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Abstract
Cardiovascular disease still remains the leading cause of morbidity and mortality worldwide. Current pharmacological or 
interventional treatments help to tackle symptoms and even reduce mortality, but cardiovascular disease cases continue to 
rise. The emergence of novel therapeutic strategies that precisely and efficiently combat cardiovascular disease is therefore 
deemed more essential than ever. RNA editing, the cell-intrinsic deamination of adenosine or cytidine RNA residues, changes 
the molecular identity of edited nucleotides, severely altering the fate of RNA molecules involved in key biological processes. 
The most common type of RNA editing is the deamination of adenosine residue to inosine (A-to-I), which is catalysed by 
adenosine deaminases acting on RNA (ADARs). Recent efforts have convincingly liaised RNA editing-based mechanisms 
to the pathophysiology of the cardiovascular system. In this review, we will briefly introduce the basic concepts of the RNA 
editing field of research. We will particularly focus our discussion on the therapeutic exploitation of RNA editing as a novel 
therapeutic tool as well as the future perspectives for its use in cardiovascular disease treatment.
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Introduction

Progress in the past two decades in molecular genetics, such 
as genome-wide association studies, has led to the identifi-
cation of genes and variants responsible for human disease, 
including cardiovascular disease (CVD). Results from such 
studies have been used not only to determine the certain 
risk variants pose for disease development but also to pre-
dict drug efficiency. Despite this progress, many risk factors 
remain undetected. According to the World Health Organisa-
tion, cardiovascular disease complicated by heart attack and 
stroke represents 32% of all global death and remains the 

leading cause of death in 2022 [1]. It is estimated that 7.5% 
of the approximately 20,500 human protein-coding genes 
are directly involved in RNA metabolism [2]. Therefore, 
there is a need to explore beyond the “first level” of genetic 
information, that is DNA, and investigate how regulation and 
changes at the RNA level may account for CVD.

RNA metabolism is mainly controlled by RNA-binding 
proteins, and any iteration in this important process may 
disturb the outcome of gene expression flow. Adenosine 
deaminases acting on RNAs (ADARs) are double-strand 
RNA-binding proteins that chemically convert adeno-
sine (A) bases within RNA molecules to inosine (I), with 
the latter further interpreted as guanosine by the cellular 
machineries (Fig. 1A) [3]. In humans, there are two cata-
lytically active ADAR orthologs: ADAR1 and ADAR2 
[4, 5]. Mammals have also a third but catalytically inac-
tive ADAR, ADAR3, which appears to be predominantly 
expressed in the brain [6, 7]. ADARs have an N-termi-
nal dsRNA-binding domain and a C-terminal deaminase 
domain responsible for deaminating adenosines. Although 
lacking motif enrichment at the primary sequence level, 
sequence context analysis has suggested that A-to-I edit-
ing often occurs at editing-enriched regions (EERs) [8], 
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with 50 (upstream) and 30 (downstream) nearest base 
preferences as 50: U > A > C > G and 30: G > C = A > U 
for ADAR1 or 50: U > A > C > G and 30: G > C > U = A 
for ADAR2 [9]. Moreover, editing-enriched regions are 
often present within Alu elements within introns or the 
3’UTR due to their ability to form double-stranded RNA 
[10, 11]. Inverted Alu elements forming dsRNA are the 
prerequisite target of ADAR-mediated RNA editing [10, 
11], resulting in altering RNA metabolism [7]. Another 
type of RNA editing is the deamination of a cytosine (C) 
to uracil (U) base catalysed by apolipoprotein B editing 
catalytic enzymes (APOBECs) (Fig. 1B). Given that C-to-
U RNA editing seems to be less commonly met along the 
transcriptome compared to A-to-I RNA editing, it will be 
only briefly mentioned in this review. The deamination 
reaction catalysed by ADARs and APOBECs is common 

(Fig. 1C). However, the structure, tissue and subcellular 
localisation of A-to-I and C-to-U RNA base deaminases 
differ significantly (Fig. 1D).

The implication of editing by ADARs is that information 
encoded within DNA may be changed at the RNA level. 
We also know that all RNA types, not only mRNA, may be 
subjected to editing. As such, RNA base deaminases seem 
to have a complex role in the expression, function and stabil-
ity of RNAs. ADAR1 is indispensable for life [4]. Ablation 
of Adar1 in murine model embryos results in embryonic 
lethality owing to defective haematopoiesis and liver dis-
integration at E11.5–12.5. Specifically, further histological 
analysis of Adar1 ablated embryos shows widespread cell 
death and ineffective haematopoiesis [12, 13]. ADAR1 has 
also recently piqued the interest of cardiovascular disease 
researchers, as A-to-I RNA editing has been found to be 

Fig. 1   Mechanism of RNA editing and characterisation of ADARs/ 
APOBECs. A  ADARs bind to dsRNAs and catalyse the deamina-
tion of adenosine residues to inosines, which is interpreted as guano-
sine by the translational and splicing machinery. B  APOBECs bind 
to ssRNA and convert cytidine to uridine. APOBEC1 binds to two 
possible co-factors, A1CF or RBM47, both with different mRNA 
target sets. APOBEC3A and APOBEC3G are not known to require 
any such co-factors. C  ADARs and APOBECs catalyse deamina-
tion by removing an amino group from adenosine and cytidine resi-

dues, respectively.  D  Characterisation of RNA base editors. Green 
(no outline) and red (with black outline) circles represent active and 
inactive catalytic domains, respectively. Tissue specificity and sub-
cellular localisation information were sourced from Uniprot. ADAR, 
adenosine deaminases acting on RNA; APOBEC, apolipoprotein B 
mRNA editing catalytic polypeptide-like; dsRNA, double-stranded 
RNA; ssRNA, single-stranded RNA; dd, deaminase domain; dsRBD, 
dsRNA-binding domain;  H2O, water; NH3, ammonia; O, oxygen; N, 
nitrogen
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significantly elevated in patients with atherosclerosis and 
congenital heart defects [14, 15].

A well-known substrate of ADAR2 is the glutamate 
receptor GluR2 mRNA. Under normal conditions, nearly 
100% of the GluR-B mRNAs are edited at Q/R (glutamine/
arginine) site-607 [5, 16]. Unedited GluR-B exhibits high 
Ca2+ permeability due to the negative charge of glutamine, 
which also leads to cell toxicity and death [5, 17]. Deletion 
of Adar2 is postnatally lethal in mice as these mice suffer 
from seizures indicating severe neurological issues. How-
ever, Adar2 deficient mice are rescued through A > G point 
mutations introduced in the genomic regions of Gria2 that 
are normally Adar2 editing sites to simulate the pre-edited 
condition, supporting the pivotal role of A-to-I RNA editing 
and ADAR2 for neuron homeostasis and overall mammalian 
physiology [18].

Site-directed RNA editing (SDRE) is an important set 
of tools that aims to harness the editing ability of A-to-I 
and C-to-U RNA base editors and guide them to specific 
RNA targets in order to correct pathogenic point mutations 
previously occurred in DNA at the RNA level. SDRE is 
highly programmable and aims to edit single nucleotides 
with precision. The SDRE methods discussed in this review 
can either be designed to recruit endogenously expressed 
ADARs to a specific mRNA target or engineered to contain 
a catalytic domain that performs deamination. Due to the 
transient nature of RNA, such therapeutic methods pose a 
much smaller clinical risk and ethical concern by not intro-
ducing permanent changes. In this review, we discuss the 
main changes that RNA editing affects in cardiovascular 
gene expression and biology, as well as we introduce the 
concept of SDRE tools, the challenges of their application 
and their perspectives about boasting a therapeutic option 
against cardiovascular disease.

