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Abstract
Background  Oligonucleotide therapeutics have emerged as a promising and dynamic class of pharmaceutical agents with 
remarkable potential for treating a wide spectrum of genetic and acquired diseases. These therapeutic entities, comprising 
short nucleic acid sequences of either ribonucleic acids (RNA) or deoxyribonucleic acids (DNA), offer the distinct advantage 
of precise targeting and the ability to interfere with disease-causing genes or proteins. Despite their inherent therapeutic 
potential, their clinical utility has been hampered by various challenges, including rapid degradation, limited cellular uptake, 
and unintended immune responses.
Area covered  Chemical modification strategies have been extensively explored to overcome these limitations and enhance 
their pharmacological properties. In this review, we provide a comprehensive overview of oligonucleotide therapeutics and 
their associated chemical modification approaches, highlighting their potential in the clinical realm.
Expert opinion  By elucidating the progress made in chemical modifications and their implications for clinical translation, 
we seek to highlight the pivotal role of these strategies in realizing the full therapeutic potential of oligonucleotide-based 
therapies for treating a wide range of diseases.

Keywords  Antisense oligonucleotide · Gene regulation · Nucleic acid analogue · Oligonucleotide therapeutics · Small 
interfering RNA · microRNA

Introduction

Oligonucleotide therapeutics represent a promising and 
versatile category of pharmaceutical agents, which dis-
play considerable potential for addressing several genetic 
and acquired diseases. This diverse class of therapeutics 
encompasses antisense oligonucleotides (ASO), small inter-
fering RNA (siRNA), and synthetic miRNA, all of which 
are composed of abbreviated nucleic acid sequences, either 
ribonucleic acids (RNA) or deoxyribonucleic acids (DNA). 
The intrinsic characteristics of these therapeutics, including 
precise targeting and the ability to interfere with disease-
associated genes or proteins, provide them with a unique 
advantage.

However, the therapeutic efficacy of natural oligonucleo-
tides has been constrained by several challenges, including 
rapid degradation, limited cellular uptake, and unintended 
immune responses. The integration of chemical modifica-
tion in sugar, base and or phosphate moieties in nucleotides 
has emerged as a potent and versatile toolkit for optimizing 
the properties of oligonucleotides. These alterations con-
fer improvement in crucial properties of oligonucleotide 
therapeutics such as increasing stability in biological fluid 
or reducing off-targeting, thereby facilitates their successful 
clinical implementation. In this review, we offer a detailed 
overview of oligonucleotide therapeutics classified with 
their underlying mechanisms of actions in gene regulation. 
We also present a variety of chemical modification strategies 
tailored to the mechanisms of each oligonucleotide therapeu-
tics. Furthermore, we underline the current status of clini-
cal implementations and recent advancements in chemically 
modified oligonucleotide therapeutics. As researchers persist 
in refining and innovating these strategies, oligonucleotide-
based therapies will assume a pivotal role in the therapeutics 
against untreated diseases in the coming years.
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Synthetic oligonucleotide therapeutics 
and their mechanism of gene regulation

Chemically synthesized short oligonucleotides, which are 
classified into three main categories, as ASO, siRNA, and 
miRNA modulators, have demonstrated significant suc-
cess in the field of therapeutic development. Each of the 
classes employs distinct approaches to trigger post-tran-
scriptional gene regulation, making them valuable tools 
for targeted interventions in various genetic conditions and 
diseases. Ongoing research strives to refine the design of 
oligonucleotides to enhance their effectiveness and safety. 
The optimization of their design is based on a profound 
understanding of gene regulatory mechanisms. Therefore, 
to better understand the design of the chemical modifica-
tion, which will be discussed later, we briefly depict the 
mode of action.

Antisense oligonucleotide (ASO)

ASOs are synthetic single-stranded oligonucleotides of 
18 to 30nt in length, which regulate gene expression in 
various ways by complementary binding to target mRNA 
without the intervention of proteins that facilitate the gene 
regulatory pathway (Fig. 1A). The most commonly used 
mechanism of ASO action is (1) RNase H mRNA cleavage, 
which forms a heteroduplex with RNA to recruit RNaseH, 
resulting in RNA degradation (Wu et al. 2004). ASOs form 
DNA/RNA heteroduplexes to the target mRNA through 
Watson–Crick base pairing. These heteroduplexes serve 
as a substrate of RNaseH and are specifically removed by 
endonuclease activity (Kuciński et al. 2020). Two forms 
of RNaseH exist, H1 and H2, each requiring four and one 
ribonucleotide in the hybrid, respectively, to exhibit endo-
nucleolytic activity (Wu et al. 2013). Among them, RNase 
H1 mainly plays an important role in the recognition of 
the DNA-RNA heteroduplex and cleavage of RNA. Several 
studies have shown a correlation between the expression 
level of RNaseH1 and the effectiveness of ASO, demon-
strating the importance of RNaseH1 in ASO (Vickers and 
Crooke 2015). As RNaseH.

cleaves the DNA-RNA heteroduplex, ASO is released 
and binds to another mRNA, thereby gradually decreasing 
the number of target mRNAs and eventually reducing the 
expression level of the target protein.

(2) Steric blocking is another mechanism that impairs 
protein complex assembly at the regulatory site of mRNA. 
The translation of mRNA is initiated by assembly of the 
initiation protein complex combined at the 5′ cap struc-
ture (Bush et al. 2009). The initiation complex scans down 
through the 5′ sequence, leading full ribosomes to combine 

when they recognize the AUG translational start site (Hin-
nebusch 2011). ASOs prevent the initiation of transla-
tion by hybridizing with the UTR region of mRNA and 
physically interfering with the progression of the initiation 
complex (Kurreck 2003). (3) Exon skipping and (4) Exon 
inclusion represents another steric hindrance-mediated 
ASO mechanism associated with the splicing process (Siva 
et al. 2014; van der Wal et al. 2017). The ASOs that bind 
to the Exonic Splicing Enhancer (ESE) sequence induce 
skipping of the exon containing a premature stop codon 
and proceed with translation, allowing the expression of 
short but functional proteins (Pramono et al. 1996). Exon 
inclusion ASOs suppress alternative splicing by interfering 
with the binding of splicing machinery proteins to Intronic 
Splicing Silencer (ISS) sequences, restoring specific exons 
that are crucial for the expression of functional proteins 
(Hua and Krainer 2012).

siRNA

siRNAs silence target genes through the RNA interference 
(RNAi) pathway, which is a conserved mechanism of post-
transcriptional gene regulation in eukaryotes (Fig. 1B). 
RNAi initiates the transcription of primary-microRNAs 
(pri-miRNAs) by RNA polymerase II (Lee et al. 2004; Ha 
and Kim 2014). The pri-miRNAs are cleaved by the micro-
processor, a complex of the nuclear RNase III enzyme Dro-
sha and two double-strand RNA binding proteins (dsRBD) 
DGCR8, forming stem-loop structured precursor microR-
NAs (pre-miRNAs) (Lee et al. 2003). The pre-miRNAs are 
transferred to the cytoplasm through Exportin5 (Hutvagner 
et al. 2001), where they are further processed by RISC load-
ing complex (RLC), the trimeric protein complex composed 
of Dicer, TRBP and Argonaute 2 (Ago2). Dicer-TRBP, 
the cytoplasmic RNaseIII and the dsRBD recognizes pre-
miRNA and cleaves into 22-nucleotide mature miRNAs 
(Wilson et al. 2015; Lee and Doudna 2012). The mature 
miRNAs are then loaded on the Ago2 protein in the RNA-
induced silencing complex (RISC) and inhibit the expression 
of the target mRNA (Sontheimer 2005).

