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Abstract: For the treatment of cancer and other diseases, therapeutic targeting of non-coding RNAs 

(ncRNAs) such as microRNAs (miRNAs) and long non-coding RNAs (lncRNAs) is an attractive 

approach. RNA-based therapeutics have been extensively researched over the past decade, with 

antisense oligonucleotides and small interfering RNAs being the most commonly used. Some of 

these have even gained FDA approval. However, the results of trials have been mixed, with some 

studies reporting strong effects while others have shown limited effectiveness or toxicity. 

Alternative treatments, such as antimiRNAs, are currently in clinical trials. There is growing interest 

in the use of lncRNA-based therapies. This Perspective discusses the main challenges of ncRNA 

therapeutics, including specificity, delivery and tolerability. It also highlights emerging approaches 

that aim to improve their success.  
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1. Introduction 

Thirty years ago, small non-coding RNAs were discovered in the nematode Caenorhabditis 

elegans, which control gene expression post-transcriptionally.[1–3] Since then, numerous 

microRNAs (also known as miRNAs) have been identified in higher eukaryotes, and it has been 

found that they regulate the majority of mammalian mRNAs. [4–6] However, the exact number of 

microRNAs present in humans is still a topic of debate. Out of the 1973 human microRNAs listed in 

mirBase 22.1, [7] many fail to meet strict curation criteria, such as expression, sequence restrictions or 

evidence of productive processing of the progenitor. The number of functional microRNAs in 

humans ranges from 556 to 758, depending on the source (mir-GeneDB 2.0). [8–10] However, the 

proportion of functionally relevant microRNAs is further reduced by the fact that most microRNAs 

have effects only at high expression levels in tissues. Approximately 150 microRNAs have been 

tentatively implicated in the cardiovascular system. Among these, 30 to 35 microRNAs have been 

extensively studied and confirmed in in vivo experimental models (Figure 1). [11–49] Many of these 

candidates have already entered clinical development, with several more in the pipeline. 
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Figure 1. MiRNAs play a crucial role in the cardiovascular system. They are implicated in disease and 

disease phenotypes, and their effects can be engineered in vivo. The figure shows miRNA species and 

organism under investigation (yellow), disease state and regulation (blue), and key experimental 

evidence in vivo (green). Abbreviations: AF, atrial fibrillation; AngII, angiotensin II; CAD, coronary 

artery disease; CnA, human calcineurin subunit A; DCM, dilated cardiomyopathy; HF, heart failure; 

I/R, cardiac ischaemia–reperfusion; CM, cardiac myocyte; EC, endothelial cell; KO, knockout; SMC, 

smooth muscle cell; MI; myocardial infarction; PPCM, peripartum cardiomyopathy; AAC/TAC, 

ascending/transverse aortic constriction. From Nappi et al ref 12; Ref [11–49] in the figure. 

1. MicroRNA Biogenesis, Stability, and Strand Targeting 

Transcripts that regulate gene expression and protein function are called non-coding RNAs 

(ncRNAs). They are generated from the non-protein-coding part of the genome. The two major 

classes of ncRNA are miRNAs and long ncRNAs (lncRNAs).  Excellent reviews have addressed the 

biogenesis and maturation of microRNAs, as depicted in Figure 2.  [50–52]  
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Figure 2. The diagram shows how miRNAs biogenise and function. Three main steps are involved in 

the synthesis and release of nuclear pre-miRNAs into the cytoplasm, where the final synthesis of 

activated RNAs is promoted in parallel with the production of miRNA duplexes, RISC complexes 

and RNAi: (A) canonical elaboration, functional activation, mechanism of action and degradation 

pathways of microRNAs are reported. Canonical miRNA biogenesis starts with larger hairpin RNA 

molecules (pre-miRNAs). These are produced by RNA Pol II transcription of miRNA genes or 
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clusters, or occur as part of introns. In the next step, a microprocessor complex, which includes the 

endonuclease Drosha, the DGCR8 protein and other factors, cleaves these molecules. Abbreviations; 

DGCR8, DiGeorge critical region 8 protein; DIS3L2, DIS3 like 3′–5′ exoribonuclease 2; miRNA, 
microRNA; miRNA duplex, precursor miRNA; RISC complex, RNA-induced silencing complex; 

RNAi, RNA activation; TDMD, target-directed microRNA degradation; TUTases, terminal 

uridyltransferases. Ref [50–52]. 

The production of long primary miRNA transcripts (pri-miRNA) involves RNA polymerases II 

and III. The nuclear ribonuclease Drosha and DgCR8 process these transcripts, resulting in the 

development of a 70 nt long precursor miRNA with a stem-loop structure. The pre-miRNAs are 

exported from the nucleus by exportin 5 and RangtPase. Finally, the RNase III enzyme Dicer cleaves 

the pre-miRNAs to yield a mature, double-stranded miRNA. After being processed into 21-22 

nucleotide duplexes, one of the strands, called the guide strand, joins the RNA-induced silencing 

complex (RISC). The other strand, known as the passenger or driver strand, is either incorporated 

into the RISC or degraded more quickly. [53–54] (Figure 2) It is important to note that gene regulation 

is achieved by degrading the miRNA with RNA helicase and integrating the miRNA guide strand 

into the RISC. Post-transcriptional gene silencing occurs when miRNAs bind to a nucleotide 

complementary 3'-UTR, 5'-UTR or coding region of a target mRNA. miRNAs have a "seed sequence" 

of nucleotides 2 to 7 at their 5' end. When the seed sequence binds perfectly with its complement, the 

mRNA it targets is degraded and deadenylated. However, when the binding is imperfect, which is 

more common, it results in translational inhibition. RISC facilitates both processes. [50–54] 

If both strands are preserved, they can have individual functions, as demonstrated for 

cardiovascular miR-21 and miR-126. [55,56] There are also microRNA strands that localize to the 

nucleus and function in unusual ways. [56,57]  MiRNA is bound to Argonaute 2 (AGO2) 

endonuclease and other proteins within RISCs, which are able to regulate both small interfering RNA 

(siRNA) and microRNA. Mammalian miRNAs require only a seed sequence of 7 to 8 nucleotides near 

the 5' end with full target complementarity, whereas siRNAs require a complete match to their target 

sequence. Only a few miRNAs rely on these interactions [52,58,59], although additional pairing 

beyond the seed sequence may help detect targets. MiRNA response elements (MREs), known as 

microRNA target sites, are primarily located in the 3'-UTR, and less commonly in the 5'-UTR or 

coding regions of mRNAs. [6,52] MicroRNAs have two clearly defined activities: inducing 

degradation (the predominant activity) or translational silencing of target mRNAs.[52 
Non-genetic variants, known as isomiRs, resulting from alternative processing, nucleotide 

addition or editing of microRNAs [61,62], further enrich the microRNA repertoire. Numerous 

cardiovascular isomiRs have been identified. [63,64]  Their levels vary in different diseases. [63]  

Different variant and template targetomes were identified for miR-487b-3p and miR-411-5p 

isomiRs.[65,66] When a microRNA ceases to function, it is enzymatically degraded. MicroRNAs have 

longer half-lives than mRNAs, but their enzymatic degradation varies depending on factors such as 

microRNA strand and sequence, cell type, and trans-acting factors.  [67,68] (Figure 1). MiRNA 

targets are also among these factors. Although the mechanistic details of target-directed microRNA 

degradation (TDMD) have been resolved 52,69,70 and its significance has been demonstrated in 

vivo 71 , identifying mRNAs that engage in TDMD is still challenging. 

Long noncoding RNAs (lncRNAs) are transcripts of greater size (>200 nt) that are transcribed in 

a manner similar to mRNAs but are not processed into protein.[72]  lncRNAs include two main 

classes of functional components: interactor components, which are engaged in direct physical 

interactions with other nucleic acids, proteins or lipids, and structural components, which give rise 

to secondary and/or tertiary 3D RNA structures that control their specific functional 

relationships.[73]  IncRNAs can interact with DNA, RNA, and proteins through base pairing in 

linear form or chemical interactions in secondary structures. This allows them to function in more 

variable ways than miRNAs. Many lncRNAs have been identified to have gene-regulatory roles, such 

as influencing transcription factor binding or epigenetic marks. Additionally, interactions with 

mRNAs may affect their stability or rate of translation. Likewise, interactions between lncRNA and 

proteins can influence the stability, activity or localisation of the protein.[74,75]  Additionally, 
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circular RNAs, which are similar in length to lncRNAs, are known for their powerful roles as miRNA 

sponges.[76,77]   

2. MicroRNA-targeting therapy is advancing towards clinical use. 

Figure 1 shows 30 to 35 microRNAs that have strong evidence of playing critical roles in 

cardiovascular health. When manipulated, these miRNAs cause distinct pathophysiological effects 

in the myocardium or vasculature, as shown in Figure 3A. Some of these activate signaling pathways 

that cause the secretion of protein factors (see Figure 3B), while others are components of extracellular 

vesicles, specifically exosomes (see Figure 3C). Alongside the expansion of knowledge, the use of 

microRNAs for therapeutic purposes in the myocardium and vasculature has significantly increased. 

[78]  (Figure 1 and Table 1) 

 

Figure 3. Section A summarises the role of miRNAs in heart muscle and blood vessels. The miRNA 

that promotes a process is marked with a + sign. the – sign denotes the miRNA that prevents a 

pathophysiological process. The microRNAs that either promote or inhibit cardiac function when 

their levels are elevated or inhibited are described in the respective sections. Section B describes 

microRNAs that regulate targets responsible for intercellular communication in the cardiovascular 

system. Section C explains the paracrine roles of specific miRNAs secreted within the cardiovascular 

system.   In contrast, the miR-21 core fragment released by endometrial mesenchymal stem cells has 

cardioprotective effects by promoting cell survival and angiogenesis. Similarly, miRNAs from the 

myocardium promote the mobilisation of progenitor cells in the bone marrow. Platelets carry miR-
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223-3p, which regulates the differentiation and proliferation of vascular SMCs. Refer to Ref 50 for a 

survey of different cardiovascular microRNAs with suggested paracrine activity. Abbreviations: EC; 

endothelial cell; miRNA, microRNA; SMC, smooth muscle cell. From Laggerbauer B et al. [12–
50,55,78–84]. 

