
Review Not peer-reviewed version

RNA Therapeutics Targeting Skeletal

Muscle: Emerging Antisense and Gene-

Modifying Strategies

Takayuki Kuroda and Toshifumi Yokota *

Posted Date: 28 April 2026

doi: 10.20944/preprints202604.1918.v1

Keywords: antisense oligonucleotide; phosphorodiamidate morpholino oligonucleotides; small interfering

RNA; clustered regularly interspaced short palindromic repeats and CRISPR-associated protein system;

cell-penetrating peptides; antibody–oligonucleotide conjugates; adeno-associated viruses vector;

Duchenne muscular dystrophy; myotonic dystrophy type 1; facioscapulohumeral muscular dystrophy

Preprints.org is a free multidisciplinary platform providing preprint service

that is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC, OpenAlex.

Copyright: This open access article is published under a Creative Commons CC BY 4.0

license, which permit the free download, distribution, and reuse, provided that the author

and preprint are cited in any reuse.

https://sciprofiles.com/profile/5285811
https://sciprofiles.com/profile/49477
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


 

 

Review 

RNA Therapeutics Targeting Skeletal Muscle: 

Emerging Antisense and Gene-Modifying Strategies 

Takayuki Kuroda 1 and Toshifumi Yokota 1,2,* 

1 Department of Medical Genetics, Faculty of Medicine and Dentistry, University of Alberta, Edmonton, AB 

T6G 2H7, Canada 

2 The Friends of Garrett Cumming Research & Muscular Dystrophy Canada, HM Toupin Neurological 

Sciences Research, Edmonton, AB T6G 2H7, Canada 

* Correspondence: toshifum@ualberta.ca; Tel.: +1-780-492-1102 

Abstract 

RNA-based therapeutics are reshaping the treatment landscape for skeletal muscle disorders by 

enabling modulation of RNA processing or direct correction of disease-causing alleles. In Duchenne 

muscular dystrophy (DMD), four antisense oligonucleotides—eteplirsen, golodirsen, viltolarsen, and 

casimersen—have received FDA approval; these phosphorodiamidate morpholino oligomers 

(PMOs) induce exon skipping to restore the reading frame and enable expression of internally 

truncated dystrophin. Beyond splice switching, RNA therapeutics include RNase H–active gapmers 

and steric-blocking antisense oligonucleotides (ASOs), small interfering RNAs (siRNAs) that mediate 

post-transcriptional gene silencing, and RNA-guided gene-modifying technologies such as CRISPR 

systems that can reframe or repair endogenous alleles. Despite major progress in DMD, broader 

clinical impact remains constrained by inefficient delivery to skeletal and especially cardiac muscle, 

the need for repeat administration for most modalities, and safety considerations that limit dose 

escalation and durability. Next-generation approaches aim to overcome these barriers through 

peptide- or antibody-conjugated oligonucleotides that enhance cellular uptake and tissue 

distribution, alternative chemistries with improved stability and potency, and viral or non-viral 

platforms for durable splice modulation. In parallel, CRISPR-based strategies—including base and 

prime editing—offer the prospect of one-time correction, while raising important questions regarding 

delivery, immunogenicity, editing specificity, and long-term safety. This review synthesizes recent 

advances in antisense and gene-modifying strategies for skeletal muscle and highlights practical 

priorities for translation, including improved muscle/heart delivery, controllable safety mechanisms, 

scalable manufacturing, and standardized biomarker-to-clinical outcome relationships. 

Keywords: antisense oligonucleotide; phosphorodiamidate morpholino oligonucleotides; small 

interfering RNA; clustered regularly interspaced short palindromic repeats and CRISPR-associated 

protein system; cell-penetrating peptides; antibody–oligonucleotide conjugates; adeno-associated 

viruses vector; Duchenne muscular dystrophy; myotonic dystrophy type 1; facioscapulohumeral 

muscular dystrophy 

 

1. Introduction of RNA-Based Therapeutics 

RNA-based therapeutics comprise a broad spectrum of molecular mechanisms that enable 

precise modulation of gene expression at multiple levels [1]. These approaches range from antisense 

oligonucleotides that alter RNA processing or induce targeted degradation, to small interfering 

RNAs that silence transcripts through the RNA interference pathway, and RNA-guided editing 

systems that directly modify genomic DNA [2]. Although these modalities differ in their mechanisms, 

durability, and molecular targets, they collectively provide a versatile toolkit for correcting or 

compensating for pathogenic gene expression in skeletal muscle disorders [3]. 
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1.1. Antisense Oligonucleotides (ASO) 

ASOs are single-stranded nucleic acids that bind to RNA and modulate its function [4]. The 

molecular mechanism of an ASO depends on its chemical modifications and the target RNA site. 