siRNAs are short duplex RNAs with a 2-nt overhang 
structure at the 3′ end and mimic endogenous miRNA (Weng 
et al. 2019). miRNAs consist of single-stranded RNAs called 
guide and passenger strands; the passenger strand is cleaved 
and removed during RISC activation, leaving the guide 
strand in Ago2 (Rand et al. 2005). The mature RISC sup-
presses target mRNA expression by sequence-specific inter-
action of the guide strand initiated by matching with the seed 
region (sequence 2–8 of the guide strand) (Lewis et al. 2005; 
Meister et al. 2004). Due to the repeated mRNA degradation 
of RISC, siRNA shows sustained efficiency and requires less 
frequent dosing compared to RNaseH-based ASO with the 
same target. Recently, longer siRNAs (25 ~ 30 nt in length) 
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have been proposed as alternative RNAi therapeutics. These 
longer siRNAs are categorized as Dicer substrate siRNAs, 
which have been proven to induce more potent gene silenc-
ing than conventional siRNA (Kim et al. 2005). The Dicer 

substrate siRNAs are cleaved by the Dicer enzyme, and 
the Dicer cleavage step facilitates the loading of antisense 
strands into the Ago2 protein (Taylor et al. 2013; Snead et al. 
2013).

Fig. 1   Mechanisms of action of oligonucleotide therapeutics. A Anti-
sense oligonucleotides bind their complementary sequence of target 
mRNA to regulate gene expression through the following mecha-
nisms: 1) RNase H1-mediated mRNA degradation; 2) inhibition of 
translation by steric blocking of ribosome binding to mRNA; and 3) 
modulation of alternative splicing of premature mRNA to facilitate 

the expression of functional protein. B miRNA processes and pro-
vokes gene silencing via the RNAi pathway, while siRNA and Dicer 
substrate siRNA induce gene silencing by incorporating into the 
RNAi process. C miRNA modulators sequester miRNAs from their 
target mRNAs and reactivate the expression of genes repressed by 
miRNA
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miRNA modulator

siRNA shares the same mechanism with miRNA but triggers 
more efficient gene silencing. However, slight differences 
in target determination mechanisms make miRNA another 
important therapeutic resource. Seed sites capable of binding 
to miRNA seed regions have been found in several mRNAs 
encoding various proteins, suggesting that a single miRNA 
can regulate multiple mRNAs that share the same seed sites. 
Characterization of this miRNA-mRNA interaction is possi-
ble by identifying the evolutionarily conserved 3'UTR region 
of the miRNA seed site (Lim et al. 2005; Lewis et al. 2005). 
Indeed, Increased expression of miRNAs has been observed 
at several discrete stages of T-lymphocyte development, 
through which miRNAs regulate thymocyte development, 
differentiation, and cell fate (Neilson et al. 2007; Kunze-
Schumacher and Krueger 2020; Tay et al. 2008; Chen et al. 
2010). Changes in miRNA expression also represent impor-
tant triggers for the development of diseases such as cancer, 
whereby mutations in miRNA involved in the expression of 
oncogenes or tumor suppressor genes facilitate cancer devel-
opment (Lee et al. 2015a, b; Chen et al. 2021). In addition, 
miRNAs play important roles as regulators for cardiovascu-
lar function, as well as being potential biomarkers of cardio-
vascular diseases such as heart failure and atherosclerosis 
(Gao et al. 2016; Zhou et al. 2018). Owing to the discoveries 
regarding miRNA regulation, various therapeutic agents that 
control miRNA levels are under development (Diener et al. 
2022). Artificially increasing the amount of miRNA using 
a synthetic miRNA mimic can be used as a way to enhance 
the miRNA expression. In contrast, miRNA inhibitors (anti-
miRs) suppress miRNA activity through complementary 
binding to miRNA (Rooij and Eva, and Sakari Kauppinen 
2014).

Strategies for the chemical modification 
of oligonucleotide therapeutics

Early-stage unmodified oligonucleotides have had limited 
use for in vivo evaluation, which were not a clinically viable 
route and could not produce a sufficient therapeutic effect. 
Unmodified oligonucleotides are rapidly degraded by serum/
intracellular nuclease (Layzer et al. 2004b). Exogenous oli-
gonucleotides introduced in vivo are recognized as foreign 
substances by immune receptors such as retinoic acid-induc-
ible gene 1 (RIG-1), melanoma differentiation associated 
gene 5 (MDA5), protein kinase receptor (PKR), and toll-like 
receptor subfamilies (TLR3, TLR7, and TLR8), following 
which, a signaling cascade is initiated, leading to the expres-
sion of proinflammatory cytokines such as interleukin-6 
(IL-6), tumor necrosis factor-α (TNF-α), and interferon-α 
(IFN- α). In addition, the innate nature of oligonucleotides 

restricts their accessibility to various organs or tissues. 
Because of their small size and negative charge of the phos-
phodiester backbone, synthetic oligonucleotides are easily 
eliminated through renal filtration, thereby limiting their cell 
penetration. Such properties are coupled with susceptibility 
to nuclease and immune activating properties to promote 
blood clearance of synthetic oligonucleotides and reduce the 
amount of oligonucleotide therapeutics that reach the target 
site (Henry et al. 2000; Karikó et al. 2004; Judge et al. 2005; 
Jackson and Linsley 2010).

Chemical modification strategies have been developed to 
overcome these obstacles (Fig. 2). Modification of oligonu-
cleotides can increase nuclease resistance and reduce immu-
nostimulatory effects (Davis et al. 2009). Additionally, such 
strategies extend their duration of blood circulation through 
binding to plasma protein, such as albumin, enhance the 
uptake efficiency and prevent renal filtration, all of which 
lead to increased stability and a longer half-life in the blood-
stream, allowing for better chances of reaching target cells 
(Huang et al. 2011; Gao et al. 2009). Targeted drug deliv-
ery is possible through conjugation of ligands to receptors 
expressed on specific cell types. The conjugation of mono 
or polyvalent synthetic triantennary N-acetylgalactosamine 
(GalNAc) enables the delivery of oligonucleotides into liver 
cells (Nair et al. 2017b).

ASO

The gapmer structure of RNaseH-mediated ASO has evolved 
from the first-generation ASO, which contains phosphoro-
thioate (PS) linkages (Fig. 3A). Due to the larger atomic 
size of the PS linkage compared to the phosphodiester (PO) 
bond, PS modification increased resistance against the 
nucleases of ASO (Dowdy 2017). In addition, PS modifi-
cation extended the serum half-life and enhanced cellular 
uptake of ASO by electrostatic and hydrophobic interac-
tions between sulfur in the PS backbone and amino acid side 
chains within plasma proteins or cell surface proteins (Liang 
et al. 2015; Shen 2019; Hyjek-Skladanowska et al. 2020; 
Crooke et al. 2020). The modification methods were further 
investigated to compensate for the shortcomings of PS modi-
fications, such as reduced hybridization with target RNA 
(Freier and Altmann 1997) and proinflammatory effects due 
to the increased binding of proteins associated with immune 
response (Yanai et  al. 2011). The gapmer design takes 
advantage of PS and ribose modification by including the 
modification at the flanking ends. Gapmer design consists of 
DNA nucleotides in the central region and stretches of ribose 
2′-OH modifications and PS linkages adjacent to both ends 
of the sequence. Substitution of the ribose 2ʹ-OH with meth-
oxy (2ʹ-OMe) (Majlessi et al. 1998), methoxyethyl (2ʹ-MOE) 
(Monia 1997), or Fluoro (2ʹ-F)(Shen et al. 2018), improves 
resistance against exonuclease and immunostimulatory 
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effects due to increased steric bulk in the vicinity of the 3′ 
phosphate linkage. In addition, the 2′-OH modification at 
the flanking region increases the binding affinity with target 
RNA (Manoharan 1999). As the ribose modification does 
not support RNaseH1-mediated ASO activity (Yazbeck et al. 
2002), a DNA-based gap region is adopted into the center of 
ASO to serve as a substrate for RNaseH1 upon binding with 
target RNA. The central DNA gap regions require at least 
five consecutive deoxyribose residues, and the efficiency of 
target degradation is maximized when the gap regions are 
8–11 nt in length (Kurreck et al. 2002; Grunweller et al. 
2003).

