to endogenous RNA molecules to inhibit their activity or target them for degradation by RNaseH. mRNA mimetics can

increase protein production in the cell. circRNAs and other RNAs can act as sponges for RNA-BPs and miRNAs to sequester them and dampen their pathological

activity in the cell. SgRNAs specifically binds to pathogenic genomic loci for editing, catalyzed by the dual RNA-guided DNA endonuclease enzyme, Cas9. (D) Delivery

of RNA Therapeutics. An example of RNA therapeutic administration in humans, with the nuclei acid encapsulated in a lipid-based nanovesicle and administered via an

injection. circRNA ¼ circular RNA; CRISPR ¼ Clustered Regularly Interspaced Short Palindromic Repeats; lncRNA ¼ long non-coding RNA; miRNA ¼ microRNA;

mRNA ¼ messenger RNA; RISC ¼ RNA-induced silencing complex; RNA-BPs ¼ RNA binding proteins; sgRNA ¼ single guide RNA; siRNA ¼ small interfering RNA.
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FIGURE 1 The Revised Central Dogma of Biology With Key

Functional Modalities of NA Therapeutics Indicated

(A) Up to 76% of the human genome DNA, the genomic

blueprint, is transcribed into RNA in the nucleus. 2%-3% is

transcribed into mRNA, encoding for protein synthesis at the

ribosome in the cytoplasm. (B) Other RNA encodes for func-

tional non-coding RNAs including lncRNAs, miRNAs and

circRNAs. (C) Functional RNAs, including lncRNAs and miRNAs,

can influence cell biology by complementary base pairing to

other RNA molecules and acting to stabilize, inhibit or degrade

them. circRNAs can influence cell biology by binding and

sequestering miRNAs and RNA binding proteins. Aptamer

molecules, mRNA or miRNA mimetics are examples of nucleic

acid therapeutic modalities that influence RNA or protein ac-

tivity or abundance. circRNA ¼ circular RNA; lncRNA ¼ long

noncoding RNA; miRNA ¼ microRNA; ncRNA ¼ noncoding

RNA.
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context or function. For example, intergenic or
intervening lncRNAs are located between annotated
genes; intragenic lncRNAs can be found within
described genes, such as within introns; antisense
lncRNAs are encoded on the opposite genomic DNA
strand to protein coding genes (antisense RNAs); and
enhancer or promoter encoded lncRNAs are known as
enhancer lncRNAs.33 Not unlike proteins, lncRNAs
can form higher order structures and defined struc-
tural motifs that regulate and determine their func-
tion. X-ray crystallography can be used to determine
lncRNA structure, either in isolation or in complex
with bound protein partners. In silico programs are
also being developed to predict complex lncRNA
structures and potential interaction partners.

Predictions of the number of lncRNAs encoded by
the human genome are in the tens of thousands, yet
only hundreds have been functionally validated and
characterized, possibly representing <1% of all
lncRNAs. Further, there is a lack of documentation of
annotated and functionally validated in a centralized
database. A number of large-scale projects center
around annotating lncRNAs including FANTOM,
NONCODE, GENCODE, and Refseq; the pros and cons
of each have been summarized previously.34 Other
smaller databases exist that document, eg, lncRNA
function or lncRNAs with roles in disease.35,36

In genomic structure and context, lncRNAs largely
resemble mRNAs. They are transcribed by RNA poly-
merase II, have promoter and enhancer regions, have
sequences resembling 50 and 30 UTRs, have introns
and exons, and many are polyadenylated. Many have
microRNA binding sites and can undergo RNA modi-
fications, such as N6-methyladenosine. With these
properties in mind, lncRNAs are amenable to modu-
lation by different RNA technologies and modalities,
just as are mRNAs.