2.1. Investigating Methods for Selecting Therapeutic microRNAs. 

As a first step towards the selection of miRNAs by cell culture-based screening, synthetic 

libraries of miRNA mimics or inhibitors can be generated. (see Figure 4) Basically, these approaches 

either assess phenotypic effects or show which miRNAs can modulate a desired target. Several 

studies have assessed functional screening and phenotypic assays in this direction. Functional 

screening allows miRNAs to be identified in their disease-relevant cellular environment, which is a 

fundamental advantage of functional screening. Phenotypic assays, such as those for cell survival or 

morphology changes, are relatively straightforward, quick, and adaptable to high throughput. This 

has also been demonstrated with cardiovascular cells. [14,42,85] Besides validating MREs, reporter 

assays can be used to identify microRNAs that regulate specific miRNAs. This is done by fusing a 

cDNA for luciferase or a fluorescent protein to the natural 3′-UTR of the miRNA in question, and 

then suppressing or enhancing the expression of the miRNA by introducing an exogenous miRNA 

mimic or inhibitor. It is important to note that reporter assays typically do not consider miRNAs with 

MREs located outside of the 3'-UTR. Additionally, these assays do not accurately reflect the miRNA-

to-MRE stoichiometries found in physiological conditions, which can lead to errors. MiRNAs with 

potential therapeutic relevance can be identified by studying miRNA deregulation in disease. 

Valuable sources for these studies (see Figure 4) are tissue samples from patients or animal disease 

models.  

To unbiasedly detect miRNA candidates, microarrays or small RNA sequencing (small RNA-

Seq) are most commonly used. Both methods allow the almost complete discovery of all annotated 

miRNAs. This means the entire set of miRNAs in a cell type or tissue. Undoubtedly, the 

cardiovascular system provides a favourable environment for studying miRNA. It offers specific 

opportunities for the therapeutic development of miRNAs, such as the applicability of non-invasive 

methods like doppler sonography or electrocardiography, and experimental models that faithfully 

recapitulate human cardiovascular disease. 

The initial stage for therapeutic application involves reprogramming cells for human use. 

Reprogrammed cells derived from human induced pluripotent cells (hiPSCs) contain the donor's 

genome, making them useful for modelling hereditary cardiovascular disorders. These cells can also 

form contractile-competent tissues that can be used to test the effects of pharmaceuticals. 86  A 

human genetic backbone system is provided by tissue explant culture. Human heart sections or aortic 

tissue retain their primary organotypic characteristics in culture [87,88] and are amenable to 

manipulation through virus transduction [89,90], transfection [91]or co-culture experiments.[17,92]   

By providing an agnostic, unbiased view of the effects of a microRNA across the entire gene 

expression profile and helping to identify miRNA targets, omics-based methods have become 

essential for miRNA characterization. One technology that provides relatively easy access to 

biospecimens is bulk RNA sequencing (RNA-Seq) from dissolved tissue. However, one limitation of 

tissue use is that aberrant miRNAs may be masked if the cell type in question is overwhelmed by 

others in which the mRNA is intact. Magnetic cell separation (MACS), fluorescence-activated cell 

sorting (FACS), or a combination of both can be used prior to RNA-Seq to determine cell-specific 

expression profiles and reveal low-abundance miRNAs. 

Building on this idea, microfluidic separation and genetic barcoding-based single-cell RNA-Seq 

(scRNA-Seq) provides the chance to determine transcriptomes of individual cells, such as those from 

healthy [93]  and failing human hearts. [94]  Various workflows have been developed and validated 

in a comparative study [95]  for scRNA-Seq of miRnomes, and we can anticipate that one or a few of 

them will become a widely accepted technical consensus. 

Proteome analysis has great potential for diagnosing and analysing cardiovascular disease, 

alongside RNA-Seq. Patient proteome data sets have been generated from both plasma and tissue. 
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96-98  It is now possible to evaluate changes in the proteome from single cells 99, providing a 

detailed view of pathophysiological changes. MiRNAs may have translational repression of their 

targets, which can be identified by proteomics. Correlating proteomic and miRnomic data can help 

enrich and clarify RNA-Seq data, leading to a better understanding of miRNA-regulated networks. 

Figure 4 

 

Figure 4. The diagram illustrates the process of identifying and validating disease-relevant 

cardiovascular microRNAs. Two pathways are used: screening molecule libraries and identifying 

deregulated miRNAs. These pathways employ in vivo animal model techniques and human genetic 

background through in vitro and ex vivo experimental models. From Laggerbauer B et al.  Ref 

[14,17,42,50,85,86,91–99]. 

2.2. Bioinformatic Method for MiRNA Characterization through Identification of mRNA Targets 

Predicting which mRNAs will match a seed sequence has long been the first step in miRNA 

targeting (see Figure 5), but there are also non-canonical targets. [100] TargetScan predicts multiple 

mRNA targets for most canonical miRNAs. This is due to the short seed region. Instead of using the 

miRnome as a search space, one can identify deregulated mRNAs in disease or upon miRNA 

manipulation (see Figure 5) and analyze the MREs within them. The co-immunoprecipitation of 

miRNAs with AGO-associated mRNAs and the subsequent sequence analysis can be used to 
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establish a high degree of target accuracy. By comparison of RNA-Seq data sets generated with or 

without an antimiR, mRNAs that have been derepressed by a miRNA can be delineated as targets. 

([101]  (Figure 5) Silencing or genetic inactivation of the targets, particularly through mutation of 

their MREs, are important approaches for validation. It remains to be seen whether there are other 

parameters, apart from the mere presence of an MRE, which determine targeting. [67,102,103] Most 

miRNAs are present in a sub-stoichiometric ratio to potential target sites in the transcriptome, 

[104,105]and only those with sufficiently high levels are expected to have a measurable effect on the 

targetome. [103,105] Evaluating the assumption that certain mRNAs may function as competitive 

endogenous RNAs (ceRNAs) has provided new insights. Two different hypotheses have been 

proposed as to how a ceRNA could function as such. One postulates that the RNA must be present 

in abundance or must incorporate co-operating MREs in close proximity. [103,105] The second theory 

suggests that high binding affinity is created by sequence context beyond the seed match, even when 

stoichiometry is unfavorable.104 Evidence supporting the existence of high-affinity sites was 

obtained by analyzing the ability of anti-miRs to derepress targets. 101  (Figure 5) It has been found 

that dinucleotide motifs in the vicinity of MREs play a role in the affinity of miRNAs. 100 The 

models agree that usually only widely expressed miRNAs broad effects on targetomes. An individual 

target mRNA is usually unable to influence the expression of others. Additional MREs and/or 

sequence context contribute to target recognition. 

 

Figure 5. The diagram shows the various methods used to identify microRNA targets. The arrows 

indicate whether miRNA expression is increased or decreased in the animal model and diseased 

human tissue. From Laggerbauer B et al.  Ref [23,50,100-104]. 

3. Challenges and Potential Solutions for Noncoding RNA Therapeutics 

All major cancer hallmarks investigated to date have been associated with deregulated levels of 

both types of transcripts, miRNAs and lncRNAs.[106–110] They have also been implicated in a wide 

variety of biological pathways such as the formation and maintenance of immune cells, immune 

dysfunction, [111]  neural growth and development, and neurological disorders.[112–114] 

Therefore, therapeutic targeting of naturally occurring ncRNAs presents a promising therapeutic 

option for a wide range of diseases. 
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Several RNA-based therapies have been developed. These include antisense oligonucleotides 

(ASOs), ASO therapeutic circular RNAs (circRNAs), anti-microRNAs (antimiRs), small interfering 

RNAs (siRNAs), miRNA sponges, miRNA mimics, short hairpin RNAs (shRNAs) and CRISPR-Cas9-

based gene editing. Reviews of these agents can be found.[115–117]    

3.1. Types of RNA-targeting therapeutics  

RNA-targeting therapies are designed to induce miRNA-like functions, to reverse or reduce the 

levels of a miRNA, or to prevent the binding of a miRNA to its target. Chemical modulation is used 

to enhance the pharmacokinetics and pharmacodynamics of RNA therapeutics, as they are inherently 

unstable and unable to cross cell membranes due to their negative charge. [118,119] To increase 

stability, first-generation modifications replace the phosphodiester backbone linkages with 

phosphothioate (Pt) linkages. Fomivirsen, a first-generation antisense oligonucleotide (ASO) 

targeting cytomegalovirus (CMV) IE-2 mRNA for the treatment of CMV retinitis, was the first RNA-

based therapeutic licensed for clinical application in 1998. (Table 1) Second generation modifications 

are designed to improve bioavailability, increase efficacy and decrease toxicity and 

immunostimulation by replacing the 2′-O-alkyl group of the sugar moieties with, for example, 2′-O-

ME, 2′-MOE or 2′-F. Gapmers are chimeric molecules with a central strand of DNA monomers (to 

facilitate RNase H cleavage) surrounded by 2′-modified nucleotides, as 2′-sugar changes tend to 

repress RNase H activity. In third-generation chemistry, the furanose ring is modified to produce, for 

instance, locked nucleic acids (lNAs), peptide nucleic acids (PNAs) and phosphoramidate 

morpholino oligomers (Pmos). All of the currently licensed RNA therapeutics involve chemical 

adaptation of the second or third generation. (Table 1) 

Table 1. This document lists RNA therapeutics that have been approved by the FDA and/or the 

European Medicines Agency. Drugs are listed from the most recent approval. ASO, antisense 

oligonucleotide; ds, double-stranded; GalNAc, N-acetylgalactosamine; gen, generation; PMO, 

phosphoroamidate morpholino oligomer; PT, phosphothiorate; siRNA, small interfering RNA. *Due 

to the development of effective antiretroviral therapies, marketing was discontinued in 2002. . 