How RNA Editing May Affect RNA 
Metabolism and Cardiovascular Biology?

RNA editing is one of the most evolutionary conserved 
properties of RNAs, and it occurs in many living organisms, 
including humans [19–21]. We have previously summarised 
the first efforts which have linked RNA editing with car-
diovascular pathophysiology in detail [4, 22]. RNA editing 
was first characterised in 1987, with the discovery that a 
C-to-U conversion within the sequence of apolipoprotein B 
(ApoB) introduced a termination codon, thereby resulting in 
a shorter ApoB isoform [23]. Since then, our knowledge of 
RNA editing has broadened, and we now know that all RNA 
types can be subjected to editing. In recent years, an increas-
ing number of publications address how RNA modifications 
affect localisation [14, 24, 25], stability [14, 26–28] or activ-
ity of coding and non-coding RNAs [29, 30].

RNA editing is predominantly carried out by adeno-
sine to inosine (A-to-I) editors, which are members of the 
ADAR protein families and cytidine to uridine (C-to-U) 
editors, which are members of the AID/APOBEC family 
[31]. There are multiple ways of expression and function 
of protein-coding genes that can be altered through mRNA 
editing. Most obviously, A-to-I and/or C-to-U conversions 
can alter the actual mature mRNA sequence since I (ino-
sine) is recognised as G (guanosine) by the translational 
and splicing machinery [32]. Looking at the codon table, 
one can see how some of these changes might not have an 
impact on protein function, as they are synonymous (e.g., 
CUA(Leu) to CU(I)G(Leu)). RNA editing might also 
introduce readthrough mutations. For example, the STOP 
codon UAA may be edited to Trp UGG(II) by ADAR1 on 
the EGFP mRNA [33]. However, point mutations can also 
change the identity of amino acids, with missense muta-
tions being some of the most common causes of genetic 
disease. This does not come as a surprise since amino acid 
interactions are crucial for protein structure, which in turn 
is crucial for protein function. Although the recoding effects 
of RNA editing with functional consequences are scarce in 
the literature, Michael Jantsch’s lab elegantly demonstrated 
the requirement of RNA editing on filamin A for the mainte-
nance of normal blood pressure, especially during ageing, a 
major risk factor for cardiovascular disease [34]. Jantsch and 
colleagues led these pioneering efforts by generating mice 
lacking the dsRNA structure that is bound by ADARs, thus 
catalysing editing on filamin A pre-mRNA [34].The editing 
of filamin A has been previously shown to lead to a recoding 
event on its cognate protein, and filamin A is known for its 
pivotal role in protecting cardiovascular physiology [34].

Additionally, certain point mutations might introduce 
novel sites for RNA deaminases. Recently, A:C mis-
matches in RNA:DNA hybrids induced by point mutations 
at telomeric R-loops have been proven preferred targets of 
ADAR1p110 [35]. In this case, ADAR1p110-mediated edit-
ing leads to the formation of I:C matches, which facilitate 
the degradation of the RNA strand by RNase H2 [35, 36]. 
The ADAR1-mediated control of R-loops is necessary for 
cancer cells to evade replication stalling and promote their 
proliferation [37, 38]. The absence of RNA editing has 
also been linked to disease. For example, protein recoding 
through RNA editing has been found significantly decreased 
in Alzheimer’s disease in 22 different genes [39]. However, 
the relevance of this aspect for the cardiovascular disease 
remains yet elusive.

Admittedly, most RNA editing occurs within non-coding 
regions and especially within Alu regions [7, 40, 41]. We 
have previously reported that during atherosclerotic cardio-
vascular disease (ASCVD), ADAR1-mediated RNA edit-
ing is required for the expression of cathepsin S (CTSS), 
a matrix degradation enzyme with an important part in the 
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development and progression of ASCVD [14, 42]. Edit-
ing of Alu elements, which are repetitive elements, within 
the 3’UTR of CTSS mRNA allowed RNA-binding protein 
(RBP) to the edited mRNA and thereby increased mRNA 
stability as well as CTSS expression [14]. As such, RNA 
editing of specific nucleotides across a hotspot of editing, 
the Alu region of CTSS, was strongly correlated with CTSS 
expression and cardiovascular disease clinical outcomes in 
the biomaterial of patients with different stages of ASCVD.

MicroRNAs are short non-coding RNA molecules that 
regulate the expression of protein-coding genes by com-
plementarily base-pairing via their seed region to specific 
sequences within the 3’ UTRs of mRNAs [43]. Current 
literature reports over 550 human microRNAs undergo 
A-to-I RNA editing [44]. Since there are currently almost 
2000 human microRNA sequences annotated on miRBase 
[45], it seems that ADAR-mediated RNA editing has great 
implications in microRNA-mediated gene downregula-
tion. Most obviously, RNA editing within the seed region 
of a microRNA can change that microRNA’s target reper-
toire [29]. This hypothesis has been recently tested in the 
context of vascular disease. A-to-I editing of microRNAs 
increases in vascular tissues in response to ischemia, indi-
cating a key role in post-ischemic neovascularization [46, 
47]. Indeed, the edited microRNAs were found to have a 
completely different set of targets compared to their unedited 
counterparts promoting the proangiogenic functions of vas-
cular cells in the ischemic/hypoxic context [48]. Deletion 
of cardiomyocyte-specific ADAR1 resulted in embryonic 
lethality, whilst tamoxifen-inducible knockout of ADAR1 
expression in cardiomyocytes resulted in acute heart fail-
ure and lethality. RNA-seq data revealed an upregulation 
of apoptotic genes linked to the observed reduced trabecu-
lar compaction, reduced proliferation and increased in the 
numbers of apoptotic cardiomyocytes [49], attributed to 
reduced miRNA expression and aggravation of unfolded 
protein responses (UPR) [50]. Restoring miRNA expres-
sion reversed ADAR1-mediated heart failure [50]. A-to-I 
RNA editing has been shown to have consequences on the 
fate of microRNAs themselves. Editing at specific nucleotide 
positions of primary microRNAs (pri-miR) has been shown 
to induce structural conformation changes which prevent 
Drosha and/or Dicer from further processing the micro-
RNA [51, 52]. In consequence, this leads to the miRNA 
being rapidly degraded [53]. Of note, Vik et al. showed that 
editing within sequences that are not binding sites for Dro-
sha and Dicer does not affect microRNA maturation [53]. 
Interestingly, miR-29b, miR-405 and miR-19 were reported 
to be downregulated in Adar2 KO mouse hearts [54]. The 
presence of cardiomyopathy and cardiac fibrosis, which 
are known to associate with miR-29b, miR-405 and miR-
19 downregulation [55], was also observed in the hearts of 
these mice. Accordingly, as miR-29b targets filamin B and 

COL1A2, the expression of both of these genes was upregu-
lated [54]. In another study, AAV9 viral vector-mediated 
ADAR2 overexpression in cardiomyocytes downregulates 
miR-34a expression, by interfering with the maturation of 
its primary transcript. This leads to subsequent upregulation 
of the miR-34a targets, such as SIRT-1, Cyclin-1 and Bcl2, 
thereby suggested to reduce in turn the effect of acute myo-
cardial infarction as well as remodelling and doxorubicin-
induced cardiotoxicity [56].