CIRCULAR RNAs

Advances in next-generation sequencing technolo-
gies have enabled detection of 50 back-spliced circu-
larized RNAs from exonic and intronic regions from
up to 20% of both protein coding genes and lncRNAs
alike, the so-called circular RNAs (circRNA).37 circ-
RNAs have been described as at least 2.5�more stable
than their linear ncRNA counterparts and are also
found in the circulation.38 Current known function-
ality of circRNAs includes acting as sponges of
microRNAs and proteins, scaffolds for RNA binding
proteins (RBPs), and regulation of translation. Their
stability and functional properties make circRNAs not
only a target but also as potential therapeutic
agents.39

The first full landscape of expressed circRNAs in
the mammalian heart was described by Tan et al40 in
2017, where more than 15,000 circRNAs were detec-
ted in the human heart. A number have since been
described as functionally important or as promising
circulating biomarkers of CVD.41 The therapeutic po-
tential of RNA as drugs and disease targets is now in



TABLE 2 Functional Gene Candidates in Cardiovascular Disease Identified by RNA Sequencing

Specimen Form of Sequencing Identified RNA Target First Author

Mouse heart tissue from control and infarcted region
of I/R mice

Single-cell SORT sequencing mRNA: cytoskeleton-associated
protein 4 (CKAP4)

Gladka et al94

WT (PKP2-corrected) and c.2013delC hiPSC-derived
epicardial cells

Single-cell SORT sequencing mRNA: Transcription Factor AP-2-
Alpha (TFAP2A)

Kohela et al95

Human primary cardiac fibroblasts and single-cell
RNA-seq on hearts from PlnR9C/þ and WT mice
(cardiac fibrosis phenotype)

Total RNA-seq (human primary
cardiac fibroblasts) and single-
cell RNA-seq of
noncardiomyocytes

mRNA: Interleukin-11 Schafer et al96

Human LV tissue from HF and donor hearts Total RNA-seq and small RNA-seq
overlaid with histology for
fibrosis (Masson Trichrome)

mRNA: COL1A1 Hua et al97

LV cardiomyocyte nuclei from TAC or sham-operated mice and
human end-stage failing (DCM) and donor hearts

PCM1þ single nuclear RNA seq L(i)ncRNAs: Gas5 and Sghrt See et al67

Primary HCASMC Total RNA-seq LncRNA: smooth muscle–induced
lncRNA enhances replication
(SMILR)

Ballantyne et al98

HCASMCs Total RNA-seq LncRNA: smooth muscle and
endothelial cell-enriched
migration/differentiation-
associated long NonCoding RNA
(SENCR)

Bell et al99

Angiotensin-II treated rat vascular smooth muscle cells (VSMC) Small RNA-seq MiRNA: miR-132/212 Jin et al100

Engineered heart tissue from rat hearts under a mechanical
stress model of cardiac hypertrophy

Small RNA-sequencing MiRNA: miR-21-5p Hirt et al101

GFP-labeled fibroblasts from different regions in mouse
myocardial infarction model (LAD)

Single-cell and bulk RNA-
sequencing

mRNA: CTHRC1 (Collagen Triple Helix
Repeat Containing 1)

Ruiz-Villalba et al102

Mouse hearts þ/- TAC þ/- JQ1 (BET protein inhibitor) Single-cell RNA-seq and single-
cell ATAC-seq

MRNA: Meox1 Alexanian et al103

Carotid artery tissue from rat models of type I (streptozotocin)
and type II (Zucker diabetic fatty rat) diabetes

mRNA and miRNA-sequencing MiRNA: miR-29c and miR-204 Torella et al104

Human LV samples from control, hypertrophic and dilated
cardiomyopathy and ischemic heart disease patients. Sham
and TAC mouse LV samples. Human embryonic stem cell-
derived cardiomyocytes through 28 days of differentiation.

CircRNA sequencing CircRNA: circSLC8A1-1 Tan et al,40 Lim et al105

Peripheral blood cells from healthy and heart failure patients CircRNA sequencing CircRNA: hsa_circ_0097435 Han et al106

DCM ¼ dilated cardiomyopathy; HCASMC ¼ human coronary artery smooth muscle cell; lncRNA ¼ long noncoding RNA; LAD ¼ left anterior descending; LV ¼ left ventricular; TAC ¼ transverse aortic
constriction; WT ¼ wild type; other abbreviations as in Table 1.
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the spotlight in both basic and translational research,
with basic discovery research identifying new
potentially pathology-driving or protective genes and
RNAs and translational research assessing and opti-
mizing their delivery and disease-curbing capacity.

