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Nucleic acid therapeutics have become increasingly recognized
in recent years for their capability to target both coding and
non-coding sequences. Several types of nucleic acid modalities,
including siRNA, mRNA, aptamer, along with antisense oligo,
have been approved by regulatory bodies for therapeutic use.
The field of nucleic acid therapeutics has been brought to the
forefront by the rapid development of vaccines against
COVID-19, followed by a number of approvals for clinical
use including much anticipated CRISPR-Cas9. However, ob-
stacles such as the difficulty of achieving efficient and targeted
delivery to diseased sites remain. This review provides an over-
view of nucleic acid therapeutics and highlights substantial ad-
vancements, including critical engineering, conjugation, and
delivery strategies, that are paving the way for their growing
role in modern medicine.
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INTRODUCTION
Traditional therapeutics involve the use of small-molecule drugs that
interact with the active site of specific proteins, modulating their func-
tion. These drugs have been widely successful due to their cost-effective
production, simple storage and transport at ambient temperatures, and
convenient oral administration. However, small molecules primarily
target proteins, which constitute only a small fraction of the genome,
representing approximately 1%–2% of total DNA.1 This approach
generally overlooks the vast majority of the genome, including non-
coding regions that house key regulatory components like enhancers,
silencers, and non-coding RNAs. Furthermore, critical regulators asso-
ciated with various pathological states are not easily susceptible to
traditional small-molecule drugs and other conventional therapeutic
methods. Research has demonstrated that merely 20% of the translated
proteins can be effectively targeted with small molecules.2 As our un-
derstanding of the molecular mechanisms driving disease progression
deepens, therapeutic strategies have the potential to be significantly
broadened by focusing on genomic targets rather than just translated
proteins. The genetic codes found in DNA and RNA are simpler and
more linear compared with the three-dimensional structures of pro-
teins, making them more accessible for targeted interventions using
complementary nucleic acid (NA) molecules. Additionally, NA mole-
cules, as therapeutic agents, are more easily screened, synthesized, and
modified for precise adjustments, if necessary, thus demonstrating sig-
nificant potential in modern therapeutics.3
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Initially viewed as unstable intermediate products within the central
dogma of molecular biology, RNA molecules have since been recog-
nized for their diverse and significant roles through subsequent inves-
tigations.4,5 The multifaceted functions of RNA in cellular physiology
have become increasingly evident. The advent of NA-based drugs has
introduced numerous advantages over traditional pharmaceuticals,
such as expedited and cost-effective screening and synthesis processes
that can target both coding and non-coding sequences, thereby sub-
stantially expanding the range of targets. These drugs offer flexibility
in design and customization for personalized therapeutics, enabling
rapid screening and development of sequences against emerging
pathogens. In the past 5 years, NA therapeutics have experienced un-
precedented progress, becoming a major focus of scientific research.
During this time, 13 of the 21 currently approved NA-based therapies
were approved, underscoring the rapid progress and transformative
potential of this area. Notably, this period has seen the development
of the fastest vaccines against coronavirus disease 2019 (COVID-19),
which were pivotal in managing the global pandemic. Additionally,
the first-ever approval of a CRISPR-Cas9-based therapy, Casgevy,
has marked a significant milestone in gene editing technology. The
recent approval of an aptamer Izervay (avacincaptad pegol) further
underscores the versatility and expanding horizons of NA therapeu-
tics. These advancements collectively highlight the rapid evolution
and transformative impact of NA-based treatments in modern
medicine.
Antisense oligonucleotides

Antisense oligonucleotides (ASOs) are short, engineered, single-
stranded DNA, RNA, or a combination of both molecules that can
bind to specific target RNA sequences through Watson-Crick base
pairing and represent the simplest yet most effective strategy to
manipulate gene expression. ASOs bind to complementary RNA tar-
gets via Watson-Crick hydrogen bonds to inhibit translation.6 ASOs
can modulate gene expression or modify pre-mRNA splicing via
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Figure 1. Overview of nucleic acid-based

therapeutics

(A) ASOs target sites and subsequent modulation out-

comes. (B) siRNA-mediated RNA interference pathway

detailing Dicer processing of dsRNA to siRNA, leading to

mRNA cleavage and degradation via the RISC complex.

(C) Structure and potential outcomes of exogenous

mRNAs. (D) Aptamer-based conjugates targeting specific

molecules (left) and potential molecular interactions of

aptamers at their specific targets (right).
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distinct mechanisms depending on their chemistry, binding se-
quences, and target sites. For instance, ASOs can be designed to com-
plement the target RNA, forming an ASO-RNA hybrid recognized by
endogenous RNase H1, which subsequently cleaves the target
mRNA.7 RNase H1 is distributed in both the nucleus and the cyto-
plasm, extending the targeting of immature pre-mRNAs in the nu-
cleus and long non-coding RNAs in the cytoplasm.8,9 Alternatively,
oligos can be designed to bind around the AUG start site or untrans-
lated sequences, sterically blocking the binding of RNA-binding pro-
tein complexes, such as ribosomal subunits and RNA-binding pro-
teins, thereby suppressing the translation of target mRNA.10 ASOs
are categorized as either RNase H1-dependent or RNase H1-indepen-
dent depending on their mechanism of action.11 Interestingly, ASOs
can also enhance protein translation by targeting the upstream open
reading frames (uORFs) that inhibit the expression of the main ORFs
(Figure 1A).12

The concept of using ASOs for gene expression modulation was first
proposed by Stephenson and Zamecnik in 1978, who demonstrated
the inhibition of Rous sarcoma viral replication in vitro using syn-
thetic tri-decamer ASOs.13 Interestingly, the mechanism of RNase
H1 enzyme-mediated cleavage was discovered the following year.14

The initial development of ASOs was hindered by several technical
2 Molecular Therapy: Nucleic Acids Vol. 36 March 2025
challenges at the time, such as the synthesis of
desired sequences, the lack of efficient delivery
systems, and the rapid degradation by native
nuclease systems in cells.15 In order to protect
from nucleases and to improve stability, signif-
icant chemical modifications have beenmade to
ASOs, resulting in their success in therapeutics.
Key milestones contributing to the success
of ASOs include several important modifica-
tions. The concept of the phosphorothioate
(PS) backbone dates back to 1966,16 followed
by the introduction of 20-O-Methoxyethyl
(MOE),17 peptide nucleic acids (PNAs), and
phosphorodiamidate morpholino oligomers
(PMOs) in the 1990s,18,19 whereas the early
2000s saw the development of locked nucleic
acids (LNA).20 These modifications signifi-
cantly improved the pharmacokinetic proper-
ties, target binding affinity, and resistance to
enzymatic degradation, enhancing the therapeutic potential and
safety profile of ASOs. Moreover, advancements have been made
for efficient and tissue-specific delivery strategies by employing
conjugation approaches, such as coupling ASOs with cell-penetrating
peptides (CPPs),21 antibodies,22 or aptamers.23 However, ASOs face
several critical challenges, including the rapid response of RNases
leading to the degradation of exogenous RNAs. Furthermore, nega-
tively charged RNA molecules have difficulty crossing the hydropho-
bic cytoplasmic membrane. Additionally, the strong immunogenicity
of exogenous RNAs can cause cell toxicity, impairing their effective-
ness as therapeutic agents. Limited tissue penetrance further compli-
cates specific tissue targeting, posing an additional challenge to the
effective delivery of ASOs to target sites.