Apart from miRNAs, long non-coding RNAs (lncRNAs) 
shape a great deal of the non-coding genome. LncRNAs play 
important and multispectral roles in cardiovascular disease 
[57]. Recently, we reported that ADAR1 targets edit Neat1 
lncRNA, well established for promoting pro-inflammatory 
gene expression and has also been linked with atheroscle-
rotic cardiovascular disease [15]. RNA editing of Neat1 
lncRNA protects the lncRNA expression by facilitating the 
recruitment of AUF1, an RNA-binding protein (RBP) with 
stabilising properties [15].

Splicing may also be affected by RNA editing enzymes. 
Tang et al. identified approximately one hundred high-con-
fidence splicing events that are altered by ADAR1 and/or 
ADAR2 [58]. Hsiao et al. reported approximately 500 native 
editing sites of ADAR1 within the 3’ splice site acceptor 
sequences of highly conserved protein-coding genes with very 
important cellular functions [59]. Such changes account for 
alternative splicing (exon inclusion/exclusion) or regulation 
of backsplicing events, which lead to the formation of circR-
NAs. CircRNAs mostly form from exonic regions of mRNA, 
where a downstream 5’ splice site of an exon is joined through 
a reverse complementary match to an upstream 3’ splice site 
of the same or a different exon, thereby resulting in a circular 
transcript [60, 61]. CircRNAs hold a key part in cardiovascu-
lar biology [62]. Notably, ADARs, which are known suppres-
sors of circRNA biogenesis, have been recently suggested to 
negatively correlate with significantly circRNAs expression 
in the transcriptome of heart failure patients  [63]. ADAR1-
mediated intronic A-to-I RNA editing of smooth muscle cell 
(SMC) myosin heavy chain (SMMHC) and α-smooth mus-
cle actin (α-SMA) regulates alternative splicing of the target 
transcripts. Alternative splicing of the edited transcript results 
in the accumulation of the pre-mRNA and therefore reduced 
expression of the targets of the mature mRNA, thereby alter-
ing smooth muscle cell phenotypes [64]. Therefore, ADAR1-
mediated editing controls vascular remodelling in physiology 
and disease by controlling the phenotypical switch between 
contractile and synthetic SMC.

Conclusively, the discussed examples underscore the 
importance of RNA editing for cardiovascular gene expres-
sion and, in turn, cardiovascular biology. Although further 
research is required to determine the relevance of the mil-
lions of edited sites, it is not too early to start consider-
ing RNA editing from a different prism: its therapeutic 
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exploitation which can be based on the tenets of genome 
editing  recently introduced in the field of cardiovascular dis-
ease as well [65]. An increasing number of technologies are 
currently being developed to harness the therapeutic poten-
tial of site-directed RNA editing with application to vari-
ous monogenic disease treatments in view of the precision 
medicine era.

How Can RNA Editing Be Used 
as a Therapeutic Approach?

From DNA Editing to RNA Editing

Until recently, precision medicine has been associated 
mostly with DNA therapeutics [66–68]. The same year 
Sternberg and Doudna published the later Nobel Prize-
winning approach to using the CRISPR/Cas9 DNA editing 
system as a genetic therapy [69], Stafforst and Schneider 
published their own study revisiting an older approach, used 
for the purpose of RNA editing instead [70]. Not much atten-
tion was paid to RNA editing at the time, as DNA editing 
was promising to be a one-and-done solution to all genetic 
diseases. Indeed, correcting DNA is permanent and all 
subsequent products of edited genes will be corrected. In 
contrast, RNA therapies can only target a subset of RNAs 
and the effected changes are not permanent. However, these 
advantages have now become clinical (and ethical) concerns, 
and accordingly, researchers are now taking a second look 
at RNA as a therapeutic intervention.

The primary concern of such gene therapies remains 
the long-lasting effects of the permanent alteration of 
DNA material, which is also subsequently inherited 
through cell division [71]. This renders RNA editing 
a clinically safer option. Additionally, there are practi-
cal advantages of RNA editing using base deaminases. 
CRISPR-based RNA editing methods described here do 
not require a protospacer adjacent motif (PAM), and some 
Cas13 orthologs also do not require a specific protospacer 
flanking site (PFS) [72], which means there are no tar-
get sequence constraints. RNA editing does not require 
homology-directed repair (HDR), meaning Cas13 methods 
can be used in non-dividing cells without special adap-
tations [73]. Finally, CRISPR-based SDRE methods use 
nuclease-deficient variants of Cas13, which means they 
cannot cleave genomic sequences [72, 74].

Several RNA-based therapeutics, some of which we 
describe here, have already been proven effective in treating 
various disorders, including cardiovascular disease. Their 
success fuelled the subsequent and currently ongoing devel-
opment of site-directed RNA editing treatment approaches, 
which are at the epicentre of this review and have not yet 
been studied for cardiovascular treatment.

Current RNA Therapeutics

Current RNA therapeutic approaches use both coding and 
non-coding RNA molecules. Coding RNA therapeutics 
involve the delivery of mRNAs containing instructions for 
specific proteins to be expressed. The most notable men-
tions are the two mRNA vaccines developed for the preven-
tion of COVID-19 [75, 76]. There have been other previous 
attempts to develop similar vaccines in humans for rabies 
[77], influenza [78], cytomegalovirus [79] and Zika [80]. 
These drugs have not shown ground-breaking results in 
clinical trials. However, the success of mRNA vaccines in 
the prevention of COVID-19 will undoubtedly lead to an 
increase in interest in developing future RNA drugs.

Non-coding RNA therapeutics are antisense oligonucleo-
tides (ASOs) [81], small interfering siRNAs (siRNAs) [82], 
microRNAs [83] and aptamers [84]. All are single-stranded 
RNA molecules which bind to their mRNA targets via com-
plementary base-pairing and subsequently inhibit their trans-
lation or facilitate mRNA degradation [85].

Most currently approved RNA therapies are ASOs and 
have already proven successful in treating human diseases, 
including cardiovascular disease [85]. The first ever oli-
gonucleotide drug to be approved was Vitravene in 1998 
for the treatment of patients with cytomegalovirus retini-
tis [86]. Subsequently, the approval of Mipomersen by the 
FDA paved the way for the use of antisense oligonucleotides 
in the context of cardiovascular disease. Mipomersen is a 
20-nucleotide-long antisense oligonucleotide which binds 
to the apolipoprotein B (ApoB) mRNA and recruits RNase 
H, which leads to the degradation of the ApoB mRNA. This 
results in lowered LDL-C levels and has been proven effec-
tive in the treatment of homozygous familial hypercholes-
terolemia [87, 88].

Furthermore, inclisiran is a long-acting RNAi therapeutic 
agent which targets and inhibits PCSK9 synthesis, thereby 
lowering blood LDL-particle concentrations [89, 90]. Incli-
siran has been recently approved (1 September 2021) by 
the National Institute for Health and Care Excellence for 
patients with hypercholesterolaemia or mixed dyslipidaemia 
who have already had a cardiovascular event such as a heart 
attack or stroke.