The modification pattern of the gapmer structure was fur-
ther improved as additional nucleotide analogs were devel-
oped. Due to the covalent bonding between the ribose 2′ 
oxygen and 4′ carbon, bridged nucleic acid (BNA) oligomers 
display restricted conformation of C3′-endo sugar puker-
ing, resulting in highly efficient complementary binding to 
the target RNA compared to the 2′ modified oligomers of 

the same length (Vester and Wengel 2004). In addition to 
improving stability and half-life in vivo, LNA inclusion in 
the gapmer could reduce the total length of the ASO while 
maintaining its efficacy (Grunweller et al. 2003). However, 
off-target mediated hepatotoxicity (Kasuya et al. 2016), 
which is relevant to an excessive increase in target affin-
ity, has been reported as an adverse effect of LNA-modified 
gapmers (Swayze et al. 2007; Burdick et al. 2014; Kakiuchi-
Kiyota et al. 2016). Moreover, the addition of constrained 
ethyl(cEt) at the covalent bonding between the ribose 2′ and 
4′ carbons of LNA suggested a reduction in the potential 
hepatotoxicity of the LNA gapmer (Burel et al. 2016; Seth 
et al. 2009). Furthermore, the effect of expanding the range 
of targets and tissues has also been reported (Shin et al. 
2022).

The critical immune stimulatory effects of PS modi-
fication, such as complement activation and thrombocy-
topenia (Crooke et al. 2021), urged the development of 
an alternative chemical approach for PS modification. 

Fig. 2   Structures of nucleotide analogs used for chemical modifica-
tion of oligonucleotide therapeutics. Oligonucleotide analogs are 
categorized by backbone modification, sugar modification, and con-
jugates. The modified portions of each analog are marked in red. PS 
phosphorothioate bond, MsPA mesylphosphoramidate bond, PMO 

phosphorodiamidate morpholino oligomer, 2′-OMe 2'-methoxy, 2'-
MOE 2'-methoxyethyl, 2′-F 2′-Fluoro, LNA locked nucleic acid, cEt 
constrained ethyl LNA, GNA glycol nucleic acid, GalNAc N-acetyl-
galactosamine
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Mesylphosphoramidate (MsPA) was initially suggested 
as an alternative to PS, but total replacement of PS with 
MsPA has been reported to reduce the efficiency of ASO 
(Miroshnichenko et al. 2019). Combinatory usage of PS 
with four consecutive MsPA at the 5′-termini was proposed 

as a new gapmer design for mitigating the toxicity of PS 
while maintaining potency (Anderson et al. 2021). Com-
pared to single 2′-Ome inclusion at gap position 2 in the 
PS gapmer for reducing the cytotoxicity of ASO (Shen 

Fig. 3   Various modification designs applied for improving therapeu-
tic potency of oligonucleotide therapeutics. Schematic illustration of 
modification designs for A Antisense oligonucleotides, B siRNA, and 
C miRNA modulator. Modifications are indicated by the symbols at 
the lower panel. DNA deoxyribonucleic acid, RNA ribonucleic acid, 

2′-OMe 2'-methoxy, 2'-MOE 2'-methoxyethyl, 2′-F 2′-Fluoro, LNA 
locked nucleic acid, cEt constrained ethyl LNA, GNA glycol nucleic 
acid, PMO phosphorodiamidate morpholino oligomer, PO phospho-
diester bond PS phosphorothioate bond, MsPA mesylphosphorami-
date bond, GalNAc N-acetylgalactosamine
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et al. 2019), the MsPA gapmer reported improved potency, 
suggesting minimal impairment of ASO activity.

The chemical modifications that support the effectiveness 
of ASOs have also evolved toward intensifying steric block-
ing of RNA–protein binding. Because the steric-blocking 
ASOs do not support RNaseH activity, 2′-OMe or 2′-MOE 
modifications were placed on the entire sequence without 
gap regions. Phosphorodiamidate morpholino (PMO) was 
developed for steric-blocking ASO by replacing the furanose 
ring with a morpholine ring and the phosphodiester back-
bone with a neutral phosphorodiamidate backbone (Hudziak 
et al. 1996). Unlike PS modification, PMO possesses a neu-
tral charge, which is advantageous for improving the thera-
peutic efficacy of ASO by blocking electrostatic interactions 
with nonspecific binding of plasma proteins and subcellular 
proteins, resulting in efficient target RNA binding (Moulds 
et al. 1995). The PMO-modified ASO also displayed effi-
cient targeted delivery to skeletal muscle, with such prop-
erties making them suitable for application as a treatment 
for DMD (Duchenne’s Muscular Dystrophy) (Sheng et al. 
2020). In addition, the unique flexible phosphorodiamidate 
linkage made ASOs capable of forming excellent base stack-
ing in aqueous solution (Kang et al. 1992). The conforma-
tion of the base stacking completely shields the hydropho-
bic regions of PMO, significantly increasing its solubility in 
aqueous environments (Summerton and Weller 1997). The 
improved water solubility facilitates systemic distribution 
upon intravenous injection of ASO and accelerates the renal 
clearance of ASO (Shadid et al. 2021). Furthermore, PMO 
also has the disadvantage that its uncharged nature reduces 
cellular uptake (Aoki and Wood 2021); the conjugation of a 
cell-penetrating peptide to PMO is a current trend to address 
this (Tsoumpra et al. 2019).

siRNA

The refinement of siRNAs aimed to address critical chal-
lenges associated with the in vivo application of siRNA 
(Fig. 3B). The initially attempted strategies involved the 
substitution of 2’-OH groups at the termini of siRNA 
duplex (Hoerter and Walter 2007; Czauderna et al. 2003; 
Soutschek et  al. 2004). Blocking the 3′ termini of the 
sense strand with an NH2 or inverted abasic modifica-
tion protected the siRNAs from serum-derived exonucle-
ase activities without significant loss of RNAi activity. In 
addition, two 2′-OMe substitution at positions 1 and 2 of 
the 5’ termini of siRNA duplex protect 5’-end of guide 
strands that particularly vulnerable exonucleolytic degra-
dation due to the thermodynamic asymmetry of the siRNA 
terminus in RNAi.In addition, substitutions of the ribose 
2′-OH residue were introduced into the duplex region of 
siRNA to improve their immunogenicity and in vivo sta-
bility. Sequence-selective introduction of 2′-OMe and 2′-F 

within siRNA duplexes was achieved by simply adding 
chemically modified guanine/uridine or cytosine/uridine 
during phosphoroamidite-based RNA synthesis (Judge 
et al. 2006; Choung et al. 2006). A modification design for 
a site-specific rationale was first attempted by alternating 
2′-OMe and 2′-F within the siRNA duplex (Hamm et al. 
2010; Layzer et al. 2004a). The selectively 2′-OMe and 
2′-F modified siRNAs of sense and antisense strand were 
markedly stable in human serum until 24 h and abolished 
the TLR7 immunostimulatory potential. However, a series 
of investigations revealed that the modifications could only 
be placed at very limited positions in the siRNA duplex 
(Amarzguioui et al. 2003; Prakash et al. 2005). Introduc-
tion of bulky alleles, such as 2′-OMe and 2′-MOE, in 
specific sites within siRNA could abrogate interactions 
with RNAi-associated proteins and further gene silencing 
(Manoharan et al. 2011).