Small interfering RNA molecules

Double-stranded small interfering RNA molecules (siRNAs) share a
similar mechanism of action as ASOs by specifically hybridizing to
the targeted sense strand RNA via Watson-Crick hydrogen base pair-
ing.24 These siRNAs, also known as silencing RNAs, are effective at
interfering with gene expression by causing the degradation or inhi-
bition of target RNA molecules, making them a valuable tool in mo-
lecular biology and medical research for gene knockdown
experiments.
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The siRNA duplexes originate from naturally transcribed or artifi-
cially introduced precursor siRNAs, which range from 30 to more
than 100 base pairs (bp) in length. The endogenous Dicer enzyme
processes these precursors into 20- to 30-bp-long siRNAs with two-
base 30 overhangs, which interact with the endogenous RNA-induced
silencing complex (RISC) to elicit RNA interference (RNAi). The
endonuclease Argonaute 2 (AGO2) component of the RISC cleaves
the sense strand of the duplex, leaving the antisense strand intact,
then guides the active RISC to its target mRNA. AGO2 subsequently
cleaves the phosphodiester backbone of the target mRNA. The anti-
sense strand is usually fully complementary to the coding region of
the target mRNA, allowing siRNA to knock down one specific target
gene.25,26 Being double-stranded, siRNAs remain inactive until the
transactivation-responsive RNA-binding protein (TRBP) activates
them by loading into AGO2, which subsequently separates the pas-
senger (sense) strand and allows the binding of the guide (antisense)
strand to catalytic AGO2 (Figure 1B).27

In 1998, 2 decades after ASOs were first discovered, Fire et al. made a
major breakthrough in molecular biology by discovering that double-
stranded RNAs, known as siRNAs, were highly effective at inhibiting
target genes. Their experiments showed that siRNAs could efficiently
block the expression of genes such as unc-22 and unc-54, which play
roles in muscle movement, fem-1, a key regulator in sex determina-
tion, and the basic-helix-loop-helix (bHLH) transcription factor
hlh-1 in the nematode C. elegans. The remarkable aspect of this dis-
covery was that the inhibitory effect of siRNAs could be passed on to
subsequent generations.28 Moreover, the siRNAs showed more resis-
tance to the native nucleases of the cell, and only a few copies of the
siRNAs were needed to result in significant inhibition of the target.
Three years later, Elbashir et al. demonstrated the silencing of endog-
enous and exogenous genes in mammalian cell systems using chem-
ically synthesized 21-bp double-stranded siRNAs and predicted the
therapeutic potential of 21-bp synthetic RNA duplexes.27 Again,
just like ASOs, the success of siRNA in therapeutics remained depen-
dent on improved delivery mechanisms and enhanced stability mea-
sures.24 Due to their double molecular weight and negative charge
compared with ASOs, siRNAs face more difficulty in crossing the
cell membrane to reach target sites. However, this difficulty can be
mitigated by a number of strategies, including siRNA-encapsulating
lipid nanoparticles (LNPs), polymer-based delivery systems such as
polyethylenimine (PEI) and polyethylene glycol (PEG), the utilization
of CPPs such as TAT peptides, and nanoparticle-based delivery
systems.29 Additionally, antibody-mediated delivery, vector-based
siRNA delivery,30 and organ-specific and tissue-specific delivery ap-
proaches are utilized for efficient targeting.31 For instance, GalNAc-
siRNA conjugates represent a significant milestone in achieving tar-
geted delivery of siRNA to the liver,32 which have been utilized in
the development of all Food and Drug Administration (FDA)-
approved siRNA therapeutics except patisiran (Table 1). The stability
concerns of siRNA due to inherent chemical properties were over-
come by introducing chemical modifications capable of making
them stable in the cellular environment, thus advancing siRNA-based
drugs.
The continuous progress and efforts in developing RNA-based drugs
finally resulted in the approval of the first siRNA-based drug in 2018,
named patisiran (Onpattro, Alnylam Pharmaceuticals). It is targeted
to degrade transthyretin (TTR) mRNA, which mediates polyneurop-
athy in adult patients.42 The second siRNA-based drug, named givo-
siran (Givlaari, Alnylam Pharmaceuticals), was approved in 2019 and
is being used to treat acute hepatic porphyria. The drug targets ami-
nolevulinate synthase 1 mRNA in the liver, reducing the levels of
disease-causing neurotoxic intermediates aminolevulinic acid and
porphobilinogen.52,43 Many more siRNA drugs are in the pipeline
and in trial phases. For instance, recently, an siRNA against the hep-
atitis B virus (HBV), encapsulated in an ionizable lipidoid nanopar-
ticle (RBP131), has been developed and tested, producing promising
results by reducing the viral DNA, RNA, and antigens.53

mRNAs

mRNAs are known for their intermediary role in the central dogma of
molecular biology, carrying transient blueprints of the genome. How-
ever, the therapeutic potential of mRNAs was brought to light in the
last decade of the 20th century by introducing exogenous mRNAs
into animals to express desired proteins. In 1990, Wolf et al. injected
mouse skeletal cells with synthesized mRNA sequences encoding
luciferase, chloramphenicol acetyltransferase, and beta-galactosidase,
successfully inducing the expression of these proteins.54 This break-
through opened a new horizon for RNA therapeutics, where synthetic
or purified mRNAs could be introduced to compensate for mutated
or nonfunctional proteins in animals. One such example is the injec-
tion of synthetic or purified vasopressin mRNA from wild-type rats
into the hypothalamus of vasopressin-deficient Brattleboro rats, re-
sulting in the transient reversal of diabetes insipidus.55

In mRNA therapeutics, the sequences can be easily modified, allowing
the personalization of NA therapy. These therapies can be divided
into the following subgroups: (1) replacement therapy, where mRNAs
are administered to compensate for a defective gene or protein, or to
supply therapeutic proteins; (2) vaccination, where mRNAs encoding
specific antigens are administered to trigger an immune response; (3)
cell therapy, where mRNA is transfected into cells ex vivo to alter cell
phenotype or function, and these cells are then delivered into the pa-
tient (Figure 1C).11 The development of mRNAs as therapeutics has
faced several challenges, including mRNA stability, immunogenicity,
delivery, and scalability. However, significant progress has been made
to overcome these challenges. Unmodified mRNA molecules are
highly susceptible to degradation by cellular ribonucleases, limiting
their therapeutic potential, as they need to remain intact for a suffi-
cient duration to be translated into functional proteins. To improve
the stability of mRNAs against native ribonucleases, nucleosides are
modified with naturally occurring chemical groups, such as pseu-
douridine,56,57 5-methylcytidine,58,59 and 1-methylpseudouridine,60

which are incorporated into mRNA molecules. These modifications
enhance mRNA stability by reducing its recognition and degradation
by cellular ribonucleases.61,62 Additionally, structural modifications
at the 30 and 50 ends, as well as in the untranslated regions (UTRs),
help improve stability and reduce immunogenic responses.63 The
Molecular Therapy: Nucleic Acids Vol. 36 March 2025 3
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Table 1. List of approved NA therapeutics (up to August 2024)

RNA type Drug name(s) Target profile

Chemical
modification
and carrier Developers Administration Year approved Reference

ASO

Fomivirsen
(Vitravene,
ISIS 2922)

Eye, cytomegalovirus (CMV) retinitis: Bind and
degrade UL123 mRNA and inhibit CMV protein
IE2

20-H Ionis i.v.t
1998, FDA, EMA
Withdrawn 2002

Geary et al.33

Mipomersen
(Kynamro�,
ISIS 301012)

Liver, homozygous familial hypercholesterolemia,
bind and degrade ApoB-100 mRNA

Gapmers, 20-MOE
Kastle Therapeutics
and Ionis

s.c. 2013 Santos et al.34

Nusinersen
(Spinraza,
ISIS 396443)

CNS, spinal muscular atrophy: splice the pre-
mRNA of SMN2

20-MOE Ionis i.t 2016 Mercuri et al.35

Eteplirsen
(Exondys 51,
AVI-4658)

Muscles, Duchenne muscular dystrophy: Splice
exon 52 of DMD

20-MOE, PMO Sarepta i.v 2016 Mendell et al.36

Inotersen
(Tegsedi,
ISIS 420915)

Liver, familial amyloid polyneuropathy: Inhibit
translation of TTR mRNA translation