Table 1: FDA and/or European Medicines Agency approved RNA therapies 

Treatment Type Amendme

nt & 

product 

delivery 

Mode of 

delivery 

Destinatio

n site 

Disease 

 

Target gene 

and route 

 

FDA 

and/or 

EMA 

approva

l year 

 

Lumasiran 

(Oxlumo, 

ALN-GO1)  

 

21 nt 

ds-

siRN

A  

 

2nd gen; 2ʹ-

F/2ʹ-O-Me; 

GalNAc-

conjugated.  

 

Subcutaneou

s  

 

Liver  

 

Primary 

hyperoxaluria type 1  

 

Hydroxyacid 

oxidase 1 

(HAO1) 

mRNA  

 

2020 

(EMA), 

2020 

(FDA)  

 

Inclisiran 

(Leqvio, 

ALN-PCSsc) 

21 nt 

ds-

siRN

A  

 

2nd gen; 2ʹ-

F/2ʹ-O-Me; 

GalNAc-

conjugated.  

 

Subcutaneou

s  

 

Liver  

 

Atherosclerotic 

cardiovascular 

disease, elevated 

cholesterol, 

homozygous/ 

heterozygous 

familial 

Proprotein 

convertase 

subtilisin/kexi

n type 9 

(PCSK9) 

mRNA  

 

2020 

(EMA)  
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hypercholesterolaem

ia  

 

Volanesorse

n (Waylivra)  

 

20-

mer 

ASO  

 

2nd gen; 2′-

MOE 

gapme  

 

Subcutaneou

s  

 

Liver  

 

Familial 

chylomicronaemia 

syndrome  

 

Apolipoprotei

n CIII 

(APOC3) 

mRNA  

 

2019 

(EMA)  

 

Viltolarsen 

(Viltepso, 

NS-065, 

NCNP-01) 

 

21-

mer 

ASO 

 

3rd gen; 2′-

MOE PMO 

 

Intravenous 

 

Muscle 

 

Duchenne muscular 

dystrophy 

 

DMD pre-

mRNA 

splicing (exon 

53 skipping) 

 

2020 

(FDA) 

 

Givosiran 

(Givlaari) 

 

21 nt 

ds-

siRN

A 

 

2nd gen; 2ʹ-

F/2ʹ-O-Me; 

GalNAc-

conjugated 

 

Subcutaneou

s 

 

Liver 

 

Acute hepatic 

porphyria 

 

Delta 

aminolevulini

c acid 

synthase 1 

(ALAS1) 

mRNA 

 

2020 

(EMA), 

2019 

(FDA) 

 

Golodirsen 

(Vyondys 

53, SRP-

4053) 

 

25-

mer 

ASO 

 

3rd gen; 2′-

MOE PMO 

 

Intravenous 

 

Muscle 

 

Duchenne muscular 

dystrophy 

 

DMD pre-

mRNA 

splicing (exon 

53 skipping) 

 

2019 

(FDA) 

 

Patisiran 

(Onpattro) 

 

21 nt 

ds-

siRN

A 

 

2nd gen; 2ʹ-

F/2ʹ-O-Me; 

liposomal 

 

Intravenous 

 

Liver 

 

Hereditary 

transthyretin 

amyloidosis 

 

Transthyretin 

(TTR) mRNA 

 

2018 

(EMA), 

2019 

(FDA) 

 

Inotersen 

(Tegsedi, 

AKCEA-

TTR-LRx) 

 

20-

mer 

ASO 

 

2nd gen; 2′-

MOE; 

GalNAc-

conjugated 

 

Subcutaneou

s 

 

Liver 

 

Hereditary 

transthyretin 

amyloidosis 

 

Transthyretin 

(TTR) mRNA 

 

2018 

(EMA), 

2018 

(FDA) 

 

Eteplirsen 

(Exondys 

51) 

 

30-

mer 

ASO 

 

3rd gen; 2′-

MOE PMO 

 

Intravenous 

 

Muscle 

 

Duchenne muscular 

dystrophy 

 

Dystrophin 

(DMD) pre-

mRNA 

splicing (exon 

51 skipping) 

 

2016 

(FDA) 
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Nusinersen 

(Spinraza, 

ASO-10-27)  

 

18-

mer 

ASO  

 

2nd gen; 2′-

MOE  

 

Intrathecal  

 

Central 

nervous 

system  

 

Spinal muscular 

atrophy  

 

Survival of 

motor neuron 

2 (SMN2) pre-

mRNA 

splicing (exon 

7 inclusion)  

 

2017 

(EMA), 

2016 

(FDA)  

 

Mipomerse

n 

(Kynamro) 

 

20-

mer 

ASO 

 

2nd gen; 2′-

MOE 

gapmer 

 

Subcutaneou

s 

 

Liver 

 

Homozygous 

familial 

hypercholesterolaem

ia 

 

Apolipoprotei

n B mRNA 

 

2012 

(EMA), 

2013 

(FDA) 

 

Fomivirsen 

(Vitravene)  

 

21-

mer 

ASO  

 

1st gen; PT  

 

Intravitreal  

 

Eye  

 

Cytomegalovirus 

(CMV) retinitis in 

immunocompromise

d patients  

 

CMV IE-2 

mRNA  

 

1998 

(FDA), 

1999 

(EMA)* 

 

ASOs are single-stranded DNA molecules that target specific mRNA and inhibit protein 

translation. They can interfere with mRNA degradation through RNase H cleavage or alter pre-

mRNA splicing by affecting cis-splicing elements, resulting in exon inclusion or exclusion [120–121]   

Small interfering RNAs (siRNAs) can be both single-stranded and double-stranded. They utilize 

the endogenous miRNA pathway to switch the silencing of a fully complementary mRNA by 

integrating into the RNA-induced RISC). [122]    

Short hairpin RNAs (shRNAs) use the miRNA maturation path followed by Dicer cleavage to 

form a final double-stranded product prior to RISC loading. Traditionally, shRNAs have been 

engineered into cells with viral transfer technologies such as adenovirus-associated viruses, 

retroviruses or lentiviruses. Bifunctional shRNAs are more effective at knock-down as they 

simultaneously generate transcripts with both exact and poor complementarity, triggering both 

degradation and translational silencing.[123]    Currently, two liposomally delivered bifunctional 

shRNA constructs are undergoing phase I clinical trials: pbi-shRNA eWs/FlI1 [124], which targets the 

mRNA creating the eWs–FlI1 fusion. The clinical trials NCt02736565 and NCt01505153 are 

investigating the effectiveness of the protein as a treatment in Ewing's sarcoma and pbi-stmN1, which 

targets stathmin 1 mRNA in advanced solid tumours, respectively.[125] 

MiRNA mimics take advantage of the fact that endogenous miRNAs can simultaneously 

address multiple mRNAs. MiRNA mimics share the identical structure with an endogenous miRNA, 

while the passenger chain contains a minor number of mismatches to prevent RISC loading and 

potential action as anti-microRNA (antimiR).[126] Two miRNA mimics, mRX34 and mesomiR-1, 

have been clinically investigated for the treatment of cancer. mRX34 mimics miR-34 [127,128]whereas 

mesomiR-1mimics miR-16.[129]  (Table 2) AntimiRs are antisense oligonucleotides (ASOs) 

specifically engineered to be completely or selectively complementary to an endogenous miRNA to 

prevent it from interacting with targeted genes. AntimiRs, when conjugated with cholesterol to 

improve intracellular delivery, can also be referred to as 'antagomiRs'. Two miR-122 antagomiRs, Rg-

101 (N-acetylgalactosamine-conjugated ASO) (see Table 2) and miravirsen (sPC3649; beta-D-oxy-

lNA), have entered clinical trials as novel hepatitis C virus (HCV) therapeutics. [130,131] (Table 2) 

Furthermore, mRg-110, an anti-miR-92a, was evaluated for its ability to selectively activate 

angiogenesis and enhance wound healing (NCT 03603431). Additionally, the effectiveness of anti-
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miR-21 (Rg-012) in preventing kidney fibrosis in patients with Alport syndrome was investigated 

(NCT 03373786). 

Table 2. Discontinued medications are reported. Abbreviations used in this text include: AntimiR 

(anti-microRNA), ASO (antisense oligonucleotide), GalNac (N-acetylgalactosamine), gen 

(generation), LNA (locked nucleic acid), PT (phosphothiorate), siRNA (small interfering RNA), and 

TLR3 (Toll-like receptor 3). Please see the Related links for more information ; * supplementary 

reference in supplementary material. Related links; Dicerna Prioritizes resources to Advance GalXc 

Product candidates: https://www.itnonline.com/content/dicerna- prioritizes-resources-advance-

galxc-product-candidates; miRagen decides to discontinue further internal development of 

cobomarsen: http://investors.miragen.com/press-releases/press-release/2020/miRagen-Announces-

Internal-Review-of-Preliminary-Topline-Data-for-the- Phase-2-SOLAR-Clinical-Trial-of-

Cobomarsen-in-Patients- with-Cutaneous-T-Cell-Lymphoma-CTCL/default.aspx;  PrO-040201: 

https://www.creative-biolabs.com/gene- therapy/pro040201.htm Regulus to discontinue clinical 

development of Hcv candidate rG-101: https://www.pharmaceutical-business- review.com/clinical-

trials/news/regulus-to-terminate- development-of-hcv-candidate-rg-101-130617-5841251; Trial 

termination Aganirsen: http://strong-nvg.com/trial- termination/; Wave Life sciences Discontinues 

Development of suvodirsen for DMD: https://musculardystrophynews.com/ 2019/12/17/wave-life-

sciences-discontinues-suvodirsen- development-for-dmd/. 

Table 2. Clinical development of RNA therapeutics that has been discontinued. 

Treatment Type Amendment 

& product 

delivery 

Mode of 

delivery 

Destinati

on site 

Disease 

 

Target gene 

and route 

 

Reason for 

leaving the 

company. 

 

Aprinocars

en (ISIS 

3521, 

LY900003)  

 

ASO  

 

1st gen; PT  

 

Intravenous  

 

Tumour  

 

Non-small cell 

lung cance  

 

Protein 

kinase Cα 

mRNA  

 

No clinical 

efficacy 

improvemen

t 

ISIS 5132 

(CGP 69846 

A)  

 

ASO  

 

1st gen; PT  

 

Intravenous  

 

Tumour  

 

Breast cancer, 

ovarian cancer  

 

Raf mRNA  

 

No clinical 

efficacy 

improvemen

t 

 

ISIS 104838  

 

ASO  

 

2nd gen; 2′-

MOE gapmer  

 

Oral  

 

Joints  

 

Rheumatoid 

arthritis  

 

TNF mRNA  

 

Company 

decision 

related to 

cost and 

competition. 