RNA Editing as a Potential Therapeutic Method: 
Perspectives on Heart Disease Treatment

Existing RNA therapeutics are efficient in inhibiting or 
inducing mRNA expression. However, many genetic dis-
orders, including CVDs, are caused by changes in single 
nucleotides [91]. Site-directed RNA editing (SDRE) is an 
emerging therapeutic approach that aims to catalyse single 
base conversions within mRNA molecules, thereby cor-
recting pathological point mutations that occur at the DNA 
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level [92]. The relatively rapid evolution of SDRE meth-
ods has been at least in part facilitated by their ability to 
repurpose and optimise SDRE constructs based on existing 
therapeutic methods (number and origin of components, 
size, delivery method). This is crucial, as perfecting these 
factors can have a significant positive impact on the effi-
ciency and specificity of any drug [93].

SDRE methods aim to recruit endogenous molecules 
or deliver engineered base editing constructs to mRNA 
targets (Fig. 2A, B). Most of the currently available SDRE 
strategies use ADARs for A-to-I or C-to-U editing, which 
is why ADARs are at the centre of this review. To our 
knowledge, there are only two studies that engineered an 
SDRE construct using an APOBEC deaminase domain 
[94, 95], and for one other we are aware of, the authors 
have expressed the possibility of APOBECs being used as 
effectors [96].

The key notion considered in SDRE using ADARs is 
that ADARs target dsRNAs (Fig. 1A). Therefore, to our 
knowledge, all ADAR SDRE methods developed so far, 
except for one [95], use guide RNAs (gRNAs). Guide 
RNAs are single-stranded deoxyribonucleotides, which 
interact with a target mRNA via Watson–Crick base-pair-
ing, thereby forming a dsRNA structure. A reason why 
APOBECs may not be currently as widely used for SDRE 
is possibly akin to the single strandship nature of their 
substrates (ssRNAs) [97] (Fig. 1B). APOBEBs addition-
ally require binding to specific co-factors, which deter-
mine their target specificity/localisation/catalytic activity, 
whereas ADARs may act independently [97]. APOBECs 
are also not as widely expressed as ADARs (Fig. 1D), 
so SDREs aiming to direct endogenously expressed 
APOBECs to desired targets would not have as many 
applications.

Endogenous ADAR SDREs

Due to their simplicity and quite high efficiency, the 
most promising SDRE therapeutic methods are currently 
focused on harnessing the editing abilities of endog-
enously expressed ADARs, to perform A-to-I editing at 
mRNA sites that are not their natural targets (Fig. 2A). 
These methods rely on the use of guide RNAs (gRNAs) 
that complementarily bind to mRNA targets and form 
structures which mimic the conformation of natural ADAR 
targets [81]. Therefore, simply creating dsRNA structures 
at desired targets can recruit endogenously expressed 
ADARs [98]. However, mimicking specific substrates 
of ADARs has proven more efficient. For example, the 
Gria2 (GluRB) RG stem-loop (GluR2) is a well-known 
ADAR2 target, with ADAR2-mediated A-to-I editing of 
GluR2 being essential in brain development [99–101]. 
This GluR2-ADAR SDRE method uses a 20–40-nucle-
otide-long gRNA that contains single-stranded region 
complementary to the mRNA target, as well as a hairpin 
stem-loop resembling GluR2, which recruits ADAR2’s 
dsRNA-binding domains [102, 103]. Transient overex-
pression of ADARs was also shown to increase editing 
efficiency of this method [102, 103]. Very recently, the 
Stafforst lab has further improved this gRNA with the 
addition of a cluster of multiple recruitment sequences, 
which greatly reduce bystander editing [104].

The stability of the gRNA is a concern, and various 
modifications can ensure the gRNA is not degraded. For 
example, a series of chemical modifications have been 
shown to increase the gRNA’s resistance to enzymatic deg-
radation and editing efficiency (i.e. locked nucleic acids, 
2′-O-methylation, phosphorothioate) [105]. Circularisation 
of the gRNAs has also been proven to increase stability, 

Fig. 2   Site-directed RNA edit-
ing approaches. A Methods 
using gRNAs to direct endog-
enous base editors to desired 
mRNA targets. B Methods 
using gRNAs attached to deami-
nase domains of base editors 
guided to the target site using 
either Cas13 or non-bacterial 
programmable parts. ADAR, 
adenosine deaminases acting on 
RNA; APOBEC, apolipopro-
tein B mRNA editing catalytic 
polypeptide-like; gRNA, guide 
RNA; SDRE, site-directed 
RNA editing; ADARdd, ADAR 
deaminase domain; APOB-
ECdd, APOBEC deaminase 
domain
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as circRNAs are intrinsically resistant to cellular exonu-
cleases [106, 107].

Engineered SDREs

Although reasonably efficient, SDREs using only gRNAs 
rely on expression levels of RNA deaminases. Of course, 
as we have seen in the case of GluR2-ADAR, expression 
of the gRNA can be accompanied by overexpression of 
ADARs, for increased editing efficiency [102, 103]. How-
ever, the specificity and efficiency of native ADAR SDREs 
can only be controlled through the gRNA, either by altering 
its sequence or through introducing chemical modifications 
[105].

Most engineered SDREs also use gRNAs. However, they 
include other components for target recognition, as well 
as either ADAR/APOBEC deaminase domains (Fig. 2B). 
These additional elements can be individually engineered 
and modified in order to achieve more specific outcomes. 
Therefore, these methods are more programmable [108]. For 
example, several engineered SDREs use inactive Cas13 vari-
ants for site recognition. In contrast with Cas9 and Cas12 
which possess DNA-binding activity, Cas13 is a type VI 
CRISPR-associated RNA-guided ribonuclease with RNA-
interfering activity [109]. Such methods have been devel-
oped for both A-to-I [72, 110, 111] and C-to-U [72, 94, 112] 
SDRE.

These Cas13 RNA editing systems have proven quite 
effective. However, they raise two main concerns: cell tox-
icity due to the bacterial origin of Cas13 and difficulty in 
vivo delivery due to the large size of the SDRE constructs. 
However, there has been conflicting evidence regarding the 
former, suggesting different cell types, organisms and meth-
ods of administration may play a part in the level of toxicity 
of Cas13 [113, 114]. To overcome both potential issues, a 
smaller but similar system has been developed, which can 
be engineered entirely out of human parts and has been suc-
cessfully used for A-to-I SDRE [96, 101]. The authors also 
describe its potential to be engineered with other effectors, 
not just ADARs, and it may be used to add/remove a variety 
of RNA modifications [96].

Research also suggests that endogenous RNAs are com-
peting with engineered gRNAs for binding to the effector 
proteins used as part of the SDRE constructs, including 
Cas13 [115]. Therefore, the use of gRNAs might reduce 
editing efficiency. SDRE systems that use programmable 
RNA-binding motifs for target recognition instead of gRNAs 
might be the solution to this issue [95, 116]. Specifically, the 
programmable RNA-binding motif of the human Pumilio 
and FBF homology (PUF) proteins has been recently engi-
neered into a novel SDRE system called REWIRE [95, 117]. 
Fused to an ADAR1/2dd or A3Add, REWIRE achieved 
high-efficiency A-to-I and C-to-U editing, respectively.