20-MOE, Ionis s.c. 2018 Benson et al.37

Milasen
CNS, Mila Makovec’s CLN7 gene associated with
Batten disease: Splice the CLN7 mRNA

–
Boston Children’s
Hospital

i.t
2018, Approved for
personalized use

Kim et al.3

Golodirsen
(Vyondys 53�,
SRP-4053)

Muscles, Duchenne muscular dystrophy: Splice
exon 53 of DMD

20-MOE, PMO Sarepta i.v 2019 Scaglioni et al.38

Viltolarsen
(Viltepso,
NS-065,
NCNP-01)

Muscles, Duchenne muscular dystrophy: Splice
exon 53 of DMD

20-MOE, PMO NS Pharma i.v 2020 Clemens et al.39

Casimersen
(SRP-4045,
Amondys 45�)

Muscles, Duchenne muscular dystrophy: Splice
exon 45 of DMD

PMO Sarepta i.v 2021 Shirley et al.40

Eplontersen (Wainua)
Muscles, polyneuropathy of hereditary
transthyretin-mediated amyloidosis

GalNAc-conjugated
AstraZeneca and
Ionis Pharmaceuticals

s.c 2023 Coelho et al.41

(Continued on next page)
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Table 1. Continued

RNA type Drug name(s) Target profile

Chemical
modification
and carrier Developers Administration Year approved Reference

siRNA

Patisiran
(Onpattro,
ALN-TTR02,
ONPATTRO�)

Liver, polyneuropathy: Inhibit translation of TTR
mRNA translation

PS, 20-O-Me, 20- F, LNP Alnylam i.v. 2018 Kristen et al.42

Givosiran
(Givlaari,
ALN-AS1)

Liver, acute hepatic porphyria: Targeting ALAS1
mRNA and downregulation

PS, 20-O-Me, 20- F, GalNAc Alnylam s.c. 2019 Balwani et al.43

Lumasiran
(OXLUMO,
ALNGO1)

Liver, primary hyperoxaluria type 1: Targeting
HAO1 mRNA and downregulation of glycolate
oxidase

PS, 20-O-Me, 20- F, GalNAc Alnylam s.c. 2020 Liebow et al.44

Inclisiran
(LEQVIO,
ALN-PCSSC)

Liver, atherosclerotic cardiovascular disease:
Targeting PCSK9 mRNA and downregulation of
proprotein convertase subtilsin/kexin type 9

PS, 20-O-Me, 20- F, GalNAc Novartis s.c. 2021 Lamb et al.45

Vutrisiran
(ALN-TTRSC02)

Liver, hATTR treatment, TTR mRNA PS, 20-O-Me, 20- F, GalNAc Alnylam s.c. 2022 –

Nedosiran
(RIVFLOZA)

Primary hyperoxaluria PS, 20-O-Me, 20- F, GalNAc Dicerna s.c. 2023 Goldfarb et al.46

Aptamers

Pegaptanib
(Macugen)

Eye, macular degeneration: Binding with hairpin
loop of VEGF165 and subsequent inactivation

Pegylated, all PO,
20-F, and 20-OMe;
G and A methylated

Bausch + Lomb i.v.t 2004 Gragoudas et al.47

Izervay
(avacincaptad
pegol)

Eye, complement C5 inhibitor to treat geographic
atrophy (GA)

PEGylated oligonucleotide
Iveric Bio +
Astellas Pharma

i.v.t 2023 Jaffe et al.48

mRNA

BNT162b2
Immune system, COVID-19 vaccine: SARS-CoV-
2 S antigens’ expression

Nucleosides-modified,
Lipid nanoparticle-formulated

BioNTech
and Pfizer

IM 2020 Polack et al.49

mRNA-1273
Immune system, COVID-19 vaccine: SARS-CoV-
2 S antigens’ expression

Lipid nanoparticle-formulated Moderna IM 2020 Baden et al.50

CRISPR-Cas9
Casgevy
(exagamglogene
autotemcel)

Blood, editing of CD34+ HSPCs using CRISPR-
Cas9

–

Vertex Pharmaceuticals
Inc + CRISPR
Therapeutics

i.v. 2023 Frangoul et al.51

i.v.t, intravitreal; i.m, intramuscular; i.t, intrathecal; i.v., intravenous; s.c., subcutaneous.
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large, negatively charged size of mRNA molecules poses challenges
for crossing cell membranes and reaching the translation sites in
the cytoplasm. Similar to the aforementioned smaller NA molecules,
LNPs,64 viral vectors,65 and classical electroporation techniques can
be employed to overcome this challenge.

Circular RNA molecules

Circular RNAs (circRNAs) are an emerging class of RNA molecules
with unique properties and therapeutic potential. Unlike linear
RNAs, circRNAs form covalently closed continuous loops without
50 caps or 30 poly(A) tails, making them resistant to exonuclease-
mediated degradation and remarkably stable in cellular environ-
ments.66 circRNAs are produced from precursor mRNA (pre-
mRNA) through back-splicing, a process in which a downstream
50 splice site is joined to an upstream 30 splice site.67 These
molecules are highly abundant, evolutionarily conserved, and
exhibit tissue- and developmental stage-specific expression pat-
terns, suggesting their critical regulatory roles in various biological
processes.68

One of the key mechanisms by which circRNAs exert their functions
is through sponging microRNAs (miRNAs).69,70 By harboring multi-
ple miRNA response elements (MREs), circRNAs can act as
competing endogenous RNAs (ceRNAs), sequestering miRNAs and
thereby regulating the expression of miRNA target genes.70 For
instance, circHIPK3 has been shown to sponge miR-124, thereby
influencing cell proliferation and apoptosis, which is highly relevant
in cancer biology.71 In addition to miRNA sponging, circRNAs
interact with RNA-binding proteins (RBPs) to modulate their activity
and localization.72 Some circRNAs can also be translated into func-
tional peptides, expanding their functional repertoire.73 Stability
and low immunogenicity of circRNAs make them attractive candi-
dates for therapeutic applications.74 Unlike linear RNAs, circRNAs
do not trigger innate immune responses via pattern recognition re-
ceptors such as Toll-like receptors (TLRs), which often limit the use
of linear RNAs in clinical settings.75 However, efficient delivery of
circRNA therapeutics remains a challenge.

circRNA-based drugs are currently in the early stages of development,
with several preclinical studies demonstrating their potential.76 For
example, a synthetic circRNA designed to sponge miR-21, an onco-
genic miRNA implicated in multiple cancers, effectively suppressed
tumor growth in mouse models.77,78 Similarly, circRNAs encoding
functional peptides have been explored in the context of cardiovascu-
lar diseases. A recent study utilized synthetic circRNAs to produce
cardioprotective peptides,79 demonstrating therapeutic benefits in
ischemia-reperfusion injury models. circRNA-based therapies have
been investigated in neurodegenerative diseases, viral infections,
and immune disorders.80,81 For instance, circRNAs targeting miR-
122, a liver-specific miRNA crucial for hepatitis C virus (HCV) repli-
cation,82 have shown promise in reducing liver fibrosis.83 Moreover,
engineered circRNAs have been explored as vaccines, with studies
showing their ability to elicit robust antigen-specific immune re-
sponses against pathogens.84
6 Molecular Therapy: Nucleic Acids Vol. 36 March 2025
Micro RNA molecules

miRNAs are small, non-coding RNA molecules of approximately
20–24 nucleotides that regulate gene expression at the post-transcrip-
tional level. They function by binding to complementary sequences in
the 30 untranslated regions (UTRs) of target messenger RNAs
(mRNAs), leading to either translational repression or mRNA degra-
dation through the RISC. The Argonaute protein (AGO) is a central
component of RISC, guiding the miRNA to its target mRNA for gene
silencing.85 Unlike siRNAs, miRNAs typically exhibit partial comple-
mentarity to their target, allowing them to regulate multiple genes
simultaneously. This versatile mechanism underpins their critical
roles in various physiological processes, including development, dif-
ferentiation, apoptosis, and immune responses.86

The therapeutic potential of miRNAs was first recognized in the
context of cancer, where miRNAs can act as either tumor suppressors
or oncogenes (oncomiRs). For instance, the tumor-suppressive miR-
34 family targets genes involved in cell cycle regulation and
apoptosis,87 while oncomiRs like miR-21 promote tumor progression
by downregulating tumor suppressors.88 The development of
miRNA-based therapeutics involves either miRNA mimics to restore
the function of downregulated miRNAs or antagomiRs to inhibit
overexpressed miRNAs. One prominent example is MRX34, a lipo-
somal formulation of miR-34a mimic, which entered clinical trials
as a treatment for various cancers but faced challenges related to
immune activation.89 RG-125 (AZD4076), a GalNAc-conjugated
antagomiR targeting miR-103/107, is being developed for metabolic
diseases.90 These developments underscore the transformative poten-
tial of miRNAs across diverse therapeutic areas.