Extensive research has proposed various designs to 
incorporate 2’-OH modifications into siRNA while avoid-
ing mechanistic blocking of the RNAi pathway. Standard 
template chemistry (STC) was the first universal modifica-
tion pattern established by Alnylam (Allerson et al. 2005). 
Alnylam optimized the siRNA modification pattern that 
advanced from their full-length alternating 2′-F and 2′-OMe 
modification. The two PS-bonds at the overhang structure, 
three consecutive 2′-F nucleotides at the sense strand, 
and three 2′-OMe nucleotidess at the opposite site of the 
antisense strand differentiate STC from the parent design. 
The 2′-OMe at position 9 from the 5’-terminus of the anti-
sense strand blocks Ago2 cleavage during RISC activation 
(Leuschner et al. 2006). In contrast, the 2′-F at positions 
9–11 from the 5’-terminus of the sense strand allows the 
removal of the sense strand by Ago2 and prevents passenger 
strand-mediated off-target effects (Song et al. 2017). The 
2′-OMe residues at position 14 from the 5’-terminus of the 
sense strand blocks Ago2 piwi domain interaction with the 
sense strand and prevents passenger strand loading to RISC 
(Zheng et al. 2013).

Continuous improvement of Alnylam’s site-specific 
chemical modification has led to the enhancement of their 
siRNA design for clinical application. Enhanced stabiliza-
tion chemistry (ESC) that adds two consecutive PS bonds 
at the 5′-termini of both sense and antisense strands is the 
next version of STC (Nair et al. 2014). Additional PO bond 
substitution significantly improved the stability and phar-
macokinetic profile of ESC siRNA, which translated into 
enhanced in vivo efficacy and extended duration of effect 
(Nair et al. 2017a). The ESC pattern was further advanced 
by reducing the 2′-F content within the siRNA duplex. 
Moreover, in  vitro screening across the various RNAi 
sequences identified minimal positions that require 2′-F 
replacement in the specific sites of the siRNA duplex (Foster 
et al. 2018). The increase in the 2′-OMe content enhanced 
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metabolic stability with liver exposure to siRNA, leading to 
improvements in vivo RNAi activity in mice and non-human 
primates.

Aiming for high potency and target selectivity, the guide 
strand sequence is typically designed with perfect match-
ing to the ORF region of target mRNA. However, siRNA 
suppresses hundreds of non-target mRNAs via miRNA-like 
post-transcriptional gene regulation (Echeverri et al. 2006; 
Jackson et al. 2006). The miRNA-like off-target effects are 
driven by partial matching between the 3′-UTR of mRNAs 
and the seed region of the guide strand and lead to unde-
sired biological activity (Birmingham et al. 2006). Several 
chemical modifications have been developed to eliminate 
this guide strand-mediated off-target effect while retaining 
their on-target activity. Incorporation of unlocked nucleic 
acid (UNA) modification into position 7 from the 5’-ter-
minus of the antisense strand has been shown to lower the 
thermostability of complementary binding of the seed region 
to the target (Bramsen et al. 2010). Furthermore, destabiliza-
tion of the seed region pairing required guide strand addi-
tional base pairing for target RNA recognition and ruled out 
off-target recognition that relies on partial complementarity. 
Moreover, several RISC-associated guide strands initiate 
non-canonical off-target interactions by forming a transi-
tional “nucleation bulge” at positions 5–6 from the 5’-ter-
minus of the antisense strand and propagating the base pair-
ing to the 3′-end for complete target recognition (Kim et al. 
2013). Substitution of a nucleotide at the position 6 with 
abasic spacer (nucleotide without base) impaired the forma-
tion of nucleation bulge during target mRNA recognition 
and eliminated the miRNA-like off-target effect (Lee et al. 
2015a, b). The most recently developed modification pat-
tern from Alnylam aimed to reduce hepatotoxicity induced 
by the guide strand-mediated off-target effect of GalNAc-
conjugated siRNA (Janas et al. 2018; Schlegel et al. 2022). 
As an extension of the previous design, ESC plus incorpo-
rates an additional (S)-isomer glycol nucleic acid ((S)-GNA) 
at position 7 from the 5’-terminus of the antisense strand. 
This duplex destabilizing nucleotide does not impair the 
geometry of siRNA for interaction of Ago2 (Schlegel et al. 
2017), mitigates antisense seed region pairing with non-
target mRNA, and minimizes the occurrence of off-target 
driven hepatotoxicity.

Dicer substrate siRNAs have a great potential for use in 
oligonucleotide therapeutics because they show enhanced 
RNAi potency compared to conventional siRNAs. However, 
the bulky moiety of the chemically modified nucleotides 
interferes with Dicer processing and further RISC loading 
of substrate RNA. Therefore, the modification pattern must 
be carefully designed considering the molecular interactions 
between Dicer and Dicer substrate siRNA. To maintain the 
functional potency of 25/27-mer Dicer substrate siRNA, 
a 2′-OMe or 2′-F modification pattern was introduced to 

avoid the 1–7 position from the 5’-terminus of the antisense 
strand (18–25 position of the sense strand), which was the 
predicted site of Dicer processing (Collingwood et al. 2008). 
Dicerna has been investigated a unique Dicer substrate 
siRNA platform containing a 5′-GAAA-3′ tetraloop con-
jugated with triple-GalNAc. Dicerna employed alternating 
2′-F and 2′-OMe at the stem region of dicer substrate siRNA 
with three consecutive 2’-F moieties at the 9–11 position of 
the sense strand, while introducing a nick at the predicted 
Dicer cleavage site of the antisense strand to compensate 
for the inhibition of Dicer cleavage by chemical modifica-
tion (Morrissey et al. 2005). The chemical modification pat-
tern for Dicer substrate siRNA was further developed based 
on the position-specific criteria of RLC protein binding to 
siRNA (Jang et al. 2022). Moreover, a protein-RNA binding 
kinetic assay confirmed that the position-specific modifi-
cation patterns retained the interaction of 25-mer siRNA 
with RLC proteins. Furthermore, the broad applicability of 
the position-specific modification was further confirmed by 
the chemically modified RNA nanostructure, which offered 
enhanced in vivo gene silencing without any immunostimu-
latory effect.

miRNA modulators

Anti-miR and ASO share a similar MOA in that they induce 
target inhibition through complementary binding to the 
target RNA, which implies that their potency is affinity 
dependent. Therefore, the chemical modification of anti-
miR was developed with a similar strategy, which focused 
on improving target affinity and stability (Fig. 3C) (Lennox 
and Behlke 2010). PS modification combined with 2′-OH 
substitutions was used in the initial design of anti-miRs for 
systemic delivery in vivo (Braasch et al. 2003; Esau et al. 
2006). The anti-miRs with a modification pattern contain-
ing a PS bond at both temini of 21 mer 2′-OMe were named 
antagomirs. Partial PS bonds incorporated at the end of 
the antagomir enhanced stability with enhanced anti-miR 
function compared to that observed after full-PS modifica-
tion by supporting the thermodynamic stability of targeted 
miRNA duplexed with antagomir (Krützfeldt et al. 2005, 
2007). In another study, a novel screening assay using a pep-
tide nucleic acid (PNA) competitor was able to rule out the 
presence of abundant anti-miRs and compare the efficacy 
of anti-miRs administered at high dosages. In this study, 
PNA competitor screening compared miR-122 inhibition 
between 2′-MOE, 2′-OMe, 2′-MOE/LNA chimer, and 2′-F/
MOE chimer, the results of which suggested that 2′-F/MOE 
anti-miR primarily acts by sequestering miRNA from the 
target site and shows enhanced potency over other modifica-
tion designs (Davis et al. 2009).