MODALITIES IN RNA THERAPY TECHNOLOGY

A number of molecular tools have been developed to
manipulate RNA activity or abundance both in vitro
and in vivo. The mechanism(s)—or modalities—by
which they exert their action is based on their
chemistry and some approaches are described in the
following text, as well as depicted in Figure 1C.

THE RNA INTERFERENCE APPROACH:

RNA ANTISENSE TECHNOLOGY

The concept of RNA interference is a naturally occur-
ring molecular phenomenon, with miRNAs and some
lncRNAs exerting their function with high specificity
by complementary base-pairing to their RNA targets.
Basic and translational scientists have taken advan-
tage of this phenomenon for functional experimenta-
tion and assessment of the therapeutic potential of
RNA molecules. RNA interference can, in theory,
reduce activity and levels of all species of RNA—
miRNA, mRNA, lncRNA, and circRNA—with obstacles
dependent on the form of functional RNA target. For
example, targeting circRNAs remains a challenge.42

Current approaches to circumvent this issue includes
targeting the unique 30-50 back spliced junction.

Small interfering (si)RNA was first described in
1998, and its discoverers were awarded the Nobel
Prize in Physiology or Medicine in 2006. Fast forward,
the FDA has recently approved the first therapeutic
siRNA, Onpattro (patisiran), to treat nerve damage
caused by a rare disease, hereditary transthyretin-
mediated amyloidosis (hATTR), affecting w50,000
people worldwide. The major cause of hATTR is the
buildup of amyloid protein in peripheral nerves,
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heart, and other organs, and the antisense drug at-
tenuates that issue.

ANTISENSE RNAs AFFECTING SPLICING

OR STABILITY

Not all antisense RNAs are interfering; instead, they
may alter the stability and/or splicing properties of
their target counterpart. Due to their exceptional
chemical specificity, antisense RNAs can distinguish
between “healthy” and disease-causing RNA mole-
cules, so as to target just the pathological entity. One
example is nusinersen (Spinraza), which was
approved in 2016 for spinal muscular atrophy, a dis-
ease caused by deletion or deleterious mutations in
the gene Survival Motor Neuron 1 (SMN1), many of
which result in the exclusion of exon 7 from SMN1.43

Nusinersen is an 18-mer antisense NA that does not
bind SMN1 but instead binds to the pre-mRNA of
SMN2, a nearly identical relative, with functional
redundancy. Nusinersen binding to SMN2 pre-mRNA
promotes inclusion of exon 7 and increase produc-
tion of full-length SNM2, rescuing some of the bio-
logical effects of a lack of functional SMN1.44

The previous example demonstrates the use of NAs
as effective in combating faulty disease-causing
genes. In the case of complex diseases, such as CVD,
monogenic hereditary complex diseases are rare in
comparison to polygenic, epigenetic, risk factor-
driven etiologies. Formulation of effective therapies
for such multifactoral conditions is far more chal-
lenging, and RNA therapies for such as these are only
just emerging. Other state-of-the-art, translational
examples are described in the following text.

RNA MIMETICS

RNA mimetics are exogenously sourced RNA or RNA-
like molecules. Although many examples have been
used in preclinical functional investigations, their
pharmacokinetic properties have hindered their
progress through to clinical trials compared with
antisense RNAs. Chemical modifications to the back-
bone and NAs (see the following text) can improve
their stability and half-life in vivo and reduce the risk
of RNA toxicity of RNA. As an example, a miR-30c
mimetic reduced systemic and multiorgan hyperlip-
idemia and atherosclerosis in mice fed a high-fat diet
in part through inhibition of microsomal triglyceride
transfer protein.45

RNA AND RBP SEQUESTRATION/SPONGING

A further modality of action of RNA molecules is
that of RBP “sponging,” in essence, functional
sequestration. Once again, this is a naturally occur-
ring phenomenon and an intrinsic property of some
virally-encoded RNA molecules.46 For example, a
number of viral RNA 30UTRs have high affinity for the
mammalian HuR family of proteins, which are mRNA
binding proteins regulating gene expression in a
number of different contexts.47,48 Other endogenous
RNAs bind and regulate proteins important in the
heart.49 A number of bioinformatic approaches and in
silico analyses have been to predict and identify RNA-
protein interactions. Both linear RNA and circRNA are
being harnessed for their RBP sequestration proper-
ties in RNA technology and therapeutics. As an
example, Lavenniah and team,50 recently developed
adeno-associated viral vector (AAV)–encoded artifi-
cial circRNA miRNA sponges (termed circmiRs) for
pro-hypertrophic miRs, eg, miR-132 and miR-212,
which proved antihypertrophic in mice subject to
transverse aortic constriction.