Currently, there are no SDRE clinical trials to our knowl-
edge. However, during a recent investigation, a system that 
achieves 50% A-to-I editing in vivo, in non-human pri-
mates, using a gRNA similar to the GluR2-ADAR method, 
described above, with no bystander editing, has been devel-
oped [118]. Injection of a gRNA in mice resulted in a site-
specific RNA editing of respectively 5% and 10% [104].

The most significant limitation for developing SDRE 
therapies is probably determining target mutations that could 
most significantly benefit from being corrected. Some SDRE 
methods do show multiplexing capabilities and can therefore 
be engineered to edit multiple residues by co-transfection of 
multiple gRNAs [101, 108]. However, since SDRE methods 
are in their clinical infancy, focusing on monogenic disor-
ders at this stage is desirable.

Recently, single nucleotide loss of function PCSK9 
A > G mutations have been achieved in non-human pri-
mates, through the delivery of DNA base editors in vivo, 
via a CRISPR editing system [119]. The results presented 
by Musunuru et al. show around 60% PCSK9 suppression 
in the liver, which is significant in reducing LDL cholesterol 
and improving the familial hypercholesterolaemia pheno-
type caused by gain-of-function PCSK9 variants [120]. The 
DNA A > G editor used by Musunuru et al. was engineered 
[121]. Intriguingly, ADAR1 is ubiquitously expressed [122], 
including in the liver [123] (Fig. 1D). Therefore, gRNAs 
can be used to recruit it to the same A residue within the 
PCSK9 mRNA and perform SDRE. Since the GluR2-ADAR 
method has already been tested in non-human primates as 
well, where it showed 50% editing efficiency, and since this 
method would only require the engineering of a gRNA, it 
is certainly worth being tested as a potential therapeutic 
approach.

Conclusion

Cardiovascular disease is the leading cause of death world-
wide. Therefore, there is an imminent demand to discover 
therapies able to improve the quality of patients’ life and 
lower mortality, which remains high despite the recent 
advances. SDRE represents a novel therapeutic approach 
that has been proven effective in correcting point mutations 
preclinically. However, the clinical applications of these 
methods have not yet been explored in the context of any 
disease to date. Point mutations are the most common cause 
of hereditary disease and can affect the expression, stability, 
structure and function of molecules that are crucial to the 
development and tissue homeostasis.

SDRE is an emerging therapeutic approach that aims to 
reverse disease-causing single nucleotide variations with 
great precision. Unlike DNA editing, RNA editing offers 
the ability to manipulate genetic information in a tuneable 
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and reversible manner, making it a very attractive approach. 
In this review, we described the current site-directed RNA 
editing methods for A-to-I(G) and C-to-U editing using 
adenosine and/or cytidine RNA deaminases as well as pre-
sent comparisons between SDRE and other precision medi-
cine approaches, such as DNA editing and RNA inhibition.

Manipulation of adenosine and cytidine deaminases is at 
the epicentre for the development of site-directed RNA edit-
ing. Selective targeting is achieved through Watson–Crick 
base-pairing between the editing system (through the gRNA 
in all presented examples except for REWIRE) and the RNA 
target. The wide variety of SDRE methods allows for appli-
cations in various cellular and tissue models, and they can 
either direct endogenous editors to desired targets or deliver 
engineered constructs to target mRNAs. Currently, clinical 
interest is mostly invested in the former type of SDRE, due 
to its relative simplicity regarding delivery and synthesis, 
compared to the rather complex engineered constructs of 
methods using CRISPR, for example, which contain multi-
ple parts and are quite large.

Further non-site-specific therapies are also currently 
underway in development or clinical trials. For example, 
pharmaceutical inhibitors against RNA modifying enzymes, 
including ADAR1, are being developed and scheduled 
to enter the phase I clinical trial already this year [124]. 
Although such advancements are fascinating, we believe that 
given the multispectral role of RNA editing enzymes with 
regard to the regulation of cardiovascular pathophysiology, 
as summarised in the present review, such agents need fur-
ther consolidation before they are promiscuously targeted.

RNA therapeutics are no news to the era of precision 
medicine. Antisense oligonucleotides have been approved for 
treating disease as early as 1998, and there are a number of 
drugs that are currently being used for cardiovascular disease 
as well. SDRE strategies are anticipated to make subtle but 
decisive changes in mRNA sequences adequate to reverse 
the disease course. So far, such therapeutic methods have not 
been established for the treatment of cardiovascular disease. 
Nevertheless, our knowledge in terms of synthesis and deliv-
ery of oligonucleotides for the purpose of targeting RNA can 
be applied to site-directed RNA editing methods described in 
this review. Therefore, site-directed RNA editing approaches 
are deemed to feature as novel applications replacing existing 
“not very precise” therapeutic strategies in the near future.

Author Contribution  A.G. generated the concept for this review; M.B. 
and M. S. performed the literature search; M.B. drafted the manu-
script; A.G. critically edited the manuscript. All authors reviewed and 
approved the final version of the manuscript.

Funding  M.B and A.G are supported by the UK Research and Inno-
vation accredited Biotechnology and Biological Sciences Research 
Council.

Data Availability  Not applicable to this study.

Code Availability  Not applicable to this study.

Declarations 

Ethics Approval  This article does not contain any studies with animals 
performed by any of the authors. This article does not contain any 
studies with human participants or animals performed by any of the 
authors.

Conflict of Interest  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1. 	 Latinkic BV, et al. Transcriptional regulation of the cardiac-
specific MLC2 gene during Xenopus embryonic development. 
Development. 2004;131(3):669–79.

	 2. 	 Gerstberger S, Hafner M, Tuschl T. A census of human RNA-
binding proteins. Nat Rev Genet. 2014;15(12):829–45.

	 3. 	 Wagner RW, et al. A double-stranded RNA unwinding activity 
introduces structural alterations by means of adenosine to inosine 
conversions in mammalian cells and Xenopus eggs. Proc Natl 
Acad Sci USA. 1989;86(8):2647–51.

	 4. 	 Gatsiou A, et al. Adenosine-to-inosine RNA editing in health and 
disease. Antioxid Redox Signal. 2018;29(9):846–63.

	 5. 	 Slotkin W, Nishikura K. Adenosine-to-inosine RNA editing and 
human disease. Genome Med. 2013;5(11):105.

	 6. 	 Wang Y, et al. RNA binding candidates for human ADAR3 from 
substrates of a gain of function mutant expressed in neuronal 
cells. Nucleic Acids Res. 2019;47(20):10801–14.

	 7. 	 Nishikura K. A-to-I editing of coding and non-coding RNAs by 
ADARs. Nat Rev Mol Cell Biol. 2016;17(2):83–96.

	 8. 	 Blango MG, Bass BL. Identification of the long, edited dsR-
NAome of LPS-stimulated immune cells. Genome Res. 
2016;26(6):852–62.

	 9. 	 Eggington JM, Greene T, Bass BL. Predicting sites of ADAR 
editing in double-stranded RNA. Nat Commun. 2011;2:319.

	 10. 	 Kim DD, et  al. Widespread RNA editing of embedded 
alu elements in the human transcriptome. Genome Res. 
2004;14(9):1719–25.

	 11. 	 Roth SH, Levanon EY, Eisenberg E. Genome-wide quantifica-
tion of ADAR adenosine-to-inosine RNA editing activity. Nat 
Methods. 2019;16(11):1131–8.