Santaris Pharma has developed an anti-miR with eight 
LNAs incorporated into a 15-mer PS DNA strand to improve 
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the miR-122 inhibition efficiency (Elmén et al. 2008). The 
LNA/PS-modified anti-miR122 was administered to a non-
human primate through systemic injection, and as a result, 
showed accumulation in the liver without additional conju-
gation chemistry, as well as significant downregulation of 
the miR-122 level. They also observed miRNA antagonism 
using the 8-mer LNA/PS anti-miR (tiny LNA). Tiny LNAs 
not only have an anti-miR effect similar to that observed 
with the 15mer anti-miR, but also had the advantage of 
simultaneous regulation of overlapping seed regions of 
miRNA families with potential single biological function 
(Obad et al. 2011). Minimizing the off-target distribution is 
critical to maximize efficacy and reduce side effects. Indeed, 
triantennary GalNAc conjugated to the 5′ end of tiny LNA 
can be used to reduce spleen accumulation of liver-targeted 
tiny LNA (Yamamoto et al. 2021).

Regulus Therapeutics conducted a screening assay against 
a chemically diverse anti-miR library to identify the optimal 
chemical modification for anti-miR with the greatest miR-17 
inhibition (Lee et al. 2019). The optimized 9-mer anti-miR 
consists of four cEt BNAs and two 2′-OMe at each terminus 
and three 2′-F in the middle region. The cEt/2′-OMe/2′-F 
chimeric anti-miR showed a preferential distribution to the 
kidney for recovery of miR-17-mediated PKD1 and PKD2 
gene repression in collecting duct-derived cysts.

Currently developed synthetic 
oligonucleotide therapeutics and their 
clinical applications

Oligonucleotide therapeutics undergo rigorous clinical tri-
als to determine their safety and efficacy before they can be 
approved for use in patients. Oligonucleotide therapeutics 
with chemical modifications, as mentioned earlier, have been 
extensively applied in clinical trials. Table 1 and 2 provide 
some examples of oligonucleotide therapeutics with chemi-
cal modifications that have been evaluated in clinical trials.

ASO

Eleven antisense oligonucleotide drugs have been approved 
thus far; five of them work with RNase H1-mediated RNA 
degradation and six with steric blocking mechanisms. 
Fomiversen (Vitravene, ISIS-2922, Ionis) is the first FDA-
approved ASO that was developed for immunocompro-
mised patients targeting cytomegalovirus retinitis (CMV) 
mRNA (Azad et al. 1993). Fomiversen adopted full PS 
modification and was administered by intravitreal injec-
tion without systemic distribution, thereby prolonging 
the half-life by up to 55 h (Geary et al. 2002). However, 
it was eventually withdrawn in 2002 following the devel-
opment of HAARPT (highly active antiretroviral therapy), 

which combines reverse transcriptase inhibitor and protease 
inhibitor drugs into an antiviral therapy, and dramatically 
reduced the number of AIDS(Acquired Immune Deficiency 
Syndrome)-related CMV(Cytomegalovirus) cases (Duffy 
et al. 2020). Moreover, Mipomersen (Kynamro, Genzyme) 
was the first approved gapmer ASO to treat homozygous 
familial hypercholesterolemia by targeting apolipoprotein B 
mRNA to lower LDL-C and lipoprotein a level (McGowan 
et al. 2012). However, it was rejected by the EMA in 2012 
because of the risk of increasing transaminase and fatty liver 
disease (Astaneh et al. 2021). In 2013, Mipomersen was 
approved by the FDA as only an adjuvant to lipid-lowering 
therapy for the treatment of homozygous FH; however, ulti-
mately, for unknown reasons, the FDA withdrew its approval 
in 2019. Nusinersen (Spinraza, Ionis) is a 2′-MOE modified 
18-mer developed by Biogen to treat spinal muscular atrophy 
(SMA), a genetic disorder that affects the motor neurons in 
the spinal cord, leading to muscle weakness and atrophy 
(Wurster and Ludolph 2018). Nusinersen, which was granted 
FDA approval in December 2016, has high specificity for the 
intron splicing silencer N1 (ISS-N1), which has an inhibi-
tory effect on the inclusion of exon 7, thus inducing exon 7 
inclusion in the SMN2 mRNA transcript (Ottesen 2017). As 
a result, the production of functional survival motor neuron 
protein, which is deficient in SMA, is increased (Singh and 
Singh 2018).

Phosphorodiamidate morpholino (PMO)-modified ASOs 
have been used to elicit the restoration of partially functional 
truncated dystrophin and treat DMD. Due to adverse side 
effects, low binding capacity, or low internalization effi-
ciency, PMO has been the only modified ASO to make it 
through clinical intervention (Roberts et al. 2020). The four 
FDA-approved drugs currently approved for DMD are Etep-
lirsen, Golodirsen, Viltolarsen, and Casimersen, which target 
three exons. Eteplirsen, which is the first dystrophin-restor-
ing, conditionally FDA-approved drug, is a 30-mer PMO 
designed to restore the reading frame by skipping of exon 
51(Akpulat et al. 2018). Golodirsen and Viltolarsen are the 
second and third antisense PMOs, respectively, which induce 
exon 53 skipping for the treatment of DMD. Golodirsen(25-
mer) is only four bases longer than Viltolarsen(21-mer), 
otherwise they are the same, but Viltolarsen is shorter and 
much more potent than Golodirsen (Aartsma-Rus and Corey 
2020). Casimersen is an antisense 22-mer PMO, with a simi-
lar mechanism of action is to Golodirsen, but the target is 
exon 45 rather than exon 53. All four drugs have success-
fully completed initial phase III clinical trials, and their 
long-term clinical benefits will be evaluated via ongoing lon-
gitudinal phase III trials. (NCT02255552, NCT02500381, 
NCT04687020).

In addition to currently approved drugs, many ASOs are 
currently undergoing clinical trials targeting expanded indi-
cations, some of which will be introduced here. Danvatirsen 
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(AZD9150, AstraZeneca) adopted the cET gapmer struc-
ture, which is a short and advanced version of the existing 
2′MOE gapmer. Davatirsen is currently being tested in a 
clinical trial by targeting STAT3 mRNA to more than five 
indications. Among those indications indication of head and 
neck cancer is under phase 1/2 clinical study where Davat-
irsen was used in combination with the anti-PD-L1 antibody 
drug Durvalumab, developed by AstraZeneca (Ribrag et al. 
2021). Along with two therapeutics, Ionis aims to expand the 
anti-tumor activity of immune checkpoint invitation by over-
coming key immunosuppressive mechanisms. In addition, 
Ionis and other groups have aimed to increase the delivery 
efficacy of ASO by conjugating GalNAc, the ligand of the 

hepatocyte surface receptor ASGPR, as a target for hepato-
cytes. (NCT NCT02549651, NCT03794544, NCT03527147, 
NCT01839604, NCT03394144, NCT02499328) Pelac-
arsen (AKCEA-APO-LR, Ionis) is a GalNAc-conjugated 
ASO that aims to treat cardiovascular disease by reducing 
the accumulation of apoliopoprotein A in the liver (Yeang 
et al. 2022). A phase II study of Pelacarsen was completed, 
which showed reductions in Lp(a) levels in 98% partici-
pants (Aoki and Wood 2021), while the phase III study 
is ready to commence. (NCT05646381, NCT05305664, 
NCT05026996, NCT01713361) Among the drugs under 
clinical trials targeting DMD, NS-089/NCNP-02 is particu-
larly notable. (NCT04129294) NS-089/NCNP-02 is the first 