APTAMERS

Aptamers are single-stranded oligonucleotides of
w25-80 bases that form complex structures, bind
proteins, and have the capacity to disrupt multi-
protein complexes and/or inhibit protein function.
Aptamers can be composed of ribonucleotides or
deoxyribonucleotides. For example, Pegaptanib
(Macugen, Eyetech Pharmaceuticals/Pfizer) is an
FDA-approved drug for macular degeneration and is
an RNA aptamer that binds and interrupts the func-
tion of the pathogenic vascular endothelial growth
factor isoform 165.51 Aptamers provide a further form
of pharmacological modality to specifically target
proteins or RNAs otherwise undruggable by conven-
tional small molecule compounds.

RNA CHEMISTRIES

There are a number of chemical modifications rele-
vant to stabilization including, most importantly, to
the nucleotide backbone. Primary among these is the
use of phosphorothioate linkages, which renders nu-
cleotides more stable but can also affect target bind-
ing affinity. It is possible to use modified nucleobases,
including 5-methylcytidine and 5-menthyluridine, or
modified ribose substitutions including 20-O-
methoxyethyl (20-MOE), 20-O-methyl (20-OMe), and 20-
Fluoro (20-F). Importantly, 20OMe modification also
acts to decrease immune response. Other important
modifications include “bridged NAs,” such as locked
nucleic acids and 20-O, 40C-ethylene-bridged nucleic
acids. Worth mentioning are phosphorodiamidate
morpholino oligonucleotides, which have been used
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clinically by Sarepta Therapeutics for treatment of
Duchenne muscular dystrophy (DMD).

RNA THERAPEUTIC DELIVERY

Effective delivery of therapeutic NAs, in virtually any
form, requires chemical modification. There are 3
essential reasons chemical modification is necessary:
1) stabilization, ie, resistance to nucleases such as
RNase H; 2) enhanced PK/PD and distribution; and
3) reduction of immunogenic potential. The
latter aspect has been addressed by numerous in-
vestigators, including Drs. Karikó and Weissman,52-55

who have recently regained notoriety for their con-
tributions to RNA chemistry underlying the effec-
tiveness of COVID vaccines.

In terms of delivery of NAs and ASOs, this is most
often facilitated by the use of lipid conjugates,
including cholesterol and its variants, as well as a
number of versions of N-acetylgalactosamine. There
are also permutations of antibody and peptide con-
jugates, nanocarriers, and lipoplexes. Of note is the
use of pRNA nanoparticles, derivative of the phi29
bacteriophage, a modality that has shown dramatic
efficacy in the delivery of RNA strands and aptamers
in preclinical models of cancer.56-58

For recent reviews of these and other chemical
modifications and delivery modalities, see, eg, Rob-
erts et al,14 Kowalski et al,59 Yu et al,60 and Anderson
et al.61

It should also be mentioned that NA therapeutics
can be delivered by routes other than direct injection
into target tissues, ie, the heart, by intravenous or
systemic delivery, or by intramuscular delivery, as
would be the case for RNA-based vaccines. For
example, NA therapeutics have also been delivered
by inhalation,62 orally,63,64 and intradermally.65