PF-4523655 

(PF-655) 

 

siRNA 

 

2nd gen; 

liposomal 

 

Intravitreal 

 

Eye 

 

Age-related 

macular 

degeneration, 

diabetic 

macular 

oedema 

DNA 

damage- 

inducible 

transcript 4 

(DDIT4) 

mRNA 

No clinical 

efficacy 

improvemen

t compared 

to the 

current 
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  standard of 

care. 

ISIS 329993 

(ISIS-

CRPRx) 

 

ASO 

 

2nd gen; 2′-

MOE 

 

Subcutaneo

us or 

intraperiton

eal 

 

Heart or 

joints 

 

Paroxysmal 

atrial 

fibrillation, 

rheumatoid 

arthritis 

 

C-reactive 

protein 

(CRP) 

mRNA 

 

Although it 

reduced CRP 

mRNA, 

clinical 

efficacy was 

lacking. 

AEG35156 

(AEG 161, 

GEM 640)  

 

ASO  

 

Mixed 

backbone 

oligonucleoti

des  

 

Intravenous  

 

Tumour  

 

Various 

malignancies  

 

X-linked 

inhibitor of 

apoptosis 

(XIAP) 

mRNA  

 

It lacks 

clinical 

efficacy. 

Increased 

incidence of 

chemothera

py-induced 

peripheral 

neuropathy. 

Custirsen 

(ISIS 

112989, 

OGX-011, 

TV-1011)  

 

ASO  

 

2nd gen; 2′-

MOE gapmer  

 

Intravenous  

 

Tumour  

 

Prostate cancer, 

breast cancer  

 

Clusterin 

(CLU) 

mRNA  

 

Primary end 

points were 

not met in 

phase III 

trials, 

indicating a 

lack of 

clinical 

efficacy. 

Bevasiranib 

(Cand5  

 

siRNA  

 

1st gen; PT  

 

Intravitreal  

 

Eye  

 

Age-related 

macular 

degeneration, 

diabetic 

macular 

oedema  

 

Vascular 

endothelial 

growth 

factor (VEGF) 

mRNA  

 

The 

therapeutic 

effect of 

TLR3 

stimulation, 

which is 

independent 

of sequence, 

has not been 

clinically 

effective. 

Oblimersen 

sodium 

(G3139, 

Genasense)  

ASO  

 

1st gen; PT  

 

Subcutaneo

us  

 

Tumour  

 

Various 

malignancies  

 

BCL2 mRNA  

 

There was a 

lack of 

clinical 

efficacy due 
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 to 

insufficient 

delivery, 

resulting in 

primary end 

points not 

being met. 

AGN 

211745 

(AGN-745, 

siRNA-027) 

 

siRNA 

 

Chemical 

composition 

unclear; 

carrier-free 

 

Intravitreal 

 

Eye 

 

Age-related 

macular 

degeneration, 

choroidal 

neovascularizati

on 

 

Vascular 

endothelial 

growth 

factor 

receptor 1 

(VEGFR1) 

mRNA 

 

The 

therapeutic 

effect of 

TLR3 

stimulation, 

which is 

independent 

of sequence, 

has not been 

clinically 

effective. 

PRO-

040201 

(TKM-

ApoB, 

ApoB 

SNALP) 

 

siRNA 

 

Liposomal 

(stable nucleic 

acid lipid 

particle) 

 

Intravenous 

 

Liver 

 

Hypercholester

ol- aemia 

 

Apolipoprot

ein B (APOB) 

mRNA 

 

Possible to 

stimulate the 

immune 

system, 

which may 

cause flu-

like 

symptoms. 

MRX34 

 

miRN

A 

mimic 

 

Liposomal 

 

Intravenous 

or 

intratumour 

 

Intraveno

us or 

intratumo

ur 

 

Primary liver 

cancer, 

advanced or 

metastatic 

cancer with or 

without liver 

involvement, 

haematological 

malignancies 

 

miR-34a 

targetome 

 

Immune-

related 

adverse 

events  

 

RG-101 

 

Antimi

R 

 

GalNAc 

conjugated 

 

Subcutaneo

us 

 

Liver 

 

Hepatitis C 

infection 

 

miR-122 

 

Immune-

related 

adverse 

events  
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Cobomars

en (MRG-

106)  

 

Antimi

R  

 

3rd gen; LNA  

 

Subcutaneo

us or 

intravenous  

 

lood or 

lymphoid 

organs  

 

Various 

lymphomas  

 

miR-155  

 

Company 

decision 

unrelated to 

safety or 

efficacy 

Suvodirse

n (WVE-

210201)  

 

ASO  

 

1st gen; PT, 

stereopure  

 

Intravenous  

 

Muscle  

 

Duchenne 

muscular 

dystrophy  

 

Dystrophin 

(DMD) pre-

mRNA 

splicing 

(exon 51 

skipping)  

 

The 

treatment 

did not show 

clinical 

efficacy and 

did not 

increase 

dystrophin 

levels. 

Aganirsen 

(GS-101)  

 

ASO  

 

1st gen; PT  

 

Topical  

 

Eye  

 

Ischaemic 

central retinal 

vein occlusion, 

neovascular 

glaucoma  

 

Insulin 

receptor 

substrate 1 

(IRS1) 

mRNA  

 

Problems 

related to the 

stability of 

the 

formulation 

DCR-PH1  

 

siRNA  

 

Liposomal  

 

Intravenous  

 

Liver  

 

Primary 

hyperoxaluria 

type 1 (PH1)  

 

Lactate 

dehydrogena

se A (LDHA) 

mRNA  

 

The focus of 

developmen

t has been on 

the GalNAc 

conjugation 

variant, 

DCR-PHXC. 

DCR-

MYC (DCR-

M1711)  

 

siRNA  

 

Liposomal  

 

Intravenous  

 

Tumour  

 

Advanced solid 

tumours, 

multiple 

myeloma, 

lymphoma  

 

MYC mRNA  

 

Despite 

reducing 

MYC, there 

is a lack of 

clinical 

efficacy. 

MiRNA sponges are transcripts that contain multiple miRNA binding sites and are specifically 

adapted to intercept and sequester miRNAs.[132,133]  They can target one or multiple miRNAs, 

[134,135]   such as mir-21, miR-155, and miR-221/miR-222 in tumour cells, [136]  or a whole miRNA 

seed family, such as miR-181a, miR-181b, and miR-181c.[137] While miRNA sponges have proven to 

be a useful experimental tool,301 they have not been translated into clinical applications.[138]  

MiRNA-masking ASOs are a gene-specific and safe therapeutic strategy that involves masking 

the binding site of a miRNA within the target gene.[139] This approach is particularly useful in cases 

where seed-family members have dual effects. Additionally, tiny 8-10 nt lNAs may be used to 

specifically silence seed sequences.[140]  By using a 16 nt oligonucleotide to mask the miR-16 

binding sites in tYRP1 mRNA, which acts as a miRNA sponge through three non-canonical miR-16 
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binding sites in its 3′ utR, the tumour-suppressive function of miR-16 was restored in melanoma 

cells.[141] However, miRNA-masking ASOs have not yet been used in clinical settings. 

In the past decade, research into lncRNA therapeutics have increased, but no lncRNA-targeting 

therapeutics have yet reached clinical translation. lncRNAs are currently being investigated as 

biomarkers due to their association with various diseases, such as preeclampsia (NCT 03903393), lung 

cancer (NCT 03830619), and acute ischemic stroke (NCT 04175691). It is likely that lncRNAs will 

expand the number of RNA interference (RNAi) and CRIsPR targets in the future, and that certain 

types of lncRNAs, such as circular RNAs or natural antisense transcripts, offer exciting new treatment 

options. 

To date, the FDA and/or the European Medicines Agency (EMA) have granted approval for 11 

RNA-based therapeutics (Table 1), which target gene alterations in the liver, muscle or central 

nervous system. These drugs are mostly either siRNAs or ASOs that target certain genes for 

downregulation, or ASOs that interfere with pre-mRNA splicing thus inducing exon skipping or 

inclusion. Several RNA therapeutics, including newer compounds such as miRNA mimics and 

antimiRs, are now in phase II or III clinical testing. However, no therapeutics based on lncRNA have 

reached clinical trials. Table 3 

Table 3. The table shows the phases of experimentation for miRNA-based therapies and their 

corresponding levels ofstudy progression. This is indicated by an increase in study phase. 

Abbreviations used in this text include: ASO, antisense oligonucleotide; GalNAc, N-

acetylgalactosamine; LNA, locked nucleic acid; LODER, local drug eluter; NSCLC, non-small cell lung 

cancer; siRNA, smallinterferingRNA; SNP, singlenucleotidepolymorphism. 

Table 3: RNA therapies in phase II or III clinical development. 

Treatment Type Amendment & 

product 

delivery 

Mode of 

delivery 

Destinati

on site 

Disease 

 

Target gene 

and route 

 

Phase & 

Identifier 

 

RG-125 

(AZD4076)  

 

Anti-miR- 

103/107  

 

GalNAc- 

conjugated 

antagomiR  

 

Subcutane

ous  

 

Liver  

 

Type II 

diabetes, 

nonalcoholic 

fatty liver 

disease.  