Table 1   Oligonucleotide therapeutics approved for clinical application

PS phosphorothioate, 2'-MOE 2'-methoxyethyl, GalNAc N-acetylgalactosamine, PMO phosphorodiamidate morpholino oligomer, 2’-OMe 
2'-methoxy, ESC Enhanced stabilization chemistry, 2′-F 2′-Fluoro, CMV gene cytomegalovirus gene, APO-B-100 Apolipoprotein B-100, ApoC-
III Apolipoprotein CIII, TTR​ Transthyretin, SOD1 superoxide dismutase 1, DMD exon Duchenne Muscular Dystrophy, MFSD8 Major Facilitator 
Superfamily Domain Containing 8, SMN2 Survival motor neuron 2, ALAS1 Aminolevulinate Synthase 1, PCSK9 Proprotein convertase subtili-
sin/kexin type 9, HAO1 Hydroxyacid Oxidase 1

MOA Therapeutic name Modification design Target gene Indication Sponsor

RNase H1 Fomivirsen (Vitravene, 
ISIS 2922)

PS CMV gene UL123 Cytomegalovirus retinitis
(CMV retinitis)

Ionis

Mipomersen (Kynamro, 
ISIS 301012)

2′-MOE/PS gapmer,
5-methyl cytosine

APO-B-100 Homozygous familial 
hypercholesterolemia 
(HoFH)

Genzyme, Ionis

Volanesorsen (Waylivra, 
ISIS-APOCIIIRx)

2′-MOE/PS gapmer ApoCIII Familial chylomicronae-
mia syndrome (FCS)

Ionis

Inotersen (Tegsedi, 
IONIS-TTR-LRx)

2′-MOE/PS gapmer TTR​ Hereditary transthyretin-
mediated amyloidosis

(hATTR amyloidosis)

Ionis

Tofersen (Qalsody, Ionis-
SOD1rx)

2′-MOE/PS gapmer,
GalNAc conjugated

SOD1 Amyotrophic lateral 
sclerosis (ALS)

Biogen, Ionis

Exon inclusion Milasen 2′-MOE/PS
5-methyl cytosine

MFSD8 Ceroid lipofuscinosis 7 
(CLN7)

Boston Children’s 
Hospital

Nusinersen (Spinraza, 
ISIS 396443)

2′-MOE-PS, 5-methyl 
cytosine

SMN2 Spinal muscular atrophy 
(SMA)

Biogen, Ionis

Exon skipping Eteplirsen (Exondlys 51, 
AVI-4658)

PMO DMD exon 51 Duchenne muscular 
dystrophy (DMD)

Sarepta

Golodirsen (Vyondlys 53, 
SRP-4053)

DMD exon 53 Sarepta

Viltolarsen (Viltepso, 
NSP-01)

DMD exon 53 NS Pharma

Casimersen (Amondye 
45, SRP-4045)

DMD exon 45 Sarepta

RNAi Patisiran (Onpattro, ALN-
TTR02)

2′-OMe TTR​ hATTR amyloidosis Alnylam

Givosiran (Givlaari, 
ALN-AS1)

2′-OMe, 2′-F/PS (ESC)
GalNAc conjugated

ALAS1 Acute hepatic porphyria 
(AHP)

Alnylam

Inclisiran (Leqvio, ALN-
PCSsc)

2′-OMe, 2′-F/PS (ESC)
GalNAc conjugated

PCSK9 Heterozygous familial 
hypercholesterolemia 
(HeFH)

Novartis, Alnylam

lumasiran (Oxlumo, 
ALN-GO1)

2′-OMe, 2′-F/PS (ESC)
GalNAc conjugated

HAO1 Primary hyperoxaluria 
type 1 (PH1)

Alnylam

Vitrisiran (Amvuttra, 
ALNTTRSC02)

2′-OMe, 2′-F/PS (ESC)
GalNAc conjugated

TTR​ hATTR amyloidosis Alnylam
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Table 2   Potential oligonucleotide therapeutics in clinical trials

MOA Therapeutic name Modification design Target gene Indication Sponsor

RNase H1 Tominersen (Ionis-HTTrx) 2′-MOE/PS gapmer Huntingtin (HTT) Huntington’s disease Roche, Ionis
BIIB080 (IONIS-MAPTRx) 2′-MOE/PS gapmer tau (MAPT) Alzheimer’s disease Biogen, Ionis
ISIS-ARRX (AZD5312) cET/PS gapmer Androgen receptor Prostate cancer AstraZeneca, Ionis
Danvatirsen (AZD9150) cET/PS gapmer STAT3 Diffuse large B-Cell 

lymphoma
MedImmune LLC

Non-small cell lung cancer 
(NSCLC)

MedImmune LLC

Non-Hodgkin's lymphoma 
(NHL)

Acerta Pharma,
AstraZeneca

Hepatocellular carcinoma AstraZeneca,
Ionis

Advanced solid malignan-
cies

AstraZeneca

Cepadacursen (CIVI007) LNA gapmer PCSK9 Hypercholesterolemia Civi Biopharma
Pelacarsen (AKCEA-

APO(a)-LR)
2′-MOE/PS gapmer,
GalNAc conjugated

Lipoprotein(a) Aortic steanosis Novartis, Ionis
Hyperlipoproteinemia Novartis, Ionis
Hepatic impairment Novartis, Ionis

Fesomersen (IONIS-
FXIRX)

2′-MOE/PS gapmer,
GalNAc conjugated

Factor XI Thrombosis Novartis, Ionis
End stage renal disease 

(ESRD)
Novartis, Ionis

Sapablursen (IONIS 
TMPRSS6-Lrx)

2′-MOE/PS gapmer,
GalNAc conjugated

TMPRSS6 Thalassemia Ionis

ISIS-GCGRRx 2′-MOE/PS gapmer,
GalNAc conjugated

GCGR​ Type 2 diabetes Ionis

Exon skipping NS089 (NCNP-02) PMO DMD exon 44 Duchenne muscular dystro-
phy (DMD)

NS Pharma
NS-065 (NCNP-01) PMO DMD exon 53 NS Pharma
Vesleteplirsen (SRP-5051) PPMO DMD exon 51 Sarepta

Translation blocking Resten-NG (AVI-4126) PMO C–MYC Cardiovascular restenosis AVI Biopharma, Sarepta
RNAi Revusiran (ALN-TTRSC) 2′-OMe, 2′-F/PS (STC)

GalNAc conjugated
TTR​ Hereditary transthyretin-

mediated amyloidosis
(hATTR amyloidosis)

Alnylam

Cosdosiran (QPI-1007) Alternating 2′-OMe,
inverted abasic nucleotide

Caspase-2 Acute Primary Angle-Clo-
sure Glaucoma (APACG)

Quark

Nonarteritic anterior 
ischemic optic neuropathy 
(NAION)

Teprasiran (QPI-1002) Alternating 2′-OMe P53 Delayed Graft Function Quark
Acute kidney injury (AKI)

Zifcasiran (ARO-HIF2) 2′-OMe, 2′-F/PS (STC)
RGD-siRNA conjugate 

(TRiM)