Despite their advantageous, highly selective target
specificity, one major technological gap retarding the
realization of anti-CVD RNA therapeutics in the clinic
is that of cell-, tissue-, or organ-specific targeting.
Significant strides have been taken in experimental
cardiology to address this, including use of vectors
presenting with certain tropism, specific promoter-
driven vector expression, and nanocarrier technol-
ogy. In this context, AAV-based technology is
currently the only vector for gene therapy approved
in the United States and Europe. In particular, AAV
gene therapy has proven successful in the treatment
of certain genetic disorders including spinal muscular
atrophy and lipoprotein lipase expression to treat li-
poprotein lipase deficiency, see Table 2. Unfortu-
nately, the recent death of 3 children enrolled in the
NCT03199469 trial using AAV8 vector to overexpress
MTM1 to treat X-linked myotubular myopathy
(XLMTM) has raised red flags as to the pharmaco-
safety of AAV-based gene therapy. Major hurdles
remain including acute toxicity and immediate and
long-term immune resistance to AAVs and other
expression vectors. This may be due in part to pre-
existing immunity and in particular, cytotoxic T-cell
activation and neutralizing antibody production by
the human adaptive immune system. Efforts to
overcome immune resistance to AAVs will be neces-
sary before this therapeutic modality to be of greater
use for NA-based therapies.

STATE OF THE ART: FROM CELLS TO

HUMANS/BENCH TO BEDSIDE

Although the history of drug discovery is filled with
eclectic stories of serendipitous findings of molecules
with a therapeutic benefit, current socioeconomic
health crises, such as CVD, require fast, effective,
well-validated drug targets and therapies with a
known mode of biological action.66 Both commercial
and academic laboratories alike are turning to high-
throughput approaches to drug discovery in general.
In the case of RNA therapeutics, this predominantly
takes the form of the following: 1) deep RNA
sequencing; and/or 2) cellular screening.

DEEP SEQUENCING FOR RNA TARGET DISCOVERY.

Bulk and single-cell RNA technology has rapidly
become a standard and affordable experimental read
out in basic and translational research, allowing us to
determine the alteration in the RNA landscape in CVD
and models. Cellular and preclinical models in
experimental cardiology are then employed to vali-
date the functional relevance of the candidates to
disease initiation and progression. Once new poten-
tial RNA targets have been identified, the ability to
modulate them in vivo effectively and safely must be
established. Although next-generation sequencing
technology has largely surpassed gene array ap-
proaches for transcriptome analyses, commercial
services and platforms continue to be developed,
such as circRNA, lncRNA, and mRNA arrays provided
by companies such as Arraystar Inc, which target
annotated noncoding and protein coding RNAs in the
mouse, rat, or human genome.

Only within the last 5 years have the first single-
cell data sets from human heart tissue emerged.67,68

Caveats and limitations for single-cell sequencing
include the size of healthy cardiomyocytes, requiring
adaptation of many standard flow cytometry nozzles,
and microfluidics-based systems and the availability
of fresh heart tissue. One way to circumvent the
aforementioned limitations includes the employment

https://clinicaltrials.gov/ct2/show/NCT03199469


FIGURE 2 Schematic of an Example High-Throughput Functional Screen for New RNA Targets in the Field of Cardiovascular Disease, With Readouts Measured by

Cellular Imaging and (Semi) Automated Analysis

IL ¼ interleukin; ECM ¼ extracellular matrix; ET-1 ¼ endothelin 1; PE ¼ phenylephrine; TGF ¼ transforming growth factor.
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of single nuclear isolation and sequencing (snRNA-
seq), which can be performed from archived frozen
tissue. A caveat, snRNA-seq gives a different readout
than that of cellular RNA sequencing; thus, further
bioinformatic considerations need to be made.

Table 2 summarizes some important functional
candidate genes that have been identified and
experimentally validated from RNA-sequencing ap-
proaches in the field of CVD, with representation of
different forms of RNA target.
CELLULAR SCREENING FOR RNA TARGET DISCOVERY.

Although next-generation sequencing has the poten-
tial to reveal the relative abundance of all RNA spe-
cies in a biological sample, not all differentially
expressed genes may be disease-driving or protective
against disease stimuli. Many differentially expressed
transcripts are likely to be an artifact or consequence
of the main pathological driver causing remodeling of
the organ or tissue. Ergo, RNA-seq data set–derived
candidate genes should be validated for their func-
tional relevance and potential as a drug target.