 

miR-103/107  

 

I/II  

NCT041204

93  

 

Prexigeber

sen 

(BP1001-A)  

 

ASO  

 

Liposomal  

 

Intravenou

s  

 

Blood 

and/or 

immune 

cells  

 

Acute myeloid 

leukaemia, 

chronic 

myeloid 

leukaemia  

 

GRB2 

mRNA  

 

II  

NCT011590

28; 

NCT041962

57; 

NCT027818

83  

 

WVE-

120102  

 

ASO 

(allele- 

selectiv)  

 

 

Stereopure 

ASO  

 

Intrathecal  

 

Brain  

 

Huntington 

disease  

 

U-variant of 

SNP 

rs362331 

(SNP2) in 

HTT mRNA  

 

I/II  

NCT032258

46, 

NCT046178

60  
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siG12D-

LODER  

 

siRNA  

 

Biodegradable 

polymeric 

matrix (PLGA)  

 

Intratumor

al  

 

Tumour  

 

Advanced 

pancreatic 

cancer  

 

G12D-

mutated 

KRAS 

mRNA  

 

II  

NCT011887

85; 

NCT016762

59  

 

rAAV5-

miHTT 

(AMT-130)  

 

Pri-miR-

451 

backbone  

 

Adeno-

associated viral 

vector (AAV5)  

 

Intrastriata

l  

 

Brain  

 

Huntington 

disease  

 

Huntingtin 

(HTT) 

mRNA  

 

I/II  

NCT041204

93  

 

Remlarsen 

(MRG-201)  

 

 

miR-29 

mimic  

 

Cholesterol 

conjugated  

 

 

Intraderma

l  

 

Skin  

 

Keloid 

(pathological 

fibrosis)  

 

miR-29 

targetome  

 

II  

NCT026032

24, 

NCT036010

52  

 

 

Miravirsen 

(SPC3649)  

 

Anti-miR-

122  

 

PS-β-d-oxy-

LNA gapmer 

ODN  

 

Subcutane

ous  

 

Liver  

 

Hepatitis C 

virus infection  

 

miR-122  

 

II  

NCT016464

89, 

NCT017279

34, 

NCT018729

36, 

NCT012004

20  

 

 

Olpasiran 

(AMG 890, 

ARO-LPA  

 

siRNA  

 

GalNAc 

conjugated  

 

Subcutane

ous  

 

Liver  

 

Cardiovascular 

disease  

 

Apolipoprot

ein A (LPA) 

mRNA  

 

II  

NCT036266

62, 

NCT042707

60  

 

Vupanorse

n (AKCEA- 

ANGPTL3-

LRx)  

 

ASO  

 

GalNAc 

conjugated  

 

Subcutane

ous  

 

Liver  

 

Dyslipidaemias

, 

hyperlipidaemi

as, 

hyperlipoprotei

n- aemias  

 

 

Angiopoieti

n- like 3 

(ANGPTL3) 

mRNA  

 

 

II  

NCT044597

67, 

NCT033713

55, 

NCT045162

91  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 January 2024                   doi:10.20944/preprints202401.1788.v1

https://doi.org/10.20944/preprints202401.1788.v1


 18 

 

 

Danvatirse

n (IONIS-

STAT3- 

2.5Rx, 

AZD9150  

 

ASO  

 

GalNAc 

conjugated  

 

Intravenou

s  

 

Tumour  

 

 

Metastatic 

NSCLC, 

resectable 

early-stage 

NSCLC, 

pancreatic 

cancer, 

mismatch 

repair-deficient 

colorectal 

cancer  

 

 

 STAT3 

mRNA  

 

 

II  

NCT038194

65, 

NCT037945

44, 

NCT029835

7  

 

 

 

Cemdisiran 

(ALN-CC5)  

 

siRNA  

 

GalNAc 

conjugated  

 

Subcutane

ous  

 

Blood  

 

Paroxysmal 

nocturnal 

haemoglobinur

ia, IgA 

nephropathy, 

Berger disease, 

glomeruloneph

ritis  

 

Complemen

t 5 mRNA  

 

II  

NCT046018

44, 

NCT023524

93, 

NCT038414

48, 

NCT039998

40  

 

BMT 101 

(cp-

asiRNA)  

 

Cell- 

penetratin

g 

asymmetri

cal siRNA  

 

Carrier-free  

 

Intraderma

l  

 

 Skin  

 

 

Hypertrophic 

scar  

 

Connective 

tissue 

growth 

factor 

(CTGF) 

mRNA  

 

II  

NCT031331

30, 

NCT040120

99  

 

Apatorsen 

(OGX-427)  

 

ASO  

 

2′-O-MOE-

PTO gapmer  

 

Intravenou

s  

 

Tumour  

 

Squamous cell 

lung cancer, 

non-squamous 

NSCLC, 

urological 

neoplasms, 

metastatic 

bladder cancer, 

urinary tract 

neoplasms, 

HSP27 

mRNA  

 

II  

NCT011204

70, 

NCT014540

89, 

NCT018291

13, 

NCT024235

90  
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castration-

resistant 

prostate cancer  

 

Bamosiran 

(SYL040012

)  

 

siRNA  

 

Carrier-free  

 

Topical  

 

Eye  

 

Ocular 

hypertension, 

glaucoma  

 

β-

Adrenergic 

receptor 2 

(ADRB2) 

mRNA  

 

II  

NCT009907

43, 

NCT012272

91, 

NCT017392

44, 

NCT022506

12  

 

Donidalors

en (IONIS-

PKK-LRx, 

ISIS 

721744)  

 

ASO  

 

GalNAc- 

conjugated PS-

2′-MOE ODN  

 

Subcutane

ous  

 

Liver  

 

Hereditary 

angio-oedema, 

COVID-19  

 

Prekallikrei

n (PKK) 

mRNA  

 

II  

NCT032635

07, 

NCT040305

98, 

NCT043073

81, 

NCT045499

2  

 

Sepofarsen 

(QR-110)  

 

ASO  

 

Chemically 

modified  

 

Intravitreal  

 

Eye  

 

Leber 

congenital 

amaurosis type 

10 (LCA10) is a 

hereditary or 

congenital eye 

disease that can 

cause blindness 

and vision and 

sensation 

disorders. It 

may also 

present with 

neurological 

manifestations. 

LCA10 falls 

under the 

c.2991+1655

A> G-

mutated 

CEP290, pre-

mRNA 

splicing  

 

II/III  

NCT031409

69, 

NCT039131

43, 

NCT039131

30  
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category of eye 

diseases. 

Tominerse

n 

(RO723429

2, HTT 

ASO, 

IONIS-

HTTRx, 

ISIS-

443139, 

ISIS-

HTTRx, RG 

6042)  

 

ASO 

(allele- 

nonselecti

ve)  

 

PS-2′-MOE 

gapmer  

 

Intrathecal  

 

Brain  

 

Huntington 

disease  

 

HTT mRNA  

 

III  

NCT025190

36, 

NCT040005

94, 

NCT033420

53, 

NCT037618

49, 

NCT038429

69  

 

AKCEA- 

TTR-LRx  

 

ASO  

 

GalNAc 

conjugated  

 

Subcutane

ous  

 

Liver  

 

Hereditary 

transthyretin- 

mediated 

amyloid 

polyneuropath

y  

 

Transthyretin 

(TTR) 

mRNA  

 

III  

NCT043020

64; 

NCT037286

34; 

NCT041361

84; 

NCT041361

71  

 

Alicaforsen 

(ISIS 2302)  

 

ASO  

 

Phosphorothio

ate- modified  

 

Oral  

 

Intestine  

 

Crohn’s disease  

 

ICAM1 

mRNA  

 

III  

NCT034736

26, 

NCT000638

30, 

NCT000634

14, 

NCT000481

13, 

NCT025255

23  

 

Nedosiran 

(DCR-

PHXC)  

 

siRNA  

 

GalNAc 

conjugated  

 

Subcutane

ous  

 

Liver  

 

Primary 

hyperoxaluria 

type 1 and type 

2 are kidney 

Lactate 

dehydrogen

ase A 

enzyme 

III  

NCT033928

96, 

NCT045554
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and urological 

diseases 

characterized 

by excessive 

oxalate 

production. 

(LDHA) 

mRNA  

 

86, 

NCT045804

20, 

NCT038479

09, 

NCT040424

02  

 

Tivanisiran 

(SYL1001)  

 

siRNA  

 

Carrier-free  

 

Topical  

 

Eye  

 

Dry eye disease  

 

TRPV1 is a 

member of 

the transient 

receptor 

potential 

cation 

channel 

subfamily V. 

III  

NCT014382

81, 

NCT017766

58, 

NCT024559

99, 

NCT031086

64  

 

Pelacarsen 

(AKCEA- 

APO(a)-

LRx, 

TQJ230)  

 

siRNA  

 

GalNAc 

conjugated  

 

Subcutane

ous  

 

Liver  

 

Hyperlipo- 

proteinaemia  

 

Apolipoprot

ein A mRNA  

 

III  

NCT030707

82, 

NCT030707

82, 

NCT040235

52  

 

MiRNA-based therapeutics offer two distinct benefits.[115,142,143] First, as opposed to man-

made chemotherapeutic agents or ASOs, miRNAs are natively expressed substances in human cells. 

This means that they have all the necessary machinery to produce and target them downstream. 

(Figure 2) Second, miRNAs act by interfering with several genes involved in a single pathway, 

thereby eliciting a response that is both broad and specific. The miR-15-miR-16 cluster is an 

outstanding demonstration of a miRNA working at different scales to impact the same cancer feature 

by downregulating multiple anti-apoptotic drivers, including BCL-2 and MCL1.[144,145] Naturally 

arising miRNAs could therefore be a viable option to current RNA-based therapies and could 

potentially enhance therapeutic efficacy compared to synthetic siRNAs or ASOs, which only affect a 

single target gene. 

The varied functions of lncRNAs offer numerous options for their therapeutic targeting. The 

approach to targeting these lncRNAs should be tailored to their specific mode of action. LncRNA 

targeting can be achieved through various methods, such as transcriptional inhibition, post 

transcriptional inhibition, steric hindrance of secondary structure formation or protein interactions, 

introduction of synthetic lncRNAs (e.g. circular), and modification of lncRNA genomic loci or modes 

of expression by CRISPR-Cas9 or CRISPR-Cas13.[146]  The study of natural antisense transcripts 

(NATs) is a fascinating field: lncRNAs that are transcribed in the antisense (opposite) orientation to 

the genes they encode, they negatively affect them in cis. Antisense oligonucleotides (ASOs) that 

target NATs, have demonstrated very encouraging preclinical results for gene reactivation in the 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 January 2024                   doi:10.20944/preprints202401.1788.v1

https://doi.org/10.20944/preprints202401.1788.v1


 22 

 

central nervous system. AntagoNATs successfully increased levels of brain-derived neurotrophic 

factor (BDNF), a protein that plays a critical role in forming memory. [147] Additionally, 

AntagoNATs upregulated the healthy allele of SCN1A, which is associated with Dravet 

syndrome.148 Specifically, a minimize invasive nasal depot (MIND) has been used to successfully 

administer BDNF-AS-targeting antagoNATs through the blood-brain barrier in a mouse model. 