RNase H–dependent ASOs, also known as “gapmers,” bind to target mRNA and induce its 

degradation through RNase H, which specifically cleaves DNA/RNA duplexes [5]. Another major 

class is RNase H–independent splice-switching oligonucleotides (SSOs), which bind to pre-mRNA 

and modulate splicing [6]. SSOs can incorporate artificial nucleic acids, such as phosphorodiamidate 

morpholino oligonucleotides (PMOs) [7]. PMOs are synthetic molecules designed to bind specific 

RNA sequences and block their processing or translation [8]. Unlike DNA or RNA, PMOs have an 

uncharged backbone, which confers high stability and resistance to nucleases. They bind strongly 

only to nearly perfectly complementary sequences and exhibit minimal activation of innate immune 

responses, limited nonspecific protein binding, and overall low toxicity [9,10]. 

1.2. Small Interfering RNAs (siRNA) 

siRNAs are short, double-stranded RNA molecules, typically 21–23 nucleotides in length [11]. 

They consist of a sense strand and an antisense strand. The antisense strand is incorporated into the 

RNA-induced silencing complex (RISC), which guides the complex to complementary target mRNA. 

Once bound, RISC cleaves the target mRNA, leading to its degradation and effective gene silencing 

through the RNA interference (RNAi) pathway [1]. Chemical modifications and delivery strategies 

are often used to enhance siRNA stability, reduce off-target effects, and improve cellular uptake [12]. 

1.3. RNA-Guided Gene-Modifying Technologies 

RNA-guided genome-editing technologies have also emerged as potential therapeutic 

approaches that enable direct modification of genomic DNA [13]. The clustered regularly interspaced 

short palindromic repeats (CRISPR) and CRISPR-associated protein system (CRISPR–Cas) is an 

RNA-guided technology that introduces double-strand breaks (DSBs) at target DNA sequences 

complementary to a guide RNA [14]. Following DSB formation, cellular DNA repair pathways can 

modify the genome through non-homologous end joining (NHEJ) or homology-directed repair 

(HDR) [15]. In the presence of a donor DNA template, HDR enables the precise insertion or correction 

of genetic sequences [16]. 

More recently developed technologies, such as base editing and prime editing, utilize 

engineered CRISPR systems to introduce precise genetic modifications without generating DSBs [17]. 

Base editors enable single-nucleotide substitutions, whereas prime editors allow targeted small 

insertions, deletions, or base substitutions with improved precision [18]. 

Adenosine deaminases acting on RNA (ADAR) are endogenous enzymes that mediate 

adenosine-to-inosine (A-to-I) RNA editing within double-stranded RNA structures [19]. Inosine is 

interpreted as guanosine during translation, thereby altering the encoded protein sequence [20]. By 

harnessing this endogenous system, guide RNA–directed approaches have been developed to recruit 

ADAR to target mRNAs and induce site-specific A-to-I RNA editing [21]. 

2. Delivery Strategies for RNA-Based Therapeutics 

One of the challenges of RNA-based therapeutics targeting skeletal muscle is efficient delivery 

[22]. Systemically administered RNA molecules are rapidly cleared from circulation and show 

limited accumulation in target tissues, reducing therapeutic efficacy [23]. To overcome this limitation, 

various drug delivery strategies have been developed [8] (Figure 1). 
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Figure 1. Overview of major RNA-based therapeutic modalities and delivery strategies. RNA therapeutics 

include ASOs that induce RNA degradation or splice switching, siRNAs that mediate post-transcriptional gene 

silencing, and RNA-guided genome-modifying technologies. These modalities can be paired with diverse 

delivery platforms—including chemical conjugation such as peptide or antibody ligands, lipid nanoparticles 

(LNPs), adeno-associated virus (AAV) vectors, and U7 small nuclear RNA systems—to enhance tissue uptake, 

stability, and therapeutic activity. Figures were created with BioRender.com. 