Aptamers

Aptamers are short single-stranded DNA or RNA molecules with
specific tertiary structures that enable them to bind to a variety of tar-
gets, such as proteins, peptides, carbohydrates, organelles, and even
cells. The first aptamers were reported in 1990 by two independent
groups through a technique known as Systematic Evolution of Li-
gands by EXponential enrichment (SELEX).91,92 Aptamers are more
versatile compared with NA oligonucleotides, which primarily serve
sequence-specific inhibitory roles. In contrast, aptamers can bind to
a wide variety of targets with high specificity and affinity. This binding
capability arises from their ability to adopt well-defined three-dimen-
sional structures, such as hairpins, loops, or pseudoknots, that are
crucial for their interaction with target molecules. These structural
features allow aptamers to achieve exceptional selectivity, even distin-
guishing between closely related molecular targets. These properties
make aptamers valuable tools for modulating protein functions, facil-
itating targeted drug delivery systems, and serving as molecular
recognition elements in diagnostics and therapeutic applications
(Figure 1D).93

The therapeutic potential of aptamers was recognized because of their
ability to act as antagonists, leading to the identification of numerous
antagonist aptamers. For instance, a tumor-targeting RNA aptamer
has been found to inhibit p68, an RNA helicase that is upregulated
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in colorectal cancer.94 Moreover, the first FDA-approved aptamer
drug, pegaptanib, specifically binds to vascular endothelial growth
factor-A (VEGF-A), inhibiting its interaction with receptors and pre-
venting angiogenesis.47 More recently, on August 4, 2023, the FDA
approved Izervay (avacincaptad pegol) for the treatment of
geographic atrophy (GA) caused by advanced dry age-related macu-
lar degeneration (AMD). Izervay is a complement C5 inhibitor that is
injected directly into the eye in a doctor’s office, once a month or
every other month. It works by reducing the immune response to
help prevent damage to retinal cells. In clinical trials, Izervay signifi-
cantly reduced the mean rate of GA progression by over 27% in the
first year.48 Izervay is the only approved GA treatment to show a sta-
tistically significant reduction in progression after 12 months,
although it has not been shown to improve eyesight or restore lost
vision.

Aptamers can also play a modulatory role in target protein function.
For example, IR-A62, an insulin receptor (IR) binding aptamer, acts
as a biased agonist that preferentially induces Y1150 monophos-
phorylation of IR in the absence of insulin. At lower concentrations,
it promotes insulin binding by acting as a positive allosteric modu-
lator (PAM) agonist, while at higher concentrations, it acts as a
negative allosteric modulator (NAM) agonist and competes with in-
sulin for IR binding.95 Since aptamers are highly specific for their
targets, they can be utilized to improve the efficiency of targeted
drug delivery systems. For instance, an endoglin aptamer (YQ26)-
modified fluorescent silica nanoparticle (YQ26-FsiNPs) has been re-
ported for high efficiency in vivo tumor imaging, monitoring, and
drug delivery.96

Another unique way in which aptamers can modulate gene expres-
sion is by acting as multidirectional riboswitches. The binding of ap-
tamers with ligands induces conformational changes in their tertiary
structure, a property that can be exploited to design ligand-induced
aptamer switches for multidirectional expression systems.97,98 A
number of natural and synthetic aptamer switches have been identi-
fied to modulate almost every process of mRNA turnover. For
instance, Vogel et al. employed one of the most commonly used tetra-
cycline-binding riboswitches for exon skipping.99 In another study,
the expression of GFP was controlled at the translational level by in-
serting and characterizing tetracycline-binding riboswitches at the
50-UTR of a GFP-encoding mRNA.100 Riboswitches have also shown
their potential to regulate AAV-mediated transgene expression
in vivo. The tetracycline-dependent ribozyme K19 has shown prom-
ising multiorgan functionality, robust regulation, reversibility, and
the capacity for fine-tuning and repeated induction of gene
expression.101

Despite all this intrinsic value, there are a few drawbacks associated
with aptamers. Like linear RNA oligonucleotides, unmodified ap-
tamers are quickly degraded by native nucleases in the cell system,
often within seconds to an hour.102,103 Due to their small size
(<5 nm) and light weight (6–30 kDa),104 aptamers are prone to leak
through renal filtration.105 These factors hinder the therapeutic po-
tential of aptamers. To pave the way for the clinical application of ap-
tamer-based therapeutics, extensive modifications of aptamer chains
and conjugations with additional moieties, such as PEG, to extend
their half-life, are therefore necessary.

The issue of aptamer elimination by renal filtration can be mitigated
by combining aptamers with heavier compounds, such as PEG,106

liposomes,107 peptides,108 cholesterols,109 and a number of nano-ma-
terials.110,111 Aptamers offer great potential in therapeutics, particu-
larly when used in complement with monoclonal antibodies, because
they can be produced via cost-effective chemical synthesis, are
easier to modify, and elicit less immunogenicity compared with
antibodies.112

Ribozymes

During the early 1980s, researchers unearthed yet another role of
RNAmolecules: catalysis. Guerrier-Takeda et al. revealed that the cat-
alytic capability of purified ribonucleases from prokaryotes was
entirely dependent on the RNA moieties but not the protein parts.113

Another study provided evidence for the catalytic activity in self-
splicing ribosomal RNA, demonstrating that a shortened form of
the intervening sequence from Tetrahymena thermophila could act
as an enzyme in vitro in a sequence-specific manner.114 These discov-
eries encouraged more researchers to explore the catalytic capabilities
of other RNAmolecules. Consequently, hammerhead ribozymes were
discovered in 1987 and hairpin ribozymes in 1990, with the former
being well studied and used in therapeutics.115,116 The hammerhead
ribozyme is mainly divided into two parts: (1) three hybridizing heli-
ces, which flank and bind the antisense strand of target RNA, and (2)
a catalytic core that mediates the cleavage reaction.117 The catalytic
core cleaves the RNA at a specific site generally described as XUN,
where X is any base. Once the cleavage occurs, the two cleaved
RNAs are unstable and prone to degradation by native nucleases,
and the hammerhead ribozymes detach and are ready to target
another copy of such sequences. Thus, hammerhead ribozymes are
naturally suited for suppressing target sequences.