MIND directs the delivery of the medication to the olfactory submucosal space and achieved 

approximately 40% effectiveness over more risky invasive administration methods. [149]  These 

encouraging findings indicate that the entry of lncRNA-based therapeutics into clinical trials is not 

far off. 

RNA-based therapeutics face challenges with specificity, release, and tolerance, which have 

impeded their clinical translation. Specificity issues arise from unintended on-target effects in non-

target cells or off-target effects from sequence variations or overdosing beyond endogenous levels. 

Administering RNA constructs poses three main challenges: the instability of unaltered RNA, the 

need for endosomal escape mechanisms to ensure effective intracellular release, and the lack of a 

suitable carrier vehicle for the target organ/cell type. In addition to these considerations, clinical trials 

are often discontinued due to poor results. (Table 2) Clinical trials are most often discontinued due 

to poor results. For instance, Genasense (G3139), a nuclease-resistant ASO that targets BCL2 mRNA, 

was abandoned due to its poor efficacy.[150]   This contrasts with the highly promising application 

of venetoclax, a small molecule mediated inhibition of the BCL-2 protein.[151] The problem with 

tolerability is that RNA structures are recognised by pathogen-associated molecular pattern (PAMP) 

receptors, such as Toll-like receptors (TLRs), resulting in undesired immune responses. For instance, 

the miR-34 mimic MRX34 has been associated with serious side effects in five patients, such as 

cytokine release syndrome. of cytokine release syndrome, during a multicentre phase I clinical trial 

in individuals with clinically proven progressive malignancies.[127,128] In contrast, miR-16 

restoration therapy in mesothelioma patients (MesomiR-1), [129] management of keloid scars by 

intradermal injection of the miR-29 mimic remlarsen, [152] and initial studies using cobomarsen (anti-

miR-155) in cutaneous T-cell lymphoma have not shown life-threatening toxicities. [115,116]  These 

findings suggest that with the appropriate assessment of toxicities and improved delivery methods, 

miRNAs may be suitable for therapeutic development. 

Potential approaches to overcome the disadvantages experienced in the clinical application of 

RNA-based therapeutics may be a necessary way to better understand the true role of non-coding 

RNA in therapeutics. The hurdles of immune responses, low specificity, and nonspecific delivery, 

with a particular focus on miRNA- and lncRNA-based therapeutics, represent another point of 

concern that must be elucidated. RNA-based interventions can be used to treat diseases caused by 

pathogenic RNAs, including those derived from the human genome and xenogenomes such as RNA 

viruses (e.g. SARS-CoV-2). This section provides an overview of recent and promising preclinical and 

clinical advancements in the field.[153]    

3.2. Oligonucleotide-based therapy insight 

Antisense oligonucleotides (ASOs) are used as single strands to inhibit microRNA (miRNA) and 

do not integrate into the RNA-induced silencing complex (RISC). It is important to note that diseases 

cause significant changes in endogenous microRNA levels, ranging from 3- to 4-fold up to 30-fold 

deregulation. [154] These changes, either alone or in combination with other microRNA regulations, 

can have a dramatic impact on targetomes and disease phenotype. [155,156]  

MiRNAs that are transcribed together in a cluster can work together, as demonstrated by the 

miR-106b~25 cluster. [157] However, individual microRNAs can also regulate multiple levels of a 

cellular process. Examples of such regulation include miR-378a-3p, the miR-29 family, and miR-365-

3p. [16,17,91] In summary, microRNAs combined and multilevel activities enhance their ability to 

modify diseases. Reverse complementary base pairing is often used to target and inhibit most 

oligonucleotides in therapeutic development. These are ASOs that cause RNase H cleavage, 

morpholinos that mask translation initiation or splicing regions, siRNAs and microRNA inhibitors 

154 Currently, there are 10 approved drugs based on siRNA or other ASO, with several more in 
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clinical studies. Inclisiran, an siRNA that reduces LDL cholesterol and prevents atherosclerosis, can 

be considered the first-in-class ASO for treating cardiovascular disease.[159]   

The most advanced microRNA-based drug candidates for the treatment of hepatitis C are anti-

miRs targeting miR-122-5p known as miravirsen (Anti-miR-122 /SPC3649) and anti-miRNA/miRNA-

122 known as RG-101 (Table 2). However, due to the exceptional efficacy of other drugs and the 

gradual development of viral resistance, their medical need has diminished.[160]  Nonetheless, 

these anti-miRs have demonstrated the feasibility of microRNA-based therapy in patients. At the 

beginning of 2002, 19 clinical trials involving microRNA-based therapeutics were concluded or 

underwayTwo other trials involving miR-103/107-3p (RG-125/AZD4076) and one involving miR-155-

5p (cobomarsen/ MRG 106) were discontinued or stopped by the sponsor for strategic reasons.  

(Table 4) It is important to underline that the molecules that have been removed are those included 

in the second-generation chemical modification. These miRNAs have commonly been used in RNA-

based therapeutics and were designed to reduce the immunostimulatory potential of synthetic RNA 

therapeutics. 2'-ribose modifications on siRNAs, such as 2'-F, 2'-O-Me, and 2'-H, can abrogate TLR 

stimulation, particularly when applied to uridines within GU-rich sequences. [161–163] For example, 

preliminary results in terms of effectiveness and security have been promising for the 23 nt ds miR-

34a mimic (MRX34). Although MRX34 demonstrated potent anti-tumour activity in preclinical 

studies, [164,165] the first-in-human MRX34 clinical trial was discontinued due to immune-related 

adverse event in five patients. These adverse effects consisted of systemic inflammatory response 

syndrome, cytokine release syndrome, enterocolitis, hepatic failure, hypoxia, and respiratory failure. 

[128] The immune effect of miR-34a was unexpectedly strong. Preclinical studies in mice did not 

show any immunogenicity as assessed by IL-1β, IL-6 and TNF secretion. [166] A study in which the 

same administration vehicle was used to deliver ssDNA molecules (PNT2258) also failed to show any 

evidence of immune stimulation.[167] Notably, this suggests that the delivery vehicle is not the cause 

of immune stimulation.[167] MRX34 is most abundant in the liver, bone marrow and spleen in non-

human primates.[168] A downregulation of miR-34a target genes in white blood cells and an increase 

in miR-34a levels in tumour tissue were observed in the pharmacodynamic analysis of patients in the 

Phase I study. However, whether gene silencing or immune-mediated anti-tumour activity was 

responsible for the three patients who responded to MRX34 therapy (4% response rate) is 

uncertain.[128] It is worth noting that miR-34a targets the well-known immunotherapy target 

programmed cell death 1 ligand 1 (PDL1) [169]  which has been implicated in the observed 

responses.  

Apart from ASOs, there are currently no microRNA mimics or over-expressions being applied 

for cardiovascular indications that are close to clinical trials. 

Table 4. The table summarises 19 clinical trials that have used microRNA-based therapeutics. 

Abbreviations used in this text include: ADPKD, autosomal dominant polycystic kidney disease; T2D, 

type 2 diabetes; NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis; HCV, 

hepatitis C virus. Ref [17,22,23,28,32,34,85,160,170–182] . 

Table 4: Clinical trials of miRNAs with therapeutic potential in cardiovascular disease 

Active 

principle/ 

Therapeutic 

Drug Name 

Indication 

 

Clinical 

phase 

 

Study no. /status 

 

Preclinica/ 

clinical 

study 

outcome 

 

Corporate 

Sponsor 

Related 

cardiovascular 

studies 

 

miR-132-3p 

inhibitor 

(CDR132L) 

 

Stable heart 

failure 

 

Phase I 

 

NCT04045405 

(completed) 

 

(28, 170) 

 

Cardior 

Pharmaceuticals 

 

 

(28,31,170,171) 
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miR-122-5p 

inhibitor 

(miravirsen) 

 

HCV  

 

Phase I  

Phase I  

Phase I  

Phase 

IIa  

 

NCT00688012 

(completed) 

NCT00979927 

(completed) 

NCT01646489 

(completed) 

NCT01200420 EudraCT 

2010-019057-17 

(completed)  

 

(160, 172, 

173)  

 

Santaris Pharma  

 

(160, 172, 173)  

 

miR-

103/107-3p 

inhibitor 

(AZD4076)  

 

T2D with 

NAFLD T2D 

with NASH  

 

Phase 

I/IIa  

 

Phase I  

 

 NCT02826525 (halted for 

strategic reasons) 

NCT02612662 (halted for 

strategic reasons)  

 

 

 

 

AstraZeneca  

 

 

(174)  

 

miR-122-5p 

inhibitor  

(RG-101)  

 

HCV  

 

 

Phase II 

PhaseII 

PhaseIIb 

Phase 

IIb  

 

  

 

 

 

EudraCT 2015-004702-42 

(completed) EudraCT 

2015-001535-21 

(completed) EudraCT 

2013-002978-49 

(completed) EudraCT 

2016-002069-77 

(completed)  

 

 

 

  

 

(175) 

 

(176) 

Regulus 

Therapeutics  

 

 

miR-16-5p 

mimic 

(TargomiR)  

 

Malignant 

pleural 

mesothelioma  

 

Phase I  

 

NCT02369198 

(completed)  

 

(177)  

 

Asbestos 

Diseases 

Research 

Foundation  

 

 

 

miR-17-5p 

inhibitor 

(RGLS4326)  

 

ADPKD  

 

Phase Ib  

 

NCT04536688 

(completed)  

 

(178)  

 

Regulus 

Therapeutics  

 

(179)  