HIF2a Clear cell renal cell car-
cinoma

Arrowhead

Olpasiran (AMG 890) 2′-OMe, 2′-F/PS (STC)
GalNAc conjugated

Lipoprotein(a) Hepatic Impairment Amgen,
Arrowhead

Elevated Serum 
Lipoprotein(a)

Amgen,
Arrowhead

Atherosclerotic cardiovas-
cular disease (ASCVD)

Amgen,
Arrowhead

Fitusiran (ALN-AT3SC) 2′-OMe, 2′-F/PS (ESC)
GalNAc conjugated

SERPINC1 Hemophilia A and B Genzyme, Alnylam

Cemdisiran (ALN-CC5) 2′-OMe, 2′-F/PS (ESC)
GalNAc conjugated

complement 5 (C5) Paroxysmal nocturnal 
hemoglobinuria

Alnylam

Zilebesiran (ALN-AGT01) 2′-OMe, 2′-F/PS (Advanced 
ESC),

GalNAc conjugated

Angiotensinogen Mild-to-moderate hyperten-
sion

Alnylam

OLX10010 Alternating 2′-OMe/PS,
Cholesterol conjugated

CTGF Reducing recurrence of 
hypertrophic scar

Olix

Nedosiran (DCR-PHXC) 2′-OMe, 2′-F, DNA/PS 
(GalXc),

GalNAc conjugated

LDH Primary hyperoxaluria Dicerna
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ASO candidate to target exon 44, and it is assumed that this 
drug uses a PMO chemistry similar to that of the previous 
ASO drug, Viltolarsen (Ishizuka et al. 2023). If approved, 
NS-089/NCNP-02 would be the only available drug target-
ing exon 44. Recent drugs undergoing clinical trials using 
DMD as an indication may also conjugate peptides or anti-
bodies to improve cellular uptake and targeted delivery. In 
particular, many drugs that conjugate cell-penetrating pep-
tides have been developed, termed peptide-conjugate phos-
phorodiamidate morpholino oligomers (PPMOs) (Sully et al. 
2017). SRP-5051 is the most clinically advanced PPMO 
candidate targeting exon 51 (Sheikh and Yokota 2022). 
(NCT03375255).

siRNA

The local administration route is sufficient to maintain the 
stability of siRNAs until they are delivered to target cells, 
as siRNAs can bypass many physiological barriers. There-
fore, siRNAs employed for local administration have intro-
duced simple modification patterns that enough to prevent 
host immune responses. Cosdosiran (QPI-1007, Quark) is 
a caspase-2-targeting siRNA having 2′-OMe modification 
alternating at the guide strand (Solano et al. 2014). Cosdo-
siran has completed a phase II study for acute primary angle-
closure glaucoma (APACG), as well as a phase I study on 
non-arteritic anterior ischemic optic neuropathy (NAION) 
(NCT01965106, NCT01064505). Teprasiran (QPI-1002, 
Quark) was the first systemically administered siRNA to 

enter a clinical trial (Thielmann et al. 2021). The alternating 
2′-OMe-modified Teprasiran is administered intravenously 
without delivery cargo and targets kidney tubular cells via 
renal excretion (Peddi et al. 2014). Teprasiran was tested in a 
completed phase II study for delayed graft function and acute 
kidney injury (AKI), as well as in a terminated phase III trial 
for the prevention of cardiac surgery-induced major adverse 
kidney events (MAKE) (NCT02610296, NCT02610283).

Lipid nanoparticles are a leading approach for the 
delivery of nucleic acids to targets. Lipid components 
assemble into LNPs with multilamellar structures and 
load siRNAs within hydrophilic vesicles (Dilliard and 
Siegwart 2023). LNPs deliver siRNAs to target cells while 
shielding unfavorable effects from outside the vesicles. 
Patisiran (ONPATTRO®, ALN-TTR02, Alnylam) is the 
first siRNA therapy approved for hereditary transthyre-
tin-mediated amyloidosis (hATTR amyloidosis) treatment 
(Adams et al. 2018; Coelho et al. 2013). This TTR target-
ing siRNA contains 11 2′-OMe modified C and U sequence 
sites. Patisiran is manufactured with an LNP formulation 
composed of ionizable lipids (DLin-MC3-DMA, DSPC, 
cholesterol, and PEG2000-C-DMG) (Weng et al. 2019; 
Jayaraman et al. 2012). During systemic circulation of 
Patisiran LNPs, the cholesterol component binds to serum 
ApoE protein leading to selective hepatic accumulation 
(Akinc et al. 2010).

Various delivery molecules are covalently linked to 
siRNA for targeted delivery. Because conjugated siR-
NAs are delivered in naked form, stabilization chem-
istry should consider the interaction of siRNAs in the 

2'-MOE 2'-methoxyethyl, PS phosphorothioate bond, LNA locked nucleic acid, cEt constrained ethyl LNA, GalNAc N-acetylgalactosamine, 
PMO phosphorodiamidate morpholino oligomer, PPMO Cell-penetrating peptide-conjugated PMOs, STC Standard template chemistry, 2′-
OMe 2'-methoxy, ′-F 2′-Fluoro, ESC Enhanced stabilization chemistry, DNA deoxyribonucleic acid, STAT3 signal transducer and activator of 
transcription 3, PCSK9 proprotein Convertase Subtilisin/Kexin Type 9, TMPRSS6 transmembrane serine protease 6, GCGR​ glugagon receptor, 
DMD dystrophin, TTR​ transthyretin, HIF2a hypoxia-inducible transcription factor a, SERPINC1 serine (or cysteine) peptidase inhibitor, clade C, 
member 1 (Antithrombin), CTGF connective tissue growth factor, LDH lactate dehydrogenase A

Table 2   (continued)

MOA Therapeutic name Modification design Target gene Indication Sponsor

miRNA inhibition Miravirsen (SPC3649) LNA/PS miR-122 Hepatitis C virus
infection

Santaris Pharma,
Roche

RG-125 (AZD4076) GalNAC conjugated miR-103/107 Type II diabetes with 
nonalcoholic fatty liver 
disease

AstraZeneca

Cobomarsen (MRG-106) LNA/PS miR-155 Cutaneous T-Cell 
Lymphoma/Mycosis 
Fungoides

miRagen

MRG-110 LNA/PS miR-92a Wound healing miRagen

RGLS4326 cEt/2′-OMe/
2′-F/PS

miR-17 Autosomal dominant poly-
cystic kidney disease

Regulus Therapeutics

T LNA/PS miR-132 Heart Failure Cardior Pharmaceuticals 
GmbH
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surrounding environment. Asymmetric-siRNA (cp-
asiRNA, OLX10010, Olix) has a cholesterol conjugated 
at the 3′ end of the sense strand, enabling broad biodistri-
bution of siRNA (Hwang et al. 2016). This unique struc-
tured siRNA contains a short sense strand with alternating 
2′-OMe and a guide strand with flanking overhang that is 
fully modified with 2′-OMe. The consecutive phosphoro-
thioate bonds at the 3′ end of the guide strand to affect the 
cellular uptake of hydrophobic moiety-conjugated siRNAs 
(Ly et al. 2020). Zifcasiran (ARO-HIF2, Arrowhead) is an 
alternating 2′-OMe and 2′-F stabilized siRNA that uses 
the Targeted RNAi Molecule (TRiM™) Platform (Wong 
et al. 2018). Moreover, the dynamic polyconjugate (DPC) 
HIF2α-siRNA consists of an integrin-binding Arg-Gly-
Asp (RGD) peptide for renal carcinoma cell targeted deliv-
ery (Toth and Cho 2020).