At the time of their discovery, HIV was one of the biggest medical
challenges. A study employed synthetic hammerhead ribozymes to
target the HIV sequence and demonstrated a substantial decrease
in HIV gag RNA sequences in human cell lines.118 This was the first
study indicating the therapeutic potential of ribozymes. Around the
same time, another study successfully targeted and cleaved the c-fos
oncogene mRNA with ribozymes, confirming the working model of
the newly presented idea of gene suppression.119 Ribozymes offer an
advantage that they perform their function independent of any
other cellular protein.120 There were some clinical trials regarding
the use of ribozyme therapeutics, but most were abandoned due to
insufficient efficiency. One example is RPI.4610 (Angiozyme), an
anti-VEGFR-1 ribozyme used in combination with carboplatin
and paclitaxel to treat solid tumors with encouraging results.121

However, in other cancers, such as metastatic breast cancer, its effi-
cacy was not up to the mark, and it was discontinued from further
development.122
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Several challenges hinder the clinical application of ribozymes. First,
ribozymes often exhibit limited stability in biological environments,
where they are prone to degradation by nucleases. This necessitates
the development of chemically modified ribozymes or effective deliv-
ery systems to enhance their stability. Early studies showed that
chemical modifications of hammerhead ribozymes, such as 20 modi-
fied pyrimidine nucleosides and phosphonothioates, significantly
increased ribozyme stability.123 Recently, experiments with structural
modifications have also increased the stability and target specificity of
ribozymes. For instance, the addition of a hairpin motif and the for-
mation of trans-Hoogsteen interactions to mimic exogenous ribo-
zymes with highly active native ribozymes resulted in an increased
reduction of influenza A virus mRNAs.124 Additionally, achieving
efficient cellular uptake and targeted delivery remains a critical
obstacle. The complexity of intracellular environments can impede ri-
bozyme functionality, necessitating sophisticated delivery vectors
such as lipid nanoparticles or viral vectors. Furthermore, the speci-
ficity of ribozyme activity requires precise sequence recognition,
which can be complicated by the presence of similar or mutant
RNA sequences in the target cells. Overcoming these challenges re-
quires ongoing advancements in RNA chemistry, delivery technolo-
gies, and a deeper understanding of ribozyme interactions within
cellular contexts, paving the way for their successful therapeutic
application.

RNA editing and modulation

RNA editing and modulation have emerged as exciting fields in NA
therapeutics, offering precise and targeted manipulation of RNAmol-
ecules for the correction of genetic mutations and modulation of gene
expression. Adenosine deaminases acting on RNA (ADARs) have
long been known and are the most abundant base editors in humans,
with adenosine-to-inosine (A-to-I) conversion accounting for more
than 90% of all editing events.125 Other less prevalent RNA editing
events include cytosine-to-uracil (C-to-U) editing, which involves
the deamination of cytosine to uracil and plays a role in modifying
transfer RNA (tRNA) and mitochondrial RNA sequences. The
enzyme responsible for catalyzing C-to-U RNA editing is called apoli-
poprotein B mRNA editing enzyme, catalytic polypeptide-like
(APOBEC), and activation-induced cytidine deaminase (AID). These
enzymes belong to the APOBEC/AID cytidine deaminase family.126

The reversal of C-to-U, i.e., U-to-C, is mediated by uracil terminal ur-
idylyl transferase, also known as TUTase or TUTase-like enzyme.
TUTases are a group of enzymes that catalyze the addition of cytosine
residues opposite uracil (U) residues in RNA molecules.127

ADARs have the capability of converting A to I in coding regions as
well as in Alu repeats containing non-coding regions of double-
stranded RNAs, thereby modulating gene expression through various
regulatory mechanisms.128 Inosine, functionally similar to guanosine
(G), leads to altered RNA structures and subsequent changes in pro-
tein expression.129 In the context of RNA therapeutics, ADAR-based
editing offers a unique approach to correct disease-causing mutations
or modulate gene expression. By targeting specific RNA transcripts,
ADARs can be used to restore proper protein function or fine-tune
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gene expression levels, providing a versatile tool for treating various
genetic disorders. Furthermore, recent advancements in genome ed-
iting technologies, such as CRISPR-Cas systems, offer enhanced pre-
cision and efficiency in ADAR-mediated RNA editing, paving the way
for potential clinical applications.130 A simpler strategy for targeted
RNA editing can be achieved through ectopically expressed R/G
motif-bearing synthetic guide RNAs, which are coupled with
ADARs.131,132 Moreover, a number of RNA-targeting modalities
including lN-peptide133 and an SNAP-tag134 and even Cas13 pro-
tein130 have been fused with ADARs for targeted RNA editing. How-
ever, these strategies face challenges such as undesired off-target
effects,135 immunogenicity, and delivery.136,137 To avoid the chal-
lenges associated with employing exogenous ADARs for RNA edit-
ing, chemically optimized ASOs have been synthesized to recruit
endogenous ADARs, a method referred to as recruiting endogenous
ADARs to specific transcripts for oligonucleotide-mediated RNA ed-
iting (RESTORE).138 A similar approach employed short engineered
ADAR-recruiting RNAs (arRNAs) to recruit native ADARs for spe-
cific RNA editing, named leveraging endogenous ADARs for pro-
grammable editing of RNA (LEAPER).139 Both approaches signifi-
cantly improved editing efficiency with minimal global off-target
effects. More recently, the same group reported LEAPER 2.0, an
enhancement of LEAPER, by employing covalently closed circular
arRNAs (cir-arRNAs), which demonstrated around a 3-fold increase
in editing efficiency in vitro and in vivo.140

The mechanism of A-to-I RNA editing is mediated by hydrolytic
deamination of the adenine base. ADARs specifically recognize dou-
ble-stranded RNA from various RNAmoieties, including pre-mRNA,
pri-mRNA, pri-siRNA, lncRNA, and transposons. Since these non-
coding elements have a strong impact on the expression of translated
proteins, ADARs hold potential as therapeutic tools. ADARs natu-
rally and nonspecifically bind to double-stranded RNAs and even ter-
tiary RNA structures, modifying imperfectly paired double-stranded
RNAs.141–143 However, more recently, a number of strategies have
been employed for site-specific and precise RNA editing. These stra-
tegies include programmable site-directed deployment of ADARs us-
ing chemically manipulated oligonucleotides and gRNAs.138,144–146

With the breakthrough discovery of type VI CRISPR-Cas systems
and more efficient Cas13 variants, which exclusively target single-
stranded RNAs,147,148 a new avenue for more precise and efficient
RNA manipulation has been opened.149

DNA targeting provides permanent changes to the genome and
comes with concerns about off-target effects and irreversibility. In
this regard, RNA editing offers advantages over DNA editing in
therapeutics.

Challenges in NA therapeutics

NA therapeutics hold immense promise for treating a wide range of
diseases, as evidenced by the approval of several therapeutic agents;
however, these therapeutics face significant challenges that must be
overcome to achieve successful clinical translation. One of the critical
challenges in the field of NA therapeutics is the efficient delivery of
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NAmolecules to target cells and tissues. The fragile nature of RNA, its
vulnerability to nucleases, and the presence of multiple biological bar-
riers hinder the effectiveness of delivery strategies. Unintended inter-
actions between NA therapeutics and non-targeted cells, as well as the
unintended activation of immune responses, can lead to adverse ef-
fects and limit therapeutic efficacy. Moreover, the regulatory land-
scape for NA therapeutics is continually evolving. The regulatory
approval processes for NA-based drugs require careful consideration,
with guidelines and standards adapting to advancements in the field.
To address these challenges, ongoing progress in several key areas is
essential to ensure the safe and effective utilization of NA therapeu-
tics, which is discussed in detail in this section.

Screening of aptamers

To advance the success of NA therapeutics, it is imperative to estab-
lish efficient and accurate screening methods that can reliably assess
NA molecules for their intended purposes. The design and synthesis
of linear and simpler NA sequences, such as ASOs, siRNAs, and
mRNAs, targeting specific DNA or RNA molecules, have become
more accessible with the advent of sophisticated software and online
databases. However, aptamers exhibit complex behavior due to their
three-dimensional structural variations and folding, which can sub-
stantially alter their affinity for targets. These molecules are initially
screened from large in silico pools and subjected to rigorous screening
phases based on their specificity to particular targets. Despite this, the
screened molecules may not function properly in their natural envi-
ronment for several reasons. Therefore, intensive screening and
contingent selection of efficient molecules must be performed
through actual experiments under native conditions. Different strate-
gies are utilized to screen various types of NAmolecules, which will be
discussed in this section.