2.1. Chemical Conjugation 

Chemical conjugation is a key approach to enhance delivery [10,24]. For example, N-

acetylgalactosamine (GalNAc), an amino sugar derivative, acts as a ligand for the asialoglycoprotein 

receptor, enabling selective uptake of ASOs and siRNAs into hepatocytes [25]. Peptides and 

antibodies are also commonly used for conjugation. In particular, PMOs are uncharged and poorly 

taken up by cells; conjugation with cell-penetrating peptides (PPMOs) markedly improves cellular 

delivery, although safety concerns remain [10,26]. Antibody–oligonucleotide conjugates (AOCs) also 

enable tissue-specific delivery such as antibodies targeting skeletal and cardiac muscle via 

Transferrin receptor 1 (TfR1)-mediated transcytosis [27,28]. 

2.2. Lipid Nanoparticles (LNPs) 

LNPs are nanoscale vesicles that efficiently deliver nucleic acid therapeutics, as demonstrated 

by the successful delivery of mRNA vaccines against COVID-19 [29]. LNP-based platforms are now 

among the most promising for RNA therapeutics [30]. Notably, patisiran, an LNP-formulated siRNA 

targeting TTR mRNA for the treatment of ATTR amyloidosis, has received regulatory approval [31]. 

LNP-based delivery strategies are also being actively investigated for other RNA modalities, 

including antisense oligonucleotides [32]. 

2.3. Adeno-Associated Viruses (AAV) Vector 

AAV vectors are widely used and relatively safe viral delivery systems that enable efficient 

transfer of genetic material into the nuclei of target cells, resulting in long-term transgene expression 

[33]. This sustained expression, often lasting for years, makes AAV vectors particularly suitable for 

therapeutic strategies requiring durable gene modulation [34]. In this context, RNA-guided gene-
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modifying technologies can be effectively delivered using AAV vectors by encoding the necessary 

components, such as guide RNAs and associated proteins, to enable long-term genome editing in 

target tissues [17]. 

2.4. U7 Small Nuclear RNA (snRNA) 

snRNAs are components of small nuclear ribonucleoproteins (snRNPs), which are essential for 

pre-mRNA processing [35]. Among them, U7 snRNA is a specialized snRNA that functions in the 3′-

end processing of replication-dependent histone pre-mRNAs [36]. Engineered U7 snRNA can be 

modified by replacing its natural histone-binding sequence and Sm-binding motif with antisense 

sequences targeting pre-mRNA [37]. In this form, U7 snRNP can modulate splicing by promoting 

exon skipping or inclusion, depending on the design of the antisense sequence. The main advantages 

of U7 snRNA-based approaches include its small genetic size, efficient nuclear localization, and 

generally low immunogenicity and cytotoxicity in cells [38]. 

3. Disease Case Studies 

Emerging studies on RNA therapeutics targeting skeletal muscle diseases are rapidly expanding 

[39]. In particular, for Duchenne muscular dystrophy (DMD), four antisense oligonucleotides—

eteplirsen, golodirsen, viltolarsen, and casimersen—have received FDA approval [40]. For other 

skeletal muscular disorders, such as myotonic dystrophy type 1 (DM1) and facioscapulohumeral 

muscular dystrophy (FCMD), RNA-based therapeutics are currently under clinical investigation 

[27,41]. 

Despite these advances, several bottlenecks remain in clinical development, including limited 

therapeutic efficacy, delivery challenges, toxicity concerns, and the lack of robust clinical endpoints 

and biomarkers [42]. In addition, therapeutic efficiency often varies depending on tissue distribution 

and disease context [39]. This section summarizes the current status of RNA drug development in 

skeletal muscle diseases and highlights emerging strategies to overcome these limitations. 

3.1. Duchenne Muscular Dystrophy (DMD) 

DMD is an X-linked recessive neuromuscular disorder that affects approximately 1 in 4,000–

5,000 male births worldwide, with a global prevalence of ~3.6 per 100,000 individuals [43,44]. DMD 

is caused by mutations in the DMD gene, which encodes dystrophin, a key structural protein that 

stabilizes the sarcolemma during muscle contraction [45]. The absence of functional dystrophin leads 

to progressive muscle degeneration throughout the body, resulting in loss of ambulation typically by 

10–12 years of age and premature mortality due to respiratory or cardiac failure [46]. Notably, 

cardiomyopathy remains a leading cause of death in patients with DMD [47]. 