	 12. 	 Hartner JC, et al. Liver disintegration in the mouse embryo 
caused by deficiency in the RNA-editing enzyme ADAR1. J Biol 
Chem. 2004;279(6):4894–902.

	 13. 	 Wang Q, et al. Stress-induced apoptosis associated with null 
mutation of ADAR1 RNA editing deaminase gene. J Biol Chem. 
2004;279(6):4952–61.

http://creativecommons.org/licenses/by/4.0/


Cardiovascular Drugs and Therapy	

1 3

	 14. 	 Stellos K, et al. Adenosine-to-inosine RNA editing controls cath-
epsin S expression in atherosclerosis by enabling HuR-mediated 
post-transcriptional regulation. Nat Med. 2016;22(10):1140–50.

	 15. 	 Vlachogiannis NI, et al. Adenosine-to-inosine Alu RNA editing 
controls the stability of the pro-inflammatory long noncoding 
RNA NEAT1 in atherosclerotic cardiovascular disease. J Mol 
Cell Cardiol. 2021;160:111–20.

	 16. 	 Peng PL, et al. ADAR2-dependent RNA editing of AMPA recep-
tor subunit GluR2 determines vulnerability of neurons in fore-
brain ischemia. Neuron. 2006;49(5):719–33.

	 17. 	 Higuchi M, et al. Point mutation in an AMPA receptor gene 
rescues lethality in mice deficient in the RNA-editing enzyme 
ADAR2. Nature. 2000;406(6791):78–81.

	 18. 	 Costa Cruz PH, et al. A comparative analysis of ADAR mutant 
mice reveals site-specific regulation of RNA editing. RNA. 
2020;26(4):454–69.

	 19. 	 Meyer KD, Jaffrey SR. The dynamic epitranscriptome: 
N6-methyladenosine and gene expression control. Nat Rev 
Mol Cell Biol. 2014;15(5):313–26.

	 20. 	 Song CX, Yi C, He C. Mapping recently identified nucleotide 
variants in the genome and transcriptome. Nat Biotechnol. 
2012;30(11):1107–16.

	 21. 	 Li S, Mason CE. The pivotal regulatory landscape of 
RNA modifications. Annu Rev Genomics Hum Genet. 
2014;15:127–50.

	 22. 	 Gatsiou A, Stellos K. Dawn of epitranscriptomic medicine. Circ 
Genom Precis Med. 2018;11(9):e001927.

	 23. 	 Powell LM, et al. A novel form of tissue-specific RNA pro-
cessing produces apolipoprotein-B48 in intestine. Cell. 
1987;50(6):831–40.

	 24. 	 Vogel P, Hanswillemenke A, Stafforst T. Switching protein local-
ization by site-directed RNA editing under control of light. ACS 
Synth Biol. 2017;6(9):1642–9.

	 25. 	 Van Nostrand EL, et al. A large-scale binding and functional map 
of human RNA-binding proteins. Nature. 2020;583(7818):711–9.

	 26. 	 Solomon O, et al. RNA editing by ADAR1 leads to context-
dependent transcriptome-wide changes in RNA secondary struc-
ture. Nat Commun. 2017;8(1):1440.

	 27. 	 Hundley HA, Bass BL. ADAR editing in double-stranded UTRs 
and other noncoding RNA sequences. Trends Biochem Sci. 
2010;35(7):377–83.

	 28. 	 Pestal K, et al. Isoforms of RNA-editing enzyme ADAR1 inde-
pendently control nucleic acid sensor MDA5-driven autoimmun-
ity and multi-organ development. Immunity. 2015;43(5):933–44.

	 29. 	 Wang Y, Liang H. When microRNAs meet RNA edit-
ing in cancer: a nucleotide change can make a difference. 
Bioessays. 2018;40(2):1700188.

	 30. 	 Park E, et al. Genetic variation and microRNA targeting of A-to-
I RNA editing fine tune human tissue transcriptomes. Genome 
Biol. 2021;22(1):77.

	 31. 	 Christofi T, Zaravinos A. RNA editing in the forefront of epitran-
scriptomics and human health. J Transl Med. 2019;17(1):319.

	 32. 	 Zinshteyn B, Nishikura K. Adenosine-to-inosine RNA editing. 
Wiley Interdiscip Rev Syst Biol Med. 2009;1(2):202–9.

	 33. 	 Bhakta S, Azad MTA, Tsukahara T. Genetic code restoration by 
artificial RNA editing of Ochre stop codon with ADAR1 deami-
nase. Protein Eng Des Sel. 2018;31(12):471–8.

	 34. 	   Jain M, et  al. RNA editing of Filamin A pre-mRNA regu-
lates vascular contraction and diastolic blood pressure. EMBO 
J.2018;37(19):e94813. 

	 35. 	 Shiromoto Y, et al. ADAR1 RNA editing enzyme regulates 
R-loop formation and genome stability at telomeres in cancer 
cells. Nat Commun. 2021;12(1):1654.

	 36. 	 Zhao H, et al. RNase H eliminates R-loops that disrupt DNA 
replication but is nonessential for efficient DSB repair. EMBO 
Rep. 2018;19(5):e45335.

	 37. 	 Garcia-Muse T, Aguilera A. R loops: from physiological to 
pathological roles. Cell. 2019;179(3):604–18.

	 38. 	 Arora R, et  al. RNaseH1 regulates TERRA-telomeric DNA 
hybrids and telomere maintenance in ALT tumour cells. Nat 
Commun. 2014;5:5220.

	 39. 	 Khermesh K, et al. Reduced levels of protein recoding by A-to-I 
RNA editing in Alzheimer’s disease. RNA. 2016;22(2):290–302.

	 40. 	 Levanon EY, et al. Systematic identification of abundant A-to-
I editing sites in the human transcriptome. Nat Biotechnol. 
2004;22(8):1001–5.

	 41. 	 Athanasiadis A, Rich A, Maas S. Widespread A-to-I RNA editing 
of Alu-containing mRNAs in the human transcriptome. PLoS 
Biol. 2004;2(12):e391.

	 42. 	 Shi GP, et al. Deficiency of the cysteine protease cathepsin S 
impairs microvessel growth. Circ Res. 2003;92(5):493–500.

	 43. 	 O’Brien J, et al. Overview of microRNA biogenesis, mecha-
nisms of actions, and circulation. Front Endocrinol (Lausanne). 
2018;9:402.

	 44. 	 Marceca GP, et al. MiREDiBase, a manually curated database of 
validated and putative editing events in microRNAs. Sci Data. 
2021;8(1):199.

	 45. 	 Kozomara A, Birgaoanu M, Griffiths-Jones S. miRBase: 
from microRNA sequences to function. Nucleic Acids Res. 
2019;47(D1):D155–62.

	 46. 	 van der Kwast R, et al. Adenosine-to-inosine editing of micro-
RNA-487b alters target gene selection after ischemia and pro-
motes neovascularization. Circ Res. 2018;122(3):444–56.

	 47. 	 Welten SM, et  al. Inhibition of 14q32 MicroRNAs miR-
329, miR-487b, miR-494, and miR-495 increases neovascu-
larization and blood flow recovery after ischemia. Circ Res. 
2014;115(8):696–708.

	 48. 	 van der Kwast R, et al. Adenosine-to-inosine editing of vasoac-
tive microRNAs alters their targetome and function in ischemia. 
Mol Ther Nucleic Acids. 2020;21:932–53.