SELEX

Systematic Evolution of Ligands by EXponential enrichment (SELEX)
has been used to screen aptamers since the 1990s.91,92,150 Briefly,
SELEX is designed to screen aptamers from very large random
sequence libraries, which may comprise over 1 trillion different se-
quences. These sequence libraries are challenged to bind to target se-
quences under set physicochemical conditions. The molecules that
bind to the target are isolated and subjected to further, more stringent
selection criteria.151 This cycle may be repeated several times to isolate
the most efficient molecules for desired targets. The aptamers selected
through this process are relatively easier to separate due to their
distinct three-dimensional folding and their in vitro replication pref-
erence.150,152 Various SELEX variants have been developed and opti-
mized for the selection of a wide range of nucleic acids, and these are
summarized elsewhere.152

Although SELEX has long been used for screening single-stranded
DNA (ssDNA) or RNA aptamers,153 there are some shortcomings
associated with this technique. For instance, purified-protein-based
SELEX may not accurately mimic the native conformations of target
proteins in their natural cellular environment.154 On the other hand,
cell-based SELEX screening can overcome this issue but is primarily
efficient at targeting proteins on the cell surface, whereas most ther-
apeutic target molecules are likely to reside inside the cell.154,155

Furthermore, aptamers may bind nonspecifically to dead cells that
result during selection steps, potentially giving false-positive results
and compromising the selection process.155–157 However, fluores-
cence-activated cell sorting (FACS) and microbead-based methods
to remove dead cells may help mitigate this issue.158 Animal-based
SELEX screening is inherently complicated, slow-paced, costly, and
may need to be tailored for each animal model.159 Therefore, the
development of novel screening systems that work in a native biolog-
ical context while still performing in an efficient and high-throughput
manner is highly desirable.

Recently, in our lab, we developed a novel CRISPR-based RNA ap-
tamer screening platform called “CRISmers.” Using this newly devel-
oped technique, we successfully identified RNA aptamers specifically
targeting the receptor-binding domain (RBD) of the SARS-CoV-2
spike glycoprotein, displaying both sensitive binding and neutralizing
activity against the live SARS-CoV-2 virus and its Delta and Omicron
variants. Furthermore, the intranasal delivery of an aptamer, modified
with 20-fluoro pyrimidines (20-F), 20-O-methyl purines (20-O), and
coupled with both cholesterol and polyethylene glycol of 40 kDa
(PEG40K), demonstrated successful prophylactic and therapeutic
antiviral efficacy against live Omicron BA.2 variants in vivo.160 The
CRISmers system offers advantages in screening RNA aptamers
within cells, presenting a more natural environment for protein-
RNA interactions. It is less susceptible to experimental conditions
and background noise compared with solution-based methods.

Chemical modifications in RNA molecules

RNA molecules are notoriously unstable in the native cellular envi-
ronment and are rapidly degraded by nucleases present in cells, as
they are recognized as foreign entities. Several factors contribute to
the degradation of RNA molecules in cells, including the presence
of ribonucleases, which catalyze the hydrolysis of RNA, and the reac-
tive nature of RNA’s 20-OH group. This instability presents a signif-
icant challenge for the development of RNA-based therapeutics. To
address these challenges, successful efforts have been made to intro-
duce a variety of chemical modifications that can increase the stability
of RNA molecules in cells. These modifications include alterations to
the sugar-phosphate backbone, the introduction of nucleotide modi-
fications, and the use of modified bases.

Chemical modifications in ASOs

Modifications to the PS backbone were first introduced in ASOs in the
1980s and later in siRNAs, constituting the first generation of NA
therapeutics.161 In 1988, Stein et al. introduced phosphorothioate oli-
godeoxynucleotides (PS-ODNs) that contained either all-PS du-
plexes, duplexes with one normal chain and one all-PS chain, or
were end-capped with several PS groups at both the 30 and 50 ends.
The PS linkage is created by replacing a non-bridging oxygen with
a sulfur atom, which increases resistance to nuclease degrada-
tion.162–164 This PS modification alters the charge and conformation
of the RNA molecule, making it less susceptible to degradation by
Molecular Therapy: Nucleic Acids Vol. 36 March 2025 9
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nucleases. Specifically, the PS modification results in a change in the
local charge distribution of the RNA backbone, making it less nega-
tively charged and therefore, less attractive to positively charged nu-
cleases. Additionally, the PS modification can alter the structure and
stability of the RNA molecule, leading to improved resistance to
nuclease degradation. The sulfur atom in the PS linkage can form
hydrogen bonds with neighboring atoms, leading to changes in the
local structure of the RNAmolecule that can stabilize it against nucle-
olytic degradation.165 This modification significantly improved the
stability of oligonucleotides in cells and tissues, protecting them
from endogenous nucleases.164 One example of this minimal chemi-
cal modification is Fomivirsen, the first approved ASO drug, which
replaced oxygen atoms with sulfur atoms in the phosphodiester link-
ages of the nucleotide backbone. The use of a PS backbone substan-
tially improved resistance to nuclease activity and increased binding
to serum proteins, which in turn increased the half-lives of ASOs in
serum,166,167 while allowing the molecules to be used in applications
that involve downregulation of target RNAs.168 However, the
increased binding of first-generation ASOs to serum proteins, while
enhancing stability, also posed challenges in efficiently reaching target
RNAs and raised concerns about potential toxicity.169,170

The improved stability from backbone modification encouraged re-
searchers to experiment with the chemistry of other moieties of
ASOs, such as the ribose base, leading to the development of less toxic
second-generation ASOs. Modifications at the 20 position of the
ribose, including 20-O-methyl (20-OMe), 20-O-aminopropyl (20-O-
AP), 20-O-methoxy-ethyl (20-MOE), and 20-fluoro, have improved
the safety and efficacy profiles of these molecules. The 20-O-modifica-
tion stabilizes RNA molecules by reducing their susceptibility to
degradation by nucleases, thereby enhancing their stability and pro-
longing their half-life in vivo. Another proposed mechanism is that
the 20-O-modification enhances the binding affinity of RNA mole-
cules to their target molecules, such as mRNA or miRNA, by
increasing the flexibility and conformational diversity of RNA mole-
cules. This can improve their ability to interact with target molecules
and reduce off-target effects.171 Intriguingly, these modifications
result in the inability to recruit RNase H1 to the ASO-RNA duplex.
However, their antisense effect can still be carried out by steric
blockage of the translation initiation site.12,172 Furthermore, sec-
ond-generation ASOs that do not recruit RNase H1 can also be
used to control alternative splicing and could play a role in the treat-
ment of genetic diseases. For instance, phosphorothioate 20-O-
methyl-oligoribonucleotides were used to target the aberrant splice
site to correct splicing of beta-globin mRNA.173

In analogy with the first two generations, third-generation ASOs
showed higher resistance to degradation by nucleases and peptidases,
as well as stronger affinities to target mRNAs. These desirable attri-
butes of third-generation ASOs are due to modifications in the fura-
nose ring, along with the aforementioned modifications of phosphate
linkages or riboses and nucleotides. A variety of chemical modifica-
tions, including LNA, PNA, and morpholino phosphoroamidates
(MF), are the three most commonly used third-generation ASOs.
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LNA is a bicyclic RNA analog in which the ribose ring is constrained
in a C30-endo conformation by a methylene bridge between the 20-ox-
ygen and 40-carbon atoms. This modification increases the binding af-
finity of RNA molecules to their target molecules and reduces their
susceptibility to degradation by nucleases.174,175 PNAs are synthetic
NA analogs featuring a peptide-like backbone, allowing them to hy-
bridize with RNA sequences with high affinity and specificity.
PNAs exhibit enhanced stability, resistance to nucleases, and reduced
immune activation, making them a promising tool for targeting RNA
molecules. For instance, PNA-mediated inhibition of miRNA has
been explored with long-lasting effects and no cytotoxicity.176 Addi-
tionally, PNA-based antisense oligomers have been utilized for the
modulation of RNA splicing and targeting disease-causing RNA se-
quences in Duchenne muscular dystrophy.177 In MF chemical modi-
fication, a morpholine ring is used instead of a ribose sugar as the
backbone of the oligonucleotide. The morpholino backbone confers
enhanced stability, as it does not show electrostatic interactions
with other proteins, reduced off-target effects due to binding with a
sequence of approximately 14–15 consecutive bases, and resistance
to nucleases.178 This evolution of chemical modifications has
expanded the potential of ASOs for therapeutic applications, particu-
larly in genetic disorders and viral infections.179