To date, more than 7,000 distinct mutations in the DMD gene have been identified [48]. Mutation 

hotspots are located in exons 3–9 and 45–55 of the 79 exons, with deletions being the most common 

[49]. These mutations frequently disrupt the reading frame, leading to premature termination codons 

and loss of functional dystrophin expression [50]. RNA-based therapeutics have emerged as 

promising approaches for DMD because they can directly target disease-causing mutations at the 

RNA level. In particular, antisense oligonucleotides (ASOs) targeting pre-mRNA can modulate 

splicing by inducing exon skipping, thereby restoring the reading frame, and enabling the production 

of a truncated but partially functional dystrophin protein [51]. A schematic illustration of this 

mechanism is shown in Figure 2. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 April 2026 doi:10.20944/preprints202604.1918.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.1918.v1
http://creativecommons.org/licenses/by/4.0/


 5 of 16 

 

 

Figure 2. Splicing-switching ASO restores the dystrophin reading frame in Duchenne muscular dystrophy. In 

the wild-type dystrophin gene, exons are spliced in-frame to produce full-length functional dystrophin. In DMD, 

deletion of exon 45 disrupts the reading frame, generating a premature stop codon and resulting in non-

functional dystrophin. ASO–mediated exon 44 skipping removes exon 44, restores the reading frame, and 

enables production of a truncated but partially functional dystrophin protein. Figures were created with 

BioRender.com. 

To date, four phosphorodiamidate morpholino oligonucleotides (PMOs) have been approved 

by the FDA for DMD, all based on exon-skipping mechanisms but targeting different exons: 

eteplirsen (exon 51), golodirsen (exon 53), viltolarsen (exon 53), and casimersen (exon 45) [52–55] 

(Table 1). These PMOs are administered as unconjugated (“naked”) oligonucleotides via weekly 

intravenous injection [40]. They act by sterically blocking splice sites on pre-mRNA, thereby inducing 

exon skipping to restore the reading frame and enable production of a truncated but partially 

functional dystrophin protein [56,57]. In clinical studies, these therapies have generally been well 

tolerated [58]. However, dystrophin restoration levels are typically low (often in the single-digit 

percentage range), and clinical benefits remain modest, with limited impact on disease progression 

[53,58]. One major limitation is inefficient delivery: due to their uncharged backbone, PMOs exhibit 

poor cellular uptake in skeletal muscle [59]. In particular, delivery to cardiac muscle is minimal, 

resulting in little or no therapeutic effect on cardiomyopathy, a leading cause of mortality in DMD 

patients [22]. 

Table 1. FDA-approved ASOs for DMD. All are naked PMOs that target specific exons of dystrophin pre-mRNA 

to induce exon skipping, restore the reading frame, and enable production of a truncated but partially functional 

dystrophin protein. 

ASO Target exon Chemistry FDA approval Administration 

Eteplirsen Exon 51 PMO 2016 Intravenous injection 

Golodirsen Exon 53 PMO 2019 Intravenous injection 

Viltolarsen Exon 53 PMO 2020 Intravenous injection 

Casimersen Exon 45 PMO 2021 Intravenous injection 
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Several strategies have been developed to enhance the therapeutic efficacy of PMOs in DMD. 

Dose escalation represents a straightforward approach; higher doses of eteplirsen (e.g., 100–200 

mg/kg compared to earlier clinical doses of 30–50 mg/kg) are currently being evaluated to improve 

dystrophin restoration while assessing safety [43]. Another strategy involves the use of multiple 

PMOs targeting a single exon to enhance steric blockade of splicing regulatory elements and improve 

exon-skipping efficiency. For example, brogidirsen, a dual-targeting PMO designed for exon 44 

skipping, is under phase 1/2 clinical evaluation and has demonstrated increased dystrophin 

expression, reaching approximately 10–20% in early studies (NCT05135663) [60]. 