	 49. 	 Moore JBT, et al. The A-to-I RNA editing enzyme adar1 is essen-
tial for normal embryonic cardiac growth and development. Circ 
Res. 2020;127(4):550–2.

	 50. 	 El Azzouzi H, et al. Cardiomyocyte specific deletion of ADAR1 
causes severe cardiac dysfunction and increased lethality. Front 
Cardiovasc Med. 2020;7:30.

	 51. 	 Yang W, et al. Modulation of microRNA processing and expres-
sion through RNA editing by ADAR deaminases. Nat Struct Mol 
Biol. 2006;13(1):13–21.

	 52. 	 Tomaselli S, et  al. ADAR enzyme and miRNA story: a 
nucleotide that can make the difference. Int J Mol Sci. 
2013;14(11):22796–816.

	 53. 	 Vik ES, et al. Endonuclease V cleaves at inosines in RNA. Nat 
Commun. 2013;4:2271.

	 54. 	 Altaf F, et al. Modulation of ADAR mRNA expression in patients 
with congenital heart defects. PLoS ONE. 2019;14(4):e0200968.

	 55. 	 Sassi Y, et al. Cardiac myocyte miR-29 promotes pathological 
remodeling of the heart by activating Wnt signaling. Nat Com-
mun. 2017;8(1):1614.

	 56. 	 Wu X, et al. ADAR2 increases in exercised heart and protects 
against myocardial infarction and doxorubicin-induced cardio-
toxicity. Mol Ther. 2022;30(1):400–14.

	 57. 	 Gomes CPC, et al. The function and therapeutic potential of long 
non-coding RNAs in cardiovascular development and disease. 
Mol Ther Nucleic Acids. 2017;8:494–507.

	 58. 	 Tang SJ, et al. Cis- and trans-regulations of pre-mRNA splic-
ing by RNA editing enzymes influence cancer development. Nat 
Commun. 2020;11(1):799.

	 59. 	 Hsiao YE, et al. RNA editing in nascent RNA affects pre-mRNA 
splicing. Genome Res. 2018;28(6):812–23.

	 60. 	 Jeck WR, Sharpless NE. Detecting and characterizing circular 
RNAs. Nat Biotechnol. 2014;32(5):453–61.



	 Cardiovascular Drugs and Therapy

1 3

	 61. 	 Verduci L, et al. CircRNAs: role in human diseases and potential 
use as biomarkers. Cell Death Dis. 2021;12(5):468.

	 62. 	 Zhou MY, Yang JM, Xiong XD. The emerging landscape of 
circular RNA in cardiovascular diseases. J Mol Cell Cardiol. 
2018;122:134–9.

	 63. 	 Kokot K E, Kneuer J M, John D. et al. Reduction of A-to-I RNA 
editing in the failing human heart regulates formation of circular 
RNAs. Basic Res Cardiol. 2018;117(1):32.

	 64. 	 Fei J, et al. ADAR1-mediated RNA editing, a novel mechanism 
controlling phenotypic modulation of vascular smooth muscle 
cells. Circ Res. 2016;119(3):463–9.

	 65. 	 Musunuru K. Moving toward genome-editing therapies for car-
diovascular diseases. J Clin Invest. 2022;132(1):e148555.

	 66. 	 Adli M. The CRISPR tool kit for genome editing and beyond. 
Nat Commun. 2018;9(1):1911.

	 67. 	 Hsu PD, Lander ES, Zhang F. Development and appli-
cations of CRISPR-Cas9 for genome engineering. Cell. 
2014;157(6):1262–78.

	 68. 	 Hong A. CRISPR in personalized medicine: industry perspec-
tives in gene editing. Semin Perinatol. 2018;42(8):501–7.

	 69. 	 Sternberg SH, Haurwitz RE, Doudna JA. Mechanism of substrate 
selection by a highly specific CRISPR endoribonuclease. RNA. 
2012;18(4):661–72.

	 70. 	 Stafforst T, Schneider MF. An RNA-deaminase conjugate 
selectively repairs point mutations. Angew Chem Int Ed Engl. 
2012;51(44):11166–9.

	 71. 	 Merkle T, Stafforst T. New frontiers for site-directed RNA 
editing: harnessing endogenous ADARs. Methods Mol Biol. 
2021;2181:331–49.

	 72. 	 Cox DBT, et al. RNA editing with CRISPR-Cas13. Science. 
2017;358(6366):1019–27.

	 73. 	 Nami F, et al. Strategies for in vivo genome editing in nondivid-
ing cells. Trends Biotechnol. 2018;36(8):770–86.

	 74. 	 Tang T, et al. Programmable system of Cas13-mediated RNA 
modification and its biological and biomedical applications. 
Front Cell Dev Biol. 2021;9:677587.

	 75. 	 Polack FP, et al. Safety and efficacy of the BNT162b2 mRNA 
Covid-19 vaccine. N Engl J Med. 2020;383(27):2603–15.

	 76. 	 Corbett KS, et  al. SARS-CoV-2 mRNA vaccine design 
enabled by prototype pathogen preparedness. Nature. 
2020;586(7830):567–71.

	 77. 	 Stitz L, et al. A thermostable messenger RNA based vaccine 
against rabies. PLoS Negl Trop Dis. 2017;11(12):e0006108.

	 78. 	 Bahl K, et al. Preclinical and clinical demonstration of immuno-
genicity by mRNA vaccines against H10N8 and H7N9 influenza 
viruses. Mol Ther. 2017;25(6):1316–27.

	 79. 	 John S, et al. Multi-antigenic human cytomegalovirus mRNA 
vaccines that elicit potent humoral and cell-mediated immunity. 
Vaccine. 2018;36(12):1689–99.

	 80. 	 Richner JM, et al. Modified mRNA vaccines protect against Zika 
virus infection. Cell. 2017;168(6):1114-1125 e10.

	 81. 	 Shen X, Corey DR. Chemistry, mechanism and clinical status of 
antisense oligonucleotides and duplex RNAs. Nucleic Acids Res. 
2018;46(4):1584–600.

	 82. 	 Siomi H, Siomi MC. On the road to reading the RNA-interfer-
ence code. Nature. 2009;457(7228):396–404.

	 83. 	 Lam JK, et al. siRNA versus miRNA as therapeutics for gene 
silencing. Mol Ther Nucleic Acids. 2015;4:e252.

	 84. 	 Zhou J, Rossi J. Aptamers as targeted therapeutics: current poten-
tial and challenges. Nat Rev Drug Discov. 2017;16(3):181–202.

	 85. 	 Laina A, et al. RNA therapeutics in cardiovascular precision 
medicine. Front Physiol. 2018;9:953.

	 86. 	 Stein CA, Castanotto D. FDA-approved oligonucleotide therapies 
in 2017. Mol Ther. 2017;25(5):1069–75.

	 87. 	 Crooke ST, Geary RS. Clinical pharmacological properties of 
mipomersen (Kynamro), a second generation antisense inhibitor 
of apolipoprotein B. Br J Clin Pharmacol. 2013;76(2):269–76.

	 88. 	 Raal FJ, et al. Pediatric experience with mipomersen as adjunc-
tive therapy for homozygous familial hypercholesterolemia. J 
Clin Lipidol. 2016;10(4):860–9.