These modifications can be used independently or in combination to
fully harness the advantages of chemical interactions within the
cellular environment (Figure 2). A fascinating evolution of ASOs is
the development of “gapmers,” where a central DNA-oligo “gap” is
surrounded by chemically modified RNA-oligo flanking regions
that promote target binding.180 The central DNA oligos retain RNase
H1 competency, while the flanking modified RNA oligos provide sta-
bility and target binding. Gapmers offer several advantages over tradi-
tional ASOs, including increased specificity and potency, as well as
improved stability and reduced off-target effects. They have shown
promise as a therapeutic approach for a range of diseases, including
genetic disorders, viral infections, and cancer.181

Chemical modification of siRNA

Negatively charged siRNAs are confronted by a combination of native
multi-defense systems, including extracellular toll-like receptors
(TLR-3, -7, -8) and intracellular sensors such as retinoic acid induc-
ible gene I (RIG-I) and melanoma differentiation-associated protein 5
(MDA-5).182 However, chemical modifications, such as the 20 addi-
tion of fluoro (F) and methoxy (OMe) groups, are highly tolerated
by Argonaute proteins.

Modifications of the functional domain in the base sequence primar-
ily include alterations in hydrogen bonding, electrostatic interactions,
complexation, and generalized acid-base interactions. Specific base
modifications include hydroxymethylation, guanine oxidation,
carboxyl substitution, cytosine methylation, deamination, and
adenine methylation.183 Nucleobases are modified less frequently
than the sugar-phosphate backbone due to their significant role in
maintaining structural stability. Altered hydrogen bondingmay cause
the loss of base pairing between strands, preventing the formation of
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Figure 2. Evolution of nucleic acid modifications

across generations

(Top) First generation: Phosphate group modifications

with phosphorothioate (PS) and methylphosphonate

(MP). (Middle) Second generation: Sugar modifications

including 20-O-Methyl and 20-O-Fluoro for enhanced

nuclease resistance. (Bottom) Third generation: Struc-

tural innovations like locked nucleic acid (LNA), peptide

nucleic acid (PNA), and morpholino phosphoroamidate,

optimizing specificity and stability.
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certain base combinations. Despite this, base modifications can pro-
vide insights into the mechanism of gene silencing and lead to novel
methods for overcoming off-target effects that arise from deleterious
protein binding or mistargeting of mRNA.184 Therefore, specific
functions can be induced when designed nucleobase analogs are
introduced into oligonucleotides (ONs), and even subtle changes,
such as size or electronic distribution, can have a dramatic effect.

Backbone modifications, including methylphosphonate, PS, and bor-
anophosphate (BP), which can be broadly classified as neutral,
anionic, or cationic internucleoside linkages, are designed to over-
come the physical and biological limitations of the natural phospho-
diester linkage.185,186

Diastereomeric PS linkages are created when sulfur replaces the non-
bridging oxygen atom. PS-ONs are the primary backbone modifica-
tions used successfully in gene silencing. PS linkages confer significant
resistance to nuclease degradation, leading to higher bioavailability of
ONs. In addition to nuclease resistance, PS-ONs also show improved
absorption, distribution, and excretion profiles. It has been reported
that PS modification can enhance binding affinity with plasma pro-
teins, allowing PS-ONs to be rapidly absorbed from the injection
site into the bloodstream,187,188 These molecules exhibit good uptake
in several tissues, including the kidney, liver, spleen, lymph nodes, ad-
ipocytes, and bone marrow, though not in skeletal muscle or the
brain. Once they arrive at the target organ, PS-ONs can be quite stable
due to chemical modifications, with a half-life of 1–4 weeks. However,
Molecular
their binding affinity to target ON sequences
and specificity are less satisfactory, as PS-modi-
fied molecules exhibit no miRNA inhibitory ac-
tivity.189 Therefore, selective substitution of
phosphodiester bonds with PS bonds is optimal
for increasing nuclease resistance while retain-
ing the ability to bind target miRNAs. Never-
theless, PS-ONs have increased toxicity, which
is particularly problematic in siRNAs, where
more than half of the phosphodiester bonds
have been replaced with PS bonds.190 Several
studies have also reported that this type of
modification impairs RISC activity, making it
less favorable for use.191 Another efficient
modification is the use of BP, which increases
lipophilicity compared with PS analogs and offers twice the resistance
to nuclease degradation while causing low toxicity. However, BPs are
not tolerated in the center of the guide strand, limiting their applica-
tion.192 A summary of chemical modifications has been added in
Table 2.

Delivery of NA therapeutics

In contrast to the convenience of oral administration, as is the case
with small molecules, NA drugs present a significant challenge in de-
livery to targeted sites due to their relatively larger sizes, high electric
charges, and the inevitable encounter with endogenous nuclease sys-
tems. To enhance the delivery of NA drugs to specific target tissues,
various techniques are employed, which can be broadly categorized
into viral-based and non-viral-based delivery systems. In this section,
we will discuss various NA drug delivery techniques.

Viral-based delivery systems

Viral-based delivery of NA therapeutics utilizes genetically modified
viral vectors to deliver NA molecules into target cells. The most
commonly used viral vectors for NA delivery are lentiviruses, retrovi-
ruses, and adeno-associated viruses (AAVs). AAV vectors are favored
due to their low immunogenicity, ability to transduce both dividing
and non-dividing cells, and long-term gene expression.193 According
to Nathwani and colleagues, AAVs have demonstrated long-term
safety and efficacy in nonhuman primates and in gene therapy clinical
trials of various diseases.194,195 In another study, Pasi and colleagues
are investigating the potential of AAV5-hFVIII-SQ therapy to treat
Therapy: Nucleic Acids Vol. 36 March 2025 11
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Table 2. List of chemical modifications used in NA therapeutics

Name Modification profile Advantages Limitations Applications

20-O-Methylation
(20-OMe)

Addition of a methyl
group at the 20-hydroxyl
of ribose

Increases stability, reduces
immune recognition

May affect RNA function in
some contexts

siRNA, ASOs

20-Fluoro (20-F)
Replacement of 20-hydroxyl
with fluorine

Enhances resistance to
nucleases, increases
binding affinity

Can increase the cost of synthesis siRNA, ASOs

Locked Nucleic
Acid (LNA)

Methylene bridge between
20-oxygen and 40-carbon

Increases binding affinity
to complementary RNA strands

Increases synthesis complexity and cost ASOs

5-Methylcytosine (5mC)
Methylation at the 5th
carbon of cytosine

Enhances base pairing stability,
reduces immune activation

May not be effective in all contexts ASOs, mRNA

Phosphorothioate
(PS) Linkages

Replacement of non-bridging
oxygen with sulfur in the
phosphate backbone

Increases nuclease resistance,
prolongs half-life

Can introduce toxicity and
off-target effects

siRNA, ASOs

Phosphorodiamidate
Morpholino Oligomers
(PMOs)

Replacement of ribose with
morpholine ring and
phosphorodiamidate linkage

High stability, resistance
to enzymatic degradation

Limited to specific applications ASOs

20-O-Methoxyethyl
(20-MOE)