Conjugation-based approaches have also shown promise. Peptide-conjugated PMOs (PPMOs) 

and antibody–oligonucleotide conjugates (AOC-PMOs), particularly those with antibodies against 

the transferrin receptor 1 (TfR1), enhance delivery to skeletal and cardiac muscle, addressing one of 

the major limitations of naked PMOs [28,61,62]. Several of these candidates are currently in clinical 

development. However, safety concerns remain, particularly for PPMOs [63]. For instance, SRP-5051 

demonstrated hypomagnesemia associated with renal toxicity, leading to a temporary halt in clinical 

trials [9]. 

RNA-guided genome-editing technologies have also been investigated for the treatment of 

DMD. Guide RNA (gRNA)-directed recruitment of ADAR has been shown to enable targeted RNA 

editing and partial restoration of the reading frame [64]. In particular, ADAR-mediated editing can 

convert a premature stop codon (e.g., UAG) into a sense codon (e.g., UGG), thereby enabling 

translation of a partially functional dystrophin protein [65]. This approach has been demonstrated as 

a proof-of-concept in the mdx mouse model of DMD [19]. Another study has reported that 

embedding guide RNAs into U7 snRNA scaffolds can enhance intracellular delivery, stability, and 

overall efficiency of ADAR-mediated RNA editing [66]. 

3.2. Myotonic Dystrophy Type 1 (DM1) 

DM1 is an autosomal dominant, adult-onset neuromuscular disorder with an estimated global 

prevalence of approximately 1 in 8,000 individuals [67]. DM1 is caused by an abnormal expansion of 

CTG trinucleotide repeats in the 3′ untranslated region of the DMPK gene, leading to the production 

of toxic CUG-repeat–containing RNA transcripts [68]. These mutant RNAs sequester RNA-binding 

proteins, particularly muscleblind-like (MBNL) proteins, resulting in widespread dysregulation of 

alternative splicing across multiple tissues [69]. 

Clinically, DM1 is a multisystem disorder characterized by progressive skeletal muscle 

weakness, cardiac conduction abnormalities, respiratory insufficiency, endocrine dysfunction, 

cognitive and behavioral impairments, and early-onset cataracts [70]. Among these manifestations, 

cardiac arrhythmias and conduction defects are major contributors to morbidity and mortality [71]. 

Currently, no disease-modifying therapies have been approved for DM1. 

Clinical development of RNA-based therapeutics targeting the DMPK gene is ongoing. The first 

antisense oligonucleotide (ASO), the gapmer baliforsen, was well tolerated in patients with DM1; 

however, it failed to achieve sufficient concentrations in skeletal muscle, highlighting delivery as a 

major limitation [72]. To address this challenge, next-generation delivery approaches are being 

explored. Antibody–oligonucleotide conjugates (AOCs), particularly transferrin receptor 1 (TfR1)–

targeting gapmer ASOs (ACHIEVE trial, NCT05481879), are currently under clinical evaluation. In 

addition, TfR1-targeting siRNA conjugates have been assessed in clinical trials (MARINA trial, 

NCT05027269), demonstrating reductions in mutant DMPK mRNA levels, increased availability of 

functional MBNL proteins, and partial correction of disease-associated mis-splicing in a dose-

dependent manner, with trends toward improved muscle function [41]. 

CRISPR–Cas9–based approaches have also been investigated as therapeutic strategies for DM1 

by directly targeting the expanded CTG repeats in the DMPK gene [73]. For example, in transgenic 

mouse models, delivery of CRISPR–Cas9 via adeno-associated virus (AAV) vectors, together with 

two single guide RNAs (sgRNAs) flanking the repeat region, enables excision of the expanded CTG 

tract [74]. This results in improvements in both molecular and functional phenotypes in skeletal and 
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cardiac muscle [74]. In addition to repeat excision, alternative strategies have been explored to 

suppress DMPK expression. Targeting the DMPK promoter using CRISPR-based approaches has 

been reported to reduce transcription by up to 80% [75]. Although these genome-editing modalities 

show considerable promise, their clinical translation remains at an early stage, and further studies 

are required to establish their safety, delivery efficiency, and long-term effects in patients [76]. 