 

miR-155-5p 

inhibitor 

cobomarsen 

(MRG-106)  

Cutaneous T 

cell 

lymphoma  

 

Phase I 

Phase II 

 

NCT02580552 

(completed)  

(180)  

 

miRagen 

Therapeutics 

(now Viridian 

Therapeutic)  

(32, 34)  
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NCT03713320 

(terminated for strategic 

reasons  

 

 

miR-92a-3p 

inhibitor 

(MRG-110)  

 

Wound 

healing  

 

Phase I  

Phase I  

Phase I  

 

NCT03603431 

(completed)  

NCT03494712 

(completed)  

EUDRA-CT 2017-004180-

12 (completed)  

 

 

 

(181)  

 

miRagen 

Therapeutics 

(now Viridian 

Therapeutic)  

 

(45, 85, 134)  

 

miR-21-5p 

inhibitor 

lademirsen 

(RG-012)  

 

Alport’s 

syndrome  

 

Phase I  

Phase II  

 

NCT02603224 

(completed)  

NCT02855268 (ongoing)  

 

 Genzyme/Sanofi  

 

 

miR-29-3p 

mimic 

remlarsen 

(MRG-201)  

 

Keloid scar 

formation  

 

Phase I  

Phase II  

 

NCT02603224 

(completed)  

NCT03601052 

(completed)  

 

 miRagen 

Therapeutics 

(now Viridian 

Therapeutic)  

 

(17, 22, 23, 173)  

 

 

miR-34a-5p 

mimic 

(MRX-34)  

 

Advanced 

cancer  

 

Phase I  

 

NCT01829971 

(terminated due to 

serious adverse effects)  

 

(128)  

 

Mirna 

Therapeutics  

 

(182, 177)  

 

4. Development of microRNA-based cardiovascular therapeutic approaches in clinical trials 

The impact on the cardiovascular field appears to be less than expected, although several 

miRNA-targeted therapeutic developments in other indications have been discontinued (e.g. 

miravirsen, RG-101, cobomarsen, AZD4076). Preclinical and clinical evidence provides valuable 

information for the design and performance of miRNA-targeted cardiovascular therapies, even for 

those oligonucleotides that have been discontinued. These miRNAs have been extensively studied in 

both laboratory and clinical settings. (see Table 2) Of particular interest is the miR-132-3p inhibitor 

(CDR132L) being developed for the treatment of heart failure. CDR132L could become the first 

miRNA-targeted drug for cardiovascular therapy and is currently scheduled for Phase II testing. (see 

Table 2) 

Apart from ASOs, there are currently no microRNA mimics or over-expressions being applied 

for cardiovascular indications that are close to clinical application. It is important to note that the 

timing and dosage of microRNA-boosting therapy is critical, as evidenced by the complications 

observed in the MRX-34 antitumour trial [128] and the deleterious impact of both prolonged miR-

199a and miR-92a expression in mouse models. [183]    

4.1. Evaluating the tropism of oligonucleotides: open questions and major challenges 

The challenge of achieving efficient oligonucleotide concentrations in target tissues or cells has 

led to a number of strategies that are summarised in Figure 6. Many of these holds considerable hope 
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for cardiovascular applications. Oligonucleotides, because of their hydrophilic properties, do not 

readily cross membranes. Additionally, their distribution into cardiovascular tissue may be 

overtaken by renal filtration.[60] In addition, the endothelium fenestration in the liver and the 

presence of high levels of monocytes in the spleen and bone marrow decrease the cardiovascular 

accessibility of oligonucleotides.[184] In the myocardium, this results in relatively low cellular 

incorporation, [185]  although this process seems to be enhanced in pathological conditions.[186] 

Oligonucleotides face the problem of being sequestered in endosomes after endocytosis, from which 

they must emerge in order to deliver to their targets.[184] LNA antimiRs can partially overcome these 

hurdles by penetrating membranes as "naked" molecules.187 Indeed, many cardiovascular studies 

are conducted without the formulation of the antimir, as shown in Table 5.  

However, numerous strategies have been devised to enhance the circulation duration, 

membrane transport, intracellular delivery, or tissue tropism of oligonucleotides.[154] Lipid-based, 

polymer-based, hybrid, or metal-based nanoparticles are utilized as vehicles for 

oligonucleotides.[188]  and additionally, oligonucleotides are conjugated with polyethylene glycol 

(PEG) to delay the clearance of agents, which is a common approach. (Figure 6) Cholesterol can be 

attached not just to oligonucleotides to help them cross the membrane, but also conjugated to 

nanoparticles. Cell-penetrating peptides (CPPs), one of which is a cardiac-targeting peptide, have 

demonstrated efficacy in experimental models of cardiovascular disease in vivo. [189,190] A CPP 

conjugate of eteplirsen is currently being investigated in a phase II clinical trial for the treatment of 

Duchenne muscular dystrophy (ClinicalTrials.gov NCT04004065). 

Coupling oligonucleotides or microRNA vehicles to receptor ligands or other cell-targeting 

molecules is expected to result in the most effective cellular tropism.[191] (Figure 6) To provide 

coupling partners for oligonucleotides, molecules must bind to cell surface proteins, and they must 

not interfere with the translocation or activity of the drug or cause adverse reactions. As part of this 

strategy, a therapeutic approach involved using an siRNA coupled with a CD71 Fab' fragment to 

target the heart and skeletal muscles in mice. This approach was found to be effective in treating 

muscular dystrophy. [192] Other promising candidates are centyrins. These are fibronectin-3 

derivatives that can be designed for specificity and affinity and coupled to oligonucleotides.[193] In 

mice, a folate-coupled antimiR against miR-34-3p preferentially affects tumours.[194] 

Oligonucleotides linked to N-acetylgalactosamine (GalNAc), a natural ligand of the 

asialoglycoprotein receptor 1, which is highly expressed in liver cells, are clinically advanced, making 

them ideal for liver-targeted therapy (Table 2). Other sugars may also be useful for cell-specific 

oligonucleotide release, such as mannose, whose receptor is mainly expressed on macrophages. In 

addition, aptamers have been evaluated in conjunction using siRNAs.[195] One aptamer was found 

to enhance miR-126-3p release by binding to the transferrin receptor.[196] 

Adeno-Associated Viruses (AAVs) are a type of viral vector used to transport genetic 

information. They are known for their organotropic serotypes, which can be further optimized 

through capsid engineering. A specific example is AAV2i8, a chimera of an AAV2 inner loop mutant 

and AAV8, [197,198]  which is particularly effective in transducing myocytes. [199] This construct 

has been used to drive constitutively active inhibitor-1 expression in a porcine model of cardiac 

ischaemia [200]   and is presently being evaluated in a phase I clinical trial. (ClinicalTrials.gov 

NCT04179643) More specifically, targeted evolution has recently produced AAVs with superior 

muscle cell specificity and transduction efficiency.[201] The use of specific promoters for gene 

regulation in different cardiovascular cell lines (Figure 6) broadens the range of possibilities.  

In addition to the benefits provided by viral vectors, molecular genetic tools like CRISPR/Cas 

plasmids can also be introduced non-virally (see Figure 6), e.g. by transfection. It is yet to be 

determined whether the delivery of plasmids for noncoding RNA (as demonstrated for a circRNA 

construct in Figure 6) will be effective for microRNA expression.[202]  
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Figure 6. The diagram shows molecular vehicles for microRNA modulators and how they can be 

functionalized. The use of modified nucleotides in synthetic oligonucleotides improves nuclease 

resistance, allowing for their use as "naked" molecules. Cell entry via endocytosis can be improved 

by embedding them in liposomes, lipid nanoparticles (LNPs) or polymer-based nanoparticles (PNPs). 

Metallic particles, including gold, have also been used to carry oligonucleotides and plasmids. 

Exosomes carrying microRNA can be obtained from natural sources or designed for better microRNA 

loading or cell targeting. [104, 105] Oligonucleotides or their delivery vehicles can be further function-

modified by coupling to improve their circulation time (e.g., by PEGylation), membrane penetrance 

(e.g., cholesterol, cell-penetrating peptides), or cell- or tissue-specific delivery (e.g., by coupling to 

receptor ligands, antibody fragments, or aptamers). The transferrin receptor aptamer (TRA) is an 

example. The expression or genetic inactivation of microRNAs or their targets can be achieved using 

viral vectors, in particular adeno-associated virus (AAV). AAV engineering 184,185 can improve 

transduction and/or tropism, and the use of cell type-specific promoters can further enhance the 

process. Gene expression in cardiac myocytes is denoted by exemplary promoters such as Tnnt2 

(cardiac troponin T2), Myh6 (myosin heavy chain 6), Myl2 (myosin light chain 2), and Nppa 
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(natriuretic peptide A). Similarly, in endothelial cells, protein tyrosine kinase Tie2/Tek and Kdr/Flk-1 

(kinase insert domain receptor/fetal liver kinase 1) are used as promoters. In vascular smooth muscle 

cells, Myh11 (myosin heavy chain 11) is used as a promoter. From Laggerbauer B et al.  Ref 

[50,187,188,197,198,202-205]. 

Table 5. Displays the therapeutic dosage and composition administered in the animal model. 

Abbreviations used in this text include:MoD, mode of delivery; AngII, angiotensin II; i.v., 

intravenous; s.c., subcutaneous; i.p., intraperitoneal. 

Table 5: Composition, mode of delivery and dosage schedules of selected synthetic inhibitors or mimics of microRNAs 

 

Synthetic 

molecule  

 Ref 

Organism  

 

Composition 

 

MoD Dosage schedules   

AntimiRS 

 

LNA-

antimiR-29 

17 

 

 

Mouse Saline I.V 20 mg/kg, 1 daily dose for 3 days, starting d1 after surgery. 

 

 

 

LNA-

antimiR-15b  

206 

 

 

Mouse 

 

Saline  

 

 

i.v. via 

catheter  

 

 

Up to 33 mg/kg, 1 dose 3 days after AngII infusion. 