To bypass the expensive, time-consuming, and
analytically heavy task of RNA-seq, direct functional
screening of a library of genes known to have a role in
a particular disease-related read-out is a more
efficient alternative. The approach to gene manipu-
lation in the screen could be by knocking down a set
of RNA targets using antisense technology or a ge-
netic approach, such as CRISPR-Cas9, or alterna-
tively, overexpression through expression vectors or
transfection of RNA mimics.69 In the case of CVD, the
functional read out may be proliferation or migration
of fibroblast cells, regeneration, hypertrophy,
apoptosis, or stiffening of cardiomyocytes or activa-
tion of macrophages. The intervention may be a
transfection of antisense RNAs, RNA mimetics, or
overexpression vectors with or without additional
pathology-relevant treatment of cells such as
transforming growth factor-beta (fibroblasts), phen-
ylephrine (cardiomyocyte hypertrophy), or lipopoly-
saccharide (mimicking infection on white blood
cells). Readouts should be amenable to high-
throughput measurement and analysis, such as high
content imaging and automated analysis. Figure 2
shows an example of a high-throughput screening
pipeline in the context of searching for new targets in
cardiovascular biology, the process of which is
further explained with examples by Eulalio et al.70

In one study, Eulalio et al70 screened a library of
875 mature human miRNAs in neonatal rat
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ventricular myocytes, measuring immunostaining of
the proliferation-linked antigen Ki-67 and for 5-
ethynyl-20-deoxyuridine (incorporation, the latter of
which reflects DNA synthesis. A subsequent series of
screens with readouts including phospho-Histone 3
Serine 10 (H3S10) and Aurora B kinase immunostain-
ing, resulted in focusing on miR-590-3p and miR-
199a-3p as inducers of cell cycle re-entry and prolif-
eration in adult rodent cardiomyocytes.70 In vivo,
intramyocardial injection of miR-590 or miR-199a
miRNA mimetics or AAV9s expressing miR-590 or
-199a increased DNA synthesis and H3S10 phosphor-
ylation and increased heart size in the absence of
cardiomyocyte hypertrophy.71 Importantly, in the
context of CVD, overexpression of miR-590 or -199a
reduced infarct size in a mouse model of myocardial
infarction. A follow-up study optimized miRNA
mimetic administration in swine and similarly found
that intracardiac injection of either miR-590 or -199a
was able to improve cardiac function and survival,
induce cardiomyocyte proliferation, and reduce
infarct size in this large animal model.72

In another study using a similar high-throughput
high imaging content screen with neonatal rat ven-
tricular myocytes, fibroblasts, or bone marrow–

derived macrophages, Verjans et al73 screened 194
microRNAs selected based on previous data showing
differential expression in human samples and ani-
mal models of inflammatory cardiac disease. A
handful of microRNAs involved in regulation of
cardiomyocyte size, collagen production by fibro-
blasts, and roundness of macrophages were identi-
fied as new functional target miRNAs for further
investigation.

TRANSLATIONAL SUCCESS STORIES

One of the more contemporary and transformative
forms of NA-based therapy is the use of CRISPR-Cas
endonuclease gene editing technology. Although
CRISPR-Cas technology has significant potential
across many diseases, one that has attracted signifi-
cant attention is editing of the dystrophin gene as it
relates to the treatment of DMD, a process that has
been referred to as “myoediting.” For an excellent
overview of the subject, see Zhang et al.74 Thus, NA-
based therapies of DMD will be considered as an
exemplar of CRISPR-Cas–mediated gene editing in the
context of CVD.

Muscular dystrophies constitute a broad range of
genetic-based diseases with varying degrees of
phenotypic penetrance. DMD is an X-linked recessive
monogenic disorder that can, depending on the spe-
cific mutation, have both severe skeletal and cardiac
muscle phenotypes.75 Among the 7,000þ recognized
mutations in dystrophin, certain mutational “hot
spots” account for a substantial proportion of the
mutations. By using a complex array of small guide
(sg)RNAs and viral vectors (AAV9) to express Cas9
and taking advantage of the proximity of protospacer
adjacent motifs to naturally occurring exon/intron
splice junctions, CRISPR gene editing can be used to
cause exon deletion or skipping, resulting in the
removal of premature stop codons within the target
gene, in this case, dystrophin. Fortunately, deletion
or editing of specific exons, such as exons 44, 45, or
51,76-78 is permissive of virtually full-length, but more
importantly, functional dystrophin protein expres-
sion resulting in reversal of the cardiac and skeletal
muscle DMD phenotypes.