3.3. Facioscapulohumeral Muscular Dystrophy (FCMD) 

FSHD is an autosomal dominant, adult-onset muscular disorder and one of the most common 

forms of muscular dystrophy, affecting an estimated 45,000–87,000 individuals in the United States 

and Europe [77]. FSHD is caused by aberrant expression of the transcription factor double homeobox 

4 (DUX4), which activates a cascade of germline and pro-apoptotic genes, leading to toxicity in 

skeletal muscle [78]. In healthy individuals, DUX4 expression is epigenetically silenced. In FSHD type 

1, contraction of the D4Z4 macrosatellite repeat array, and in FSHD type 2, mutations in epigenetic 

regulators such as structural maintenance of chromosomes flexible hinge domain containing 1 

(SMCHD1), lead to chromatin relaxation and inappropriate DUX4 expression [79]. Although disease 

onset typically occurs in adolescence or early adulthood with progressive weakness of facial, scapular, 

and humeral muscles, approximately 7–15% of patients present in childhood with a more severe 

phenotype, often accompanied by hearing loss and retinal vasculopathy [80]. Currently, no disease-

modifying therapies have been approved. 

Antisense oligonucleotides (ASOs) targeting DUX4 mRNA have demonstrated preclinical 

efficacy. Gapmer ASOs have shown robust suppression of DUX4 expression in patient-derived FSHD 

myotubes and mouse models [81–83]. PMOs have also been reported to reduce DUX4 expression by 

sterically blocking the polyadenylation signal or coding regions of the transcript, resulting in 

improved pathological features in animal models [84]. 

To enhance delivery, antibody–oligonucleotide conjugate (AOC) strategies, particularly 

transferrin receptor 1 (TfR1)-targeted antibody–siRNA conjugates such as AOC 1020, have been 

investigated [77]. This approach reduced DUX4-regulated gene expression by approximately 75% in 

patient-derived myotubes and prevented muscle weakness and fibrosis following a single systemic 

dose in mouse models [77]. The safety and efficacy of these strategies are currently being evaluated 

in clinical trials. 

4. Translational Priorities 

RNA-based therapeutics for skeletal muscle disorders share several cross-cutting translational 

challenges that influence their clinical development, regardless of modality (ASO, siRNA, RNA 

editing), delivery strategy (peptide-conjugate, AOC, LNP, AAV, U7), or disease target (DMD, DM1, 

FSHD). These include the selection of predictive animal models, the establishment of robust 

biomarkers and clinical endpoints, the management of safety liabilities, and the development of 

scalable manufacturing and regulatory frameworks [85]. Addressing these priorities is essential for 

advancing RNA therapeutics from preclinical proof-of-concept to certain durable clinical benefit. 

4.1. Animal Models 

In addition to cell model, rodent models have been indispensable for mechanistic studies and 

early proof-of-concept in the treatment for skeletal muscle diseases [86]. However, their ability to 

predict human responses remains limited. For example, mdx mice exhibit mild pathology, rapid 

metabolism, and efficient muscle regeneration, which obscure long-term degenerative trajectories 

[87]. Moreover, systemic delivery of ASOs or siRNAs in mice does not accurately reflect human 

biodistribution challenges, particularly for cardiac and diaphragm uptake [86]. These discrepancies 

often lead to overestimation of therapeutic efficacy and underestimation of toxicity [88]. 

Large-animal models provide an essential translational bridge for RNA therapeutics. Canine 

DMD models (GRMD, CXMDJ) closely recapitulate human disease progression—including muscle 
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weakness, respiratory decline, and cardiomyopathy—and have been widely used to evaluate exon-

skipping ASOs and gene therapies [89,90]. Complementing canine models, the genome-edited 

microminipig with DMD exon 23 mutation (DMD-MMP) exhibits early locomotor deficits, 

progressive myocardial fibrosis, and declining left-ventricular ejection fraction, enabling longitudinal 

assessment of systemic dosing, imaging, and tissue biopsies [91]. Together, dogs and microminipigs 

provide complementary strengths for evaluating delivery, biodistribution, and chronic safety [92]. 

Beyond DMD, expanding large-animal resources—including non-human primates (NHPs)—is 

critical for assessing pharmacokinetics, immunogenicity, and tissue distribution of oligonucleotide 

therapeutics [93]. NHPs offer the closest approximation to human receptor biology and immune 

responses, making them indispensable for evaluating advanced modalities such as AOCs, LNPs, and 

AAV vectors [77,94]. 