Addition of methoxyethyl
group at the 20 position

Enhances stability, reduces
immune stimulation

Can introduce off-target effects siRNA, ASOs

Anti-Reverse Cap
Analog (ARCA)

Modified cap structure
preventing reverse attachment

Ensures proper translation
and stability

Specific to mRNA applications mRNA therapeutics, vaccines

Cap 1 and Cap 2
Structures

Additional methylations at
first and second nucleotides
adjacent to the cap

Enhances stability, reduces
immune activation

Specific to mRNA applications mRNA therapeutics, vaccines

Pseudouridine (J) Isomerization of uridine
Increases stability, reduces
immune response

Not universally accepted
by all cellular machinery

mRNA vaccines, therapeutics

N1-Methylpseudouridine
(m1J)

Methylation at N1 position
of pseudouridine

Further increases stability,
reduces immunogenicity

Limited understanding of
long-term effects

mRNA vaccines, therapeutics

GalNAc Conjugation
Conjugation with
N-Acetylgalactosamine

Facilitates liver-specific delivery
Specific to hepatocyte
targeting

siRNA, ASOs

PEGylation
Attachment of polyethylene
glycol (PEG)

Increases solubility, reduces
clearance, decreases
immunogenicity

May cause immune reactions,
complicates manufacturing

siRNA, ASOs
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severe hemophilia. A 3-year follow-up of the clinical trial revealed a
decrease in bleeding events and the complete cessation of prophylac-
tic factor VIII therapy.196 Using a viral vector approach in therapeu-
tics involves inserting the NA molecule into the viral vector, which
can then transduce target cells and deliver the NA to the nucleus.
Once inside the target cell, the NA therapeutic can function to
degrade specific mRNA molecules or introduce protein-coding se-
quences, depending on its intended mechanism of action. Viral vec-
tor-based delivery systems offer a promising approach for developing
effective treatments for various diseases.

In recent years, gene therapies utilizing viral AAV as vector delivery
systems have demonstrated promising results in treating various ge-
netic disorders. Currently, there are over 200 ongoing clinical trials
employing AAV vectors, which highlights the significant research
and therapeutic potential in this field.197 Moreover, a number of
gene therapies have received FDA approval that employ AAV vectors.
In this regard, Luxturna (voretigene neparvovec-rzyl) was the first
AAV-gene therapy that received FDA approval in late 2017. It is de-
signed to treat a rare inherited retinal dystrophy caused by mutations
12 Molecular Therapy: Nucleic Acids Vol. 36 March 2025
in the RPE65 gene by delivering a functional copy of the RPE65 gene
directly to the retina.198,199 Hemgenix (etranacogene dezaparvovec) is
another AAV-based gene therapy that received FDA approval in 2022
as the first gene therapy for hemophilia B. This therapy uses an AAV5
vector to deliver a working copy of the F9 gene, which encodes coag-
ulation factor IX, reducing the need for regular factor IX infusions.
Clinical trials demonstrated a significant reduction in bleeding epi-
sodes and increased factor IX activity levels, improving the quality
of life for patients.200

Casgevy (Exagamglogene autotemcel, or exa-cel), a cell-based gene
therapy, marks a significant milestone as the first FDA-approved treat-
ment employing CRISPR-Cas9 genome editing to modify hematopoi-
etic stem cells in patients aged 12 years and older.201 Exa-cel is engi-
neered to induce fetal hemoglobin production through ex vivo
CRISPR-Cas9 editing of autologous CD34+ hematopoietic stem and
progenitor cells (HSPCs) at the BCL11A erythroid-specific enhancer.
In a phase 3, single-group, open-label clinical trial, patients aged 12
to 35 with sickle cell disease and a history of severe vaso-occlusive
crises were treated. The trial involved editing CD34+ HSPCs using
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Table 3. List of selective NA therapeutics in clinical trials (up to August 2024)

RNA type Current status Drug name(s) Target profile
Chemical modification

and carrier Developers Administration

ASO

Phase 1

NCT05018533 Broad indication (healthy volunteer) – TAKC-02 (TAK-Circulator Co.) Inhalation

NCT04504669

Cancer (clear cell renal cell cancer, non-small-cell
lung cancer, triple-negative breast neoplasms,
squamous cell cancer of head and neck, small cell
lung cancer, gastroesophageal cancer, melanoma,
cervical cancer, advanced solid tumors)

Mod/Subs (cEt) AZD8701 (AstraZeneca) i.v

NCT04072458

Cancer (mantle cell lymphoma, peripheral T-cell
lymphoma [PTCL], cutaneous T-cell lymphoma
[CTCL], chronic lymphocytic leukemia (CLL),
small lymphocytic lymphoma (SLL), follicular
lymphoma, marginal zone lymphoma, Hodgkin
lymphoma, waldenstrom macroglobulinemia,
diffuse large B-cell lymphoma)

Liposome
L-Bcl-2 antisense oligonucleotide (Bio-Path
Holdings)

i.v

NCT04539041 Physiological (progressive supranuclear palsy) Other (unspecified) Unnamed ASO (Novartis) i.t

Phase 1/2

NCT05032196 Genetic (Huntington disease) Mod/Subs (PS) WVE-003 (Wave Life Sciences) i.t

NCT04906460 Genetic (Duchenne muscular dystrophy) Mod/Subs (PS) WVE-N531 (Wave Life Sciences) i.v

NCT04931862
Physiological (amyotrophic lateral sclerosis,
frontotemporal dementia)

Mod/Subs (PS) WVE-004 (Wave Life Sciences) i.t

NCT03780257
Genetic (retinitis pigmentosa, Usher syndrome
type 2, deaf blind, retinal disease, eye diseases,
vision disorders)

Mod/Subs (PS-20-OMe) QR-421a (ProQR Therapeutics) i.v.t

Phase 2

NCT02781883 Cancer (acute myeloid leukemia) Liposome BP1001 (Bio-Path Holdings) i.v

NCT04740476 Genetic (Dravet syndrome) Mod/Subs (PS-20-MOE) STK-001 (Stoke Therapeutics) i.t

NCT03702829 Physiological (amyloidosis) Mod/Subs (20-MOE) Inotersen (Brigham and Women’s Hospital) s.c

Phase 2/3 NCT03913143 Genetic (Leber congenital amaurosis 10) Mod/Subs (PS-20-OMe) Sepofarsen (ProQR Therapeutics) i.v.t

siRNA

Phase 1

NCT03772249 Infectious (hepatitis B, chronic) Conjugate (GalNAc) DCR-HBVS (Dicerna Pharmaceuticals) s.c

NCT01591356 Cancer (advanced malignant solid neoplasm) Liposome
EphA2-targeting DOPC-encapsulated siRNA
(National Cancer Institute)

i.v

NCT03819387
Cancer (non-small cell lung cancer, pancreatic
cancer, colorectal cancer)

Lipid nanoparticle (LNP) NBF-006 (Nitto BioPharma) i.v

NCT04995536 Cancer (recurrent B-cell non-Hodgkin lymphoma)
Conjugate (CpG

oligodeoxynucleotide)
CpG-STAT3 siRNA (National Cancer Institute) i.v

Phase 1/2 NCT02949830 Genetic (acute intermittent porphyria) Conjugate (GalNAc) Givosiran (Alnylam Pharmaceuticals) s.c

Phase 2

NCT01676259
Cancer (pancreatic ductal adenocarcinoma,
pancreatic cancer)

Other siG12D-LODER (Silenseed Ltd) Implant

NCT04844840 Cosmetic (Keloid) Other (Non-lipid NP) STP705 (Sirnaomics) s.c

NCT04666298
Genetic (hypercholesterolemia, heterozygous
familial hypercholesterolemia)

Conjugate (GalNAc) Inclisiran (Novartis) s.c

(Continued on next page)
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Table 3. Continued

RNA type Current status Drug name(s) Target profile
Chemical modification

and carrier Developers Administration

Phase 3