	 89. 	 Joseph L, Robinson JG. Proprotein convertase subtilisin/kexin 
type 9 (PCSK9) inhibition and the future of lipid lowering ther-
apy. Prog Cardiovasc Dis. 2015;58(1):19–31.

	 90. 	 Fitzgerald K, et  al. Effect of an RNA interference drug on 
the synthesis of proprotein convertase subtilisin/kexin type 9 
(PCSK9) and the concentration of serum LDL cholesterol in 
healthy volunteers: a randomised, single-blind, placebo-con-
trolled, phase 1 trial. Lancet. 2014;383(9911):60–8.

	 91. 	 Robert F, Pelletier J. Exploring the impact of single-nucleotide 
polymorphisms on translation. Front Genet. 2018;9:507.

	 92. 	 Azad MTA, Bhakta S, Tsukahara T. Site-directed RNA editing by 
adenosine deaminase acting on RNA for correction of the genetic 
code in gene therapy. Gene Ther. 2017;24(12):779–86.

	 93. 	 Hagedorn PH, et al. Identifying and avoiding off-target effects of 
RNase H-dependent antisense oligonucleotides in mice. Nucleic 
Acids Res. 2018;46(11):5366–80.

	 94. 	 Huang X, et al. Programmable C-to-U RNA editing using the 
human APOBEC3A deaminase. EMBO J. 2020;39(22):e104741.

	 95. 	 Han W, et al. Programmable RNA base editing with a single 
gRNA-free enzyme. Nucleic Acids Res. 2022;50(16):9580–95.

	 96. 	 Rauch S, et al. Programmable RNA-guided RNA effector pro-
teins built from human parts. Cell. 2019;178(1):122-134 e12.

	 97. 	 Pecori R, et al. Functions and consequences of AID/APOBEC-
mediated DNA and RNA deamination. Nat Rev Genet. 
2022;23(8):505–15.

	 98. 	 Nishikura K. Functions and regulation of RNA editing by ADAR 
deaminases. Annu Rev Biochem. 2010;79:321–49.

	 99. 	 Rueter SM, et  al. Glutamate receptor RNA editing in vitro 
by enzymatic conversion of adenosine to inosine. Science. 
1995;267(5203):1491–4.

	100. 	 Kwak S, Nishimoto Y, Yamashita T. Newly identified ADAR-
mediated A-to-I editing positions as a tool for ALS research. 
RNA Biol. 2008;5(4):193–7.

	101. 	 Aquino-Jarquin G. Novel engineered programmable systems 
for ADAR-mediated RNA editing. Mol Ther Nucleic Acids. 
2020;19:1065–72.

	102. 	 Wettengel J, et al. Harnessing human ADAR2 for RNA repair – 
recoding a PINK1 mutation rescues mitophagy. Nucleic Acids 
Res. 2017;45(5):2797–808.

	103. 	 Fukuda M, et al. Construction of a guide-RNA for site-directed 
RNA mutagenesis utilising intracellular A-to-I RNA editing. Sci 
Rep. 2017;7:41478.

	104. 	 Reautschnig P, et al. CLUSTER guide RNAs enable precise and 
efficient RNA editing with endogenous ADAR enzymes in vivo. 
Nat Biotechnol. 2022;40(5):759–68.

	105. 	 Merkle T, et al. Precise RNA editing by recruiting endoge-
nous ADARs with antisense oligonucleotides. Nat Biotechnol. 
2019;37(2):133–8.

	106. 	 Litke JL, Jaffrey SR. Highly efficient expression of circular RNA 
aptamers in cells using autocatalytic transcripts. Nat Biotechnol. 
2019;37(6):667–75.

	107. 	 Katrekar D, et al. Efficient in vitro and in vivo RNA editing via 
recruitment of endogenous ADARs using circular guide RNAs. 
Nat Biotechnol. 2022;40(6):938–45.

	108. 	 Khosravi HM, Jantsch MF. Site-directed RNA editing: recent 
advances and open challenges. RNA Biol. 2021;18(sup1):41–50.

	109. 	 Shmakov S, et  al. Discovery and functional characteriza-
tion of diverse class 2 CRISPR-Cas systems. Mol Cell. 
2015;60(3):385–97.



Cardiovascular Drugs and Therapy	

1 3

	110. 	 Xu C, et al. Programmable RNA editing with compact CRISPR-
Cas13 systems from uncultivated microbes. Nat Methods. 
2021;18(5):499–506.

	111. 	 Liu Y, et al. REPAIRx, a specific yet highly efficient program-
mable A > I RNA base editor. EMBO J. 2020;39(22):e104748.

	112. 	 Abudayyeh OO, et al. A cytosine deaminase for programmable 
single-base RNA editing. Science. 2019;365(6451):382–6.

	113. 	 Kushawah G, et al. CRISPR-Cas13d induces efficient mRNA 
knockdown in animal embryos. Dev Cell. 2020;54(6):805-817 
e7.

	114. 	 Buchman AB, et al. Programmable RNA targeting using CasRx 
in flies. CRISPR J. 2020;3(3):164–76.

	115. 	 Mekler V, et al. Kinetics of the CRISPR-Cas9 effector complex 
assembly and the role of 3’-terminal segment of guide RNA. 
Nucleic Acids Res. 2016;44(6):2837–45.

	116. 	 Wei H, Wang Z. Engineering RNA-binding proteins with diverse 
activities. Wiley Interdiscip Rev RNA. 2015;6(6):597–613.

	117. 	 Filipovska A, et al. A universal code for RNA recognition by 
PUF proteins. Nat Chem Biol. 2011;7(7):425–7.

	118. 	 Monian P, et al. Endogenous ADAR-mediated RNA editing in 
non-human primates using stereopure chemically modified oli-
gonucleotides. Nat Biotechnol. 2022;40(7):1093–102.

	119. 	 Musunuru K, et  al. In  vivo CRISPR base editing of 
PCSK9 durably lowers cholesterol in primates. Nature. 
2021;593(7859):429–34.

	120. 	 Abifadel M, et al. Mutations in PCSK9 cause autosomal domi-
nant hypercholesterolemia. Nat Genet. 2003;34(2):154–6.

	121. 	 Gaudelli NM, et al. Directed evolution of adenine base editors 
with increased activity and therapeutic application. Nat Biotech-
nol. 2020;38(7):892–900.

	122. 	 Guo J, et al. Unraveling molecular effects of ADAR1 overexpres-
sion in HEK293T cells by label-free quantitative proteomics. 
Cell Cycle. 2016;15(12):1591–601.

	123. 	 Wang G, et al. ADAR1 Prevents liver injury from inflamma-
tion and suppresses interferon production in hepatocytes. Am J 
Pathol. 2015;185(12):3224–37.

	124. 	 Cully M. Chemical inhibitors make their RNA epigenetic mark. 
Nat Rev Drug Discov. 2019;18(12):892–4.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	RNA Editing Therapeutics: Advances, Challenges and Perspectives on Combating Heart Disease
	Abstract
	Introduction
	How RNA Editing May Affect RNA Metabolism and Cardiovascular Biology?
	How Can RNA Editing Be Used as a Therapeutic Approach?
	From DNA Editing to RNA Editing
	Current RNA Therapeutics
	RNA Editing as a Potential Therapeutic Method: Perspectives on Heart Disease Treatment
	Endogenous ADAR SDREs
	Engineered SDREs


	Conclusion
	References