4.2. Endpoints and Biomarkers 

The development of sensitive and disease-relevant biomarkers is essential for translating RNA-

based therapeutics in skeletal muscle disorders [95–97]. Molecular biomarkers such as exon-skipping 

efficiency, target transcript reduction, and correction of disease-related RNA splicing or 

transcriptional abnormalities provide direct measures of target engagement and RNA repair [98]. 

Quantification of dystrophin or other muscle proteins by Western blot or mass spectrometry remains 

a regulatory-accepted pharmacodynamic endpoint in DMD [99]. Circulating biomarkers, including 

serum creatine kinase and cardiac troponins, are widely used, while emerging markers such as 

myomiRs (miR-1, miR-133, miR-206) offer non-invasive readouts of muscle injury and regeneration 

[100]. Imaging biomarkers, particularly quantitative MRI, enable sensitive detection of muscle 

degeneration and fibrosis and are increasingly incorporated into clinical trials [101]. Functional 

endpoints such as the 6-minute walk test, North Star Ambulatory Assessment (NSAA), reachable 

workspace (FSHD), and myotonia/respiratory assessments (DM1) remain essential for linking 

molecular effects to clinical benefit [102–105]. Standardization across trials and harmonization of 

biomarker panels will be critical for regulatory acceptance. 

4.3. Safety Considerations 

Safety remains a central determinant of clinical translation for RNA therapeutics [106]. PMOs 

are generally well tolerated but require high systemic doses due to limited tissue uptake [52]. PPMOs 

improve delivery but have shown renal toxicity and hypomagnesemia in clinical studies, 

highlighting the need for careful monitoring [107]. Gapmer ASOs and siRNAs carry risks of 

unintended off-target gene silencing or toxicity related to protein interaction [108,109]. Delivery 

platforms introduce additional risks: AOCs may cause immunogenicity or receptor saturation; LNPs 

can induce complement activation or infusion reactions; and AAV vectors raise concerns regarding 

long-term expression, integration, and immune responses [110–112]. Because skeletal muscle diseases 

require chronic administration over years, long-term safety—particularly in cardiac and diaphragm 

tissues—must be evaluated in predictive large-animal models such as canine DMD and 

microminipigs [89,92]. 

4.4. Manufacturing and Regulatory Considerations 

Manufacturing RNA therapeutics at clinical scale requires stringent control of chemical purity, 

stereochemistry, backbone integrity, and impurity profiles, particularly for PMOs, gapmers, and 

siRNAs [113]. Conjugated modalities such as AOCs and PPMOs demand reproducible linker 

chemistry and consistent drug–antibody ratios, complicating scale-up [27]. Regulatory agencies 

increasingly require mechanistic justification, robust biodistribution and toxicology data in two 

species, and standardized assays for target RNA or protein modulation [114]. Off-target assessment 

using genomic profiling and RNA-sequencing has become increasingly essential for evaluating the 

specificity and safety of RNA-based therapeutics [115,116]. Chemistry, Manufacturing, and Controls 
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(CMC) frameworks must ensure identity, potency, stability, and batch-to-batch consistency [117]. As 

hybrid platforms (AOC-PMO, AOC-siRNA, AAV-RNA editors) expand, regulatory pathways must 

adapt to accommodate their distinct pharmacology and safety profiles. 

5. Conclusions 

RNA-based therapeutics have emerged as a clinically validated strategy for treating skeletal 

muscle disorders, supported by advances in RNA degradation, exon skipping, RNA interference, and 

RNA-editing technologies. Yet their successful translation requires bridging the gap between 

molecular efficacy and clinically meaningful outcomes. Rodent models remain indispensable for 

mechanistic discovery, but large-animal systems such as canine DMD models and genome-edited 

microminipigs provide more predictive platforms for evaluating delivery, biodistribution, and long-

term safety. Progress in sensitive biomarkers, quantitative imaging, and standardized functional 

assessments is strengthening the ability to measure target engagement and therapeutic benefit. At 

the same time, careful attention to off-target effects, delivery-related toxicities, and evolving 

manufacturing and regulatory expectations is essential. Together, these advances are laying the 

foundation for safer, more effective, and more durable RNA-based therapies that can ultimately 

transform care for patients with neuromuscular disease. 
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