GalNAc is the most successful approach for targeted 
siRNA delivery because of its excellent delivery effi-
ciency and low toxicity (Zimmermann et al. 2017; Nair 
et al. 2017a, 2014). Alnylam and other groups introduced 
GalNAc to siRNAs targeting hepatic disorders (Srivas-
tava et al. 2023; Hartford et al. 2022; O'Donoghue et al. 
2022; Zimmermann et al. 2017; Liu et al. 2022). Revu-
siran (AD-51547) is the first-generation GalNAc-con-
jugated siRNA for the treatment of hATTR amyloidosis 
with cardiomyopathy (Zimmermann et al. 2017). However, 
Revusiran development was discontinued during a phase 
III study because of deaths caused by an unknown toxic-
ity of siRNA (NCT02319005) (Judge et al. 2020). Cur-
rently, the commercial siRNAs used for the treatment of 
liver disease, Givosiran (ALN-AS1) (Ricci and Ventura 
2022; Scott 2020), Inclisiran (ALN-PCSsc) (Frampton 
2023; Lamb 2021), Lumasiran (ALN-GO1) (D'Ambrosio 
and Ferraro 2022; Scott and Keam 2021), and Vutrisiran 
(ALNTTRsc02) (Keam 2022) adopt the ESC or advanced 
ESC design. Zilevesiran (ALN-AGT01, Alnylam) employs 
the most up-to-date modification design, ESC + , and its 
safety and effectiveness as an add-on therapy of conven-
tional antihypertensive medications has been evaluated 
in a phase I study (NCT03934307) (Huang et al. 2021). 
Nedosiran (DCR-PHXC, Dicerna) is the first GalNAc-con-
jugated Dicer substrate siRNA that has shown promising 
clinical outcomes, while Nedosiran has completed a phase 
II study for the treatment of primary hyperoxaluria (Liu 
et al. 2022) (NCT03847909).

miRNA

LNA modification with high nuclease resistance and PS 
bond leading to cellular uptake through protein binding has 
been applied for the delivery of anti-miR therapeutics with-
out delivery cargo Miravirsen (SPC3649, Santaris Pharma) 
is an LNA/PS anti-miR122 that targets miRNA 122 for the 

treatment of hepatitis C virus (HCV), which progressed to a 
phase II through subcutaneous injection without the use of 
a transfection agent. The effect of reducing HCV RNA and 
cholesterol levels was confirmed without the need to stop 
treatment because of side effects. Additionally, a long-term 
safety and efficacy evaluation was conducted for 36 months 
after 12 months of Miravirsen monotherapy, although the 
results have not yet been published (NCT01200420) (Jans-
sen et al. 2013; Ottosen et al. 2015; Lanford et al. 2010). 
Cobomarsen (MRG-106, miRagen) is an LNA/PS anti-
miR155 that targets miRNA 155 for the treatment of cutane-
ous T-cell lymphoma (CTCL) and mycosis fungoides (MF), 
which progressed to a phase II clinical trial with intravenous 
or subcutaneous injection (NCT03713320) (Anastasiadou 
et al. 2021; Seto et al. 2018). Moreover, CDR132L (Cardior 
Pharmaceuticals GmbH), an LNA/PS anti-miR32 that tar-
gets miR-32 to treat heart failure, was subjected to a phase 
I clinical trial in which it was administered through intra-
venous injection. The results of the phase I trial showed 
that miR-32 expression was decreased in a dose-dependent 
manner by CDR132L. Phase II clinical trials are ongoing for 
patients with reduced left ventricular ejection fraction after 
myocardial infarction. Additionally, in the future, phase II 
clinical trials of CDR132L reverse remodeling effects will 
be conducted for patients with heart failure with mildly 
reduced or preserved ejection fraction and cardiac hyper-
trophy (NCT05953831) (Täubel et al. 2020). MRG-110 
(miRagen) is an LNA/PS anti-miR92a that inhibits miR-
92a to promote new blood vessel growth and heal wounds. 
miRagen progressed to a phase I clinical trial by intradermal 
injection, the results of which confirmed its ability to reduce 
miR-92a in a time-dose-dependent manner (NCT03603431) 
(Abplanalp et al. 2020; Gallant-Behm et al. 2018).

Chemical modification or conjugation has also been used 
to target anti-miR to specific organs. RG-125 (AZD4076, 
AstraZeneca) is an anti-miR103/107 targeting miR-
103/107 for the treatment of type 2 diabetic subjects with 
non-alcoholic fatty liver disease. RG-125 is a GalNAc con-
jugated form that targets hepatocytes. A phase I clinical 
trial with subcutaneous injection of RG-125 is in progress 
(NCT02826525) (Vienberg et al. 2017). RGLS4326 (Regu-
lus Therapeutics) is an anti-miR17 targeting miR-17 for the 
treatment of autosomal dominant polycystic kidney disease. 
RGLS4326 is a 9-mer PS anti-miR17 with cEt/2′-OMe/2′-F 
modification for preferential distribution in the kidney, for 
which a phase I clinical trial was conducted with subcutane-
ous injection, although the results are yet to be announced 
(NCT04536688) (Lee et al. 2019).
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Conclusion

In this review, we highlight the promise of oligonucleotide 
therapeutics, as a rapidly evolving class of pharmaceuti-
cal agents, which are bestowed with unique advantages of 
precise targeting and the ability to interfere with disease-
associated genes or proteins exhibited by ASO, siRNA, 
and synthetic miRNA. However, the full realization of their 
therapeutic potential has been hindered by challenges such 
as rapid degradation, limited cellular uptake, and unintended 
immune responses. In this comprehensive review, we report 
the crucial role of chemical modifications in enhancing the 
pharmacokinetic and pharmacodynamic properties of oligo-
nucleotide therapeutics. The integration of diverse chemical 
modification strategies has emerged as a potent and versa-
tile toolkit for optimizing their properties. Persistent refin-
ing and innovation of modification chemistry based on the 
mechanism of action underlying oligonucleotide therapeu-
tics facilitates their translation from laboratory research to 
clinical applications.

The horizon for oligonucleotide-based treatments appears 
promising, but the potential drawbacks remain hurdles for 
oligonucleotide therapeutics to overcome to reach the clinic. 
The oligonucleotides themselves lack the ability for tissue 
targeting and are distributed primarily to the liver and kidney 
for elimination. So far, the efficacy of oligonucleotide thera-
peutics that require targeting to a specific organ outside the 
liver may decrease due to their off-target distribution. These 
drawbacks are realized by limiting pipelines of oligonucleo-
tide therapeutic development to mostly aiming at treating 
hepatic disorders or rare diseases.

Two broad approaches have been used to overcome the 
disability of targeting the diseased organ. One such approach 
has been to create a bioconjugate in which the oligonucle-
otides are linked to an antibody or proteins that can bind 
with high affinity to specific biomarkers of target tissues. 
Another exciting frontier for oligonucleotide therapeutics 
is the construction of nucleic acid nanostructures through 
programmable assembly of multiple motifs (e.g., aptamer, 
ribozymes) for broadening the application range of oligonu-
cleotides (Wu et al. 2020). These nanostructures are being 
used as molecular scaffolds to promote their accumulation 
in specific tissues (Yin et al. 2019) or to mount multiple 
therapeutics into a single molecule (Kim et al. 2022). By 
overcoming the current obstacles, oligonucleotide therapeu-
tics can reshape the field of medicine. With ongoing research 
and innovative advancements, we are optimistic that these 
transformative therapies will eventually find their place in 
mainstream medical practice, bringing us closer to a new era 
of precision medicine.
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