Unfortunately, CRISPR-Cas gene editing is not al-
ways as precise or as directed (off-target effects) as
would be desirable for human clinical usage. Cells
such as cardiomyocytes, which are virtually non-
proliferative, present a limitation as to the type of
gene editing that can be used to, most commonly,
nonhomologous end joining. Recently, the Olson
group has used an adenine base editor (adenine base
editors convert G:C base pairs to A:T base pairs) in
conjunction with engineered versions of CRISPR
(nCas9 or dCas9), to perform “precise” correction of
exon deletion mutations via what is called a prime
editing system.78

Olson et al have provided a robust proof of prin-
ciple that gene editing demonstrates significant
promise as a therapeutic modality.76 However, the
technique, although robust, is not applicable to all
variants of diminished dystrophin expression.
Further, it should be noted that the previously cited
work is still quite preliminary and is in the preclinical
stage, with questions remaining before clinical
implementation including issues of permissible level
of AAV9 dose, durability of response, and the poten-
tial for immune reaction.

In contrast, several other DMD therapies are
already FDA approved, including eteplirsen (EXON-
DYS 51), golodirsen (VYONDYS 53), and casimersen
(AMONDYS 45), all ASOs developed by Sarepta Ther-
apeutics, and another dozen or so exon-specific DMD
therapeutics undergoing development. However, in
contrast to myoediting approaches, treatments such
as EXONDYS 51 only rescue dystrophin expression to
w0.44% of normal. Similarly, VYONDYS 53 and
AMODYS 45 on average replace w1%-2% of normal
dystrophin, which is sufficient to have a detectable
phenotypic effect. In each case, all of the approved
therapeutics require a weekly infusion regimen.
Other companies in the preclinical DMD NA therapy
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space include PepGen, Entrada Therapeutics, and
Vertex Pharmaceuticals.

An exciting development at the intersection of
CVD, HF, and NA-based therapeutics is work per-
formed by Dr Thomas Thum and colleagues, work
that has been actively pursued in both the academic
and biotechnology sectors. In particular, Thum’s
group has demonstrated in preclinical models, ro-
dents and pigs,79-81 and now in a first-in human Phase
1b, randomized, double-blinded, placebo-controlled
clinical trial82 that antisense targeting of miR-132 has
salutary properties in patients with HF.

For quite some time, it has been known that
the miR-212/132 family is important for biological
processes relevant to a broad spectrum of diseases,
including cancer, fibrosis, and neurological and
cardiovascular diseases. In particular, there are
established links between the gene expression regu-
latory effects of miR-132 and a number of signaling
pathways, to name a few, the SIRT1, NF-kB, FoxA1,
FoxO3, PTEN, HDACs, and calcineurin/NFAT. In turn,
many of these pathways can affect cardiac biology
in terms of modulating cellular hypertrophy and
autophagy.80

Working initially in cell culture models, Ucar et al80

demonstrated that miR-212/132 null mice were sub-
stantially protected from pressure overload–induced
HF, reducing end-systolic and -diastolic dimensions,
preserving fractional shortening (%), and reducing
myocardial fibrosis. Progressing to large animal HF
and post-MI models, the group demonstrated favor-
able pharmacokinetics (PK/PD) for an miR-132 anti-
miR with salutary physiological effects similar to
those seen in rodents.79,81 Ultimately, these studies
led to the previously noted first-in-human Phase 1B
dose-ranging clinical trial with the ASO antimiR
(designated CDR132L, Cardior Pharmaceuticals). In
particular, 116 patients were screened for inclusion
criteria with 28 patients ultimately randomized to 1 of
4 dose levels (0.32 to 10 mg/kg) vs placebo. Inclusion
criteria included New York Heart Association func-
tional class 1-3 chronic HF with a left ventricular
ejection fraction between >30% and <50% or an
N-terminal pro–B-type natriuretic peptide >125 ng/L
with major exclusion criteria of patients with
nonischemic HF, alcoholic cardiomyopathy, or
dysfunction secondary to AF. Preliminary results
demonstrated that treatment was safe and well-
tolerated, with patients receiving the anti-miR hav-
ing fewer treatment emergent adverse events (TEAE),
with a general improvement in biomarkers and a
signal (not statistically significant) toward an increase
in LVEF. Overall, the results are encouraging and
suggest that reduction in miR-132 expression may be
of benefit in chronic HF patients when combined with
standard of care.