 

 

 

 

LNA-

antimiR-26a 

or miR-26a 

mimic  

207 

 

 

Mouse 

 

Matrigel  

 

s.c 1 × 106 cells/mL Matrigel transfection: 30–100 nM 

oligonucleotide/5 × 104 cells  

 

LNA-

antimiR-15  

208 

 

 

Mouse 

 

Saline  

 

s.c 2 doses with 5 mg/kg each (2–3 days before TAC, 3–4 days 

after) 

LNA-

antimiR-26a  

208 

 

 

Mouse 

 

Not 

candidate 

i.v 24 mg/kg, 1 dose 24 hours before MI 
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LNA-

antimiR-15b  

206 

 

 

Pig Saline i.v Up to 3.3 mg/kg 

 

LNA-

antimiR-22  

209 

 

 

Mouse 

 

Hydrogel  

 

Perivascular  

 

2.5 nmol Injection concomitant with surgery 

 

LNA-

antimiR-21 

18 

 

Pig 

 

Saline i.v 10 mg each on d5 and d19 after MI 

Antagomirs  

 

Antagomir-

199b 38 

 

Mouse  

 

Saline  

 

i.p 0.05–80 mg/kg 

 

 

 

Antagomir-

25  

210 

 

Mouse  

 

Saline  

 

 i.p 

 

80mg/kg, 1daily dose for 3 days, starting day 1 after surgery 

Antagomir-

21 18 

 

Mouse  

 

Saline  

 

i.v. via 

catheter  

 

80 mg/kg, 1 daily dose for 2 days, starting d1 or d21 after 

surgery.  

 

 

Antagomir-

29b 117 

 

Mouse  

 

Saline  

 

i.p 80 mg/kg, 1 daily dose for 2 days, starting d1 or d21 after 

surgery  

 

 

 

Antagomir-

146a 211 

 

Mouse  

 

Saline  

 

Not 

indicated 

8 mg/kg d2 before delivery and d1, d3 and d7 after surgery 

4.2. Assessing how to manage 

Tissue-specific oligonucleotide targeting has not yet reached late-stage therapeutic trials. 

Therefore, the route of administration remains important to improve efficacy. In experimental models 

and in the phase Ib trial of antimiR-132, intravenous infusion of oligonucleotides is the most 
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commonly used route (Table 5). However, it is important to note that intravenous injection quickly 

dilutes the drug. 

Additionally, the fenestration of certain non-cardiovascular tissues exacerbates this issue. While 

intraperitoneal injection has been used in cardiovascular preclinical studies, [28,212,213] and 

intracardial injection has been applied in rodents, [13,214] the risks associated with either 

administration method make them unsuitable for use in humans. However, it is important to note 

that intravenous injection rapidly reduces the concentration of the drug. Additionally, the 

fenestration of certain non-cardiovascular tissues exacerbates this issue. While intraperitoneal 

injection has been used in cardiovascular preclinical studies, [28,211,212]  and intracardial injection 

has been performed in rodents,[13,214] the risks associated with both administrations preclude their 

use in humans. Oligonucleotides have been successfully applied subcutaneously or intradermally in 

cardiovascular studies involving mice [186,207,215] and monkeys.[215] Due to their minimally 

invasive nature and advantageous pharmacokinetics, [185]  they are favourable for microRNA-

based drugs (refer to Table 5). It is important to note that skin reactions at the injection site were 

frequently observed in clinical studies.[216] This aspect will be further discussed in relation to 

immunogenicity. To exploit the benefits of local drug delivery with a low risk of tissue damage, 

several studies have used device-based methods. Coronary catheterization, which is now a clinically 

routinised procedure, has been used to administer microRNA drugs in both small 18 and large 

animals. [15,27,188]  

4.3. Assessing dosing 

In in vivo models of cardiovascular disease, the majority of microRNA mimics or inhibitors are 

administered in sequential doses within a few hours to a few days after induction of the disorder 

(Table 5). Therapeutic effects by LNA antimiRs were observed within 2 or 3 days in cases where they 

were tested. [207,209,217] MicroRNA modulators have enhanced nucleus retention and display 

characteristic half-lives of 3 weeks in cardiac tissue. This suggests that the duration of action is at least 

18 to 46 days in mice [13,17,18]or 28 days in pigs, [28] allowing for the endpoints of these studies. 

AntimiR-loaded nanoparticles showed an interesting, sustained effect of about 4.5 months. However, 

it is unclear whether this is due to the preparation method. [218]  With only one or two subcutaneous 

injections per year, the siRNA drug inclisiran provides therapeutic effectiveness. The design and 

evaluation of miRNA drugs with similar properties and pharmacokinetics should be stimulated by 

this promising result. 

4.4. Assessing the risk of adverse effects 

• Understanding immune reactions 

When considering RNA-based therapies, there are three main sources of potential 

immunogenicity: (a) the nucleotide portion or its chemical modification, (b) the drug moiety, and (c) 

the vector used to deliver the overexpression. Unfortunately, a phase I trial of a miR-34 mimic for the 

treatment of resistant cancers was discontinued due to lethal immune reactions. [128] It is unclear 

which of the drug compounds triggered the immune reactions. Similarly, immune responses 

observed with specific ASOs [219]  have not been entirely elucidated. Table 4 shows promising 

safety data from many other clinical studies, in contrast to these occurrences. The innate immune 

response identifies oligonucleotides as pathogen-associated molecular patterns (PAMPs). Toll-like 

receptors (TLRs) are a class of family of pattern recognition receptors (PRRs) that sense double- and 

single-stranded oligonucleotides. Replacement of specific nucleotides can decrease the 

immunogenicity of an siRNA without compromising its potency.[220]  Similarly, naturally 

occurring modifications to nucleosides aid in evading TLR recognition, [221] such as 2′O-Me [222] or 

LNA modifications.[223] The existence of this feature is therefore the best known mechanism to 

account for immunotolerance to LNA antimiRs.  
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Nanoparticle packaging can protect oligonucleotides from PRRs and PEG is utilized in 

oligonucleotide medications for this reason, in addition to the prolonged circulation benefit. 

However, it is important to note that PEG can lead to the induction of antibodies, which have been 

implicated in serious adverse events in one case.[224] Therefore, the potential safety issues related to 

PEG should be taken seriously, despite the long list of well-tolerated and approved PEGylated drugs. 

Thus, although the availability of a long list of well-tolerated and licensed PEGylated agents, the 

potential for PEG-related adverse events must be taken into consideration. Viral vectors have the 

potential to cause side effects and to induce neutralising antibodies (if not present a priori) because 

of their immunogenicity. In addition, the use of immunosuppressive drugs is a common feature of 

licensed virus-based gene therapies. 

• Understanding toxicity 

Chemical modifications to oligonucleotide drugs could potentially cause toxicity through both 

sequence-dependent and sequence-independent mechanisms. The strong protein binding of certain 

gapmers has been suggested to be responsible for the latter. [225] In contrast to gapmers, microRNA 

mimics or antimiRs have been reported to have a more consistent profile of variation at the 2′-ribose 

position. The reason why most preclinical and clinical studies on microRNA mimics or antimiRs have 

reported excellent levels of safety and tolerability [160,170,226]may be partly related to this. It has 

been reported that high doses of antimiRs (>80 mg/kg), regardless of their chemical modification, 

exhibit sequence-dependent toxicity.[212]  It should be noted that antimiRs in clinical translation are 

used at significantly smaller doses and with a more benign risk profile (see Table 3). This toxicity may 

be due to antimiRs inhibiting AGO targeting, thereby freeing other microRNAs to gain access to the 

RISC.[227] Similarly, an overabundance of microRNA mimics can prevent endogenous microRNAs 

from entering the RISC [228] or bind non-specifically to RNAs. It is unclear whether this is the cause 

of the unexplained complications observed in the miR-34-mimic study.[128]   

• Understanding tumorigenesis 

Several microRNAs implicated in cardiovascular diseases have also been suggested to play a 

role in cancer. [142] It is now evident that heart failure and cancer share pathophysiological 

mechanisms, [229]  prompting the question of whether targeting specific microRNAs could be 

advantageous in treating both conditions. Anti-miRs targeting miR-21-5p, miR-146a-5p, or miR-155-

5p not only have therapeutic cardiovascular effects but also prevent tumor growth in respective 

mouse models.[180,230,231] Some evidence supports this hypothesis. While some members of the 

genetic cluster, such as miR-92a-3p, appear to have less significance in cancer, others have been found 

to be critical.[232] It is important to note that continuous and uncontrolled cardiac overexpression of 

miR-199a in pigs resulted in the formation of weakly differentiated myoblasts, leading to fatal 

arrhythmia.[183]Therefore, this must be taken into consideration during risk assessment. Based 

purely on cell culture tests, expression data or target plots, a number of miRNAs with well-

documented cardiovascular function have been ascribed an oncogenic or tumour suppressive 

function. Therefore, the risk of tumourigenesis should be evaluated by long-term assessment in 

animal models and by examination of tissues outside the cardiovascular system. 

5. Looking ahead 

A clear indication of the advances made in the last decade is the increasing number of clinical 

trials targeting microRNAs, leading to the first clinical trial of an anti-mRNA in cardiovascular 

therapeutics. The existence of uncharacterized microRNAs suggests a broader range of potential 

disease treatments and applications for microRNA therapeutics than is currently apparent. As stated 

in a critical review of the large body of descriptive literature on microRNAs, [233]  the field is 

challenged to rigorously confirm the function of microRNA candidates. The key to improving 

therapeutic design and decreasing the risk of attrition will be the combination of microRNA 

manipulation in disease models, omics technologies and thorough preclinical evaluation. While the 
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creation of synthetic oligonucleotides has overcome significant challenges, the administration of 

these molecules remains a major issue. This is particularly relevant for cardiovascular tissue. 

Cardiovascular tissue does not efficiently incorporate oligonucleotides. It would be desirable, once 

the pharmacokinetics of oligonucleotides have been further improved, to eliminate the need for 

specific delivery methods, such as local catheter-based administration. It is also promising to tailor 

oligonucleotides not only for enhanced cellular absorption but for enhanced cellular targeting. This 

area is currently underdeveloped and will require a huge investment in ligand screening and 

chemical binding to oligonucleotides, as well as the development of assays to determine cellular 

oligonucleotide levels. 
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