Another anti-miR–based therapy relevant to CVD is
miR-92a-3p (MRG-110, miRagen Therapeutics), which
recently underwent a first-in-human clinical trial.83

An extensive literature indicates that miR-92 and
the miR-17-92a cluster is involved in numerous bio-
logical processes, including cardiovascular effects,
angiogenesis, and wound healing. Several studies by
Dimmeler’s group have detailed the effects of miR-
92a over and under expression,31,84-88 including in a
cell-type specific manner.88 In particular, inhibition
of miR-92a promotes angiogenesis while preventing
neointimal formation as well as affecting expression
of genes associated with autophagy, including
ATG4a, ATG9b and LC3B-1/II, and others associated
with metabolism, including cd36, Fabp4, Atp1b2, and
cytochrome c subunits.

In large animal models,85,89 inhibition of miR-92a
had protective effects against ischemia/reperfusion
injury, promoted angiogenesis, and reduced adverse
ventricular remodeling postinfarct. Unfortunately,
these studies were too small to draw conclusions
about preservation of cardiac function or to conclude
that there may be a survival advantage.

A further success story demonstrating advance-
ment from basic experimental investigations into
functional RNAs to commercialization of RNA ther-
apeutics is that of the Swiss biotech company, HAYA
Therapeutics, spearheaded by Drs. Samir Ounzain
and Daniel Blessing. The company was founded on
sound preclinical data showing that ASO-mediated
inhibition of a super enhancer-associated fibroblast-
enriched lncRNA, Wispr, reduced fibrosis and cardiac
dysfunction caused by MI in mice.90 Further, HAYA
is employing high-throughput screening to look
for novel antifibrosis targets in multiple tissues
and cells, focusing on noncoding RNA targets and
therapies.

TOWARDS TAILORED MEDICINE

Importantly, not all forms of CVD are created equal,
and a “one-size-fits all” approach to current treat-
ment options is unlikely to be the most effective way
to reduce symptoms across the clinical spectrum of
CVD. For example, sex differences—in clinical pre-
sentation, etiology, and response to treatment—have
been noted in hypertension, HF, atherosclerosis,
coronary heart disease, and myocardial infarction.91 A
deeper understanding disease mechanisms and
development of therapies for distinct types of HF,
such as HF with preserved ejection fraction, which is
an increasing health burden especially in obese older
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women, is needed. Empagliflozin, a sodium glucose
co-transporter 2 small molecule inhibitor, was
recently approved as the first anti-HF with preserved
ejection fraction medication following a series of
EMPEROR-Preserved (Empagliflozin Outcome Trial in
Patients With Chronic Heart Failure With Preserved
Ejection Fraction) clinical trials.92,93 As the molecular
underpinnings of this poorly understood heteroge-
neous syndrome are being unveiled, including tran-
scriptional disease drivers, the horizon may be filled
with novel RNA targets with therapeutic potential for
patients with diastolic dysfunction.

With falling costs and increasing sensitivity and
speed of next-generation RNA sequencing, rapid
identification of the RNA profile of individual pa-
tients is becoming a reality. Although obtaining a
full cardiac transcriptome sourced from an endo-
myocardial biopsy has its challenges and risks, the
use of surrogate biopsies, such as peripheral white
blood cells, to obtain RNA and protein that reflects
that of the heart is a current area of translational
research.

Basic and translational scientists, synthetic chem-
ists, and drug development teams need to commu-
nicate and collaborate to identify novel candidate
RNAs and proteins for RNA targeting in an attempt to
generate and implement more effective, specific, and
safe molecular medicines. In many ways, the future
of medicine is likely to revolve around genomics and
its ability to facilitate NA based therapeutics (Central
Illustration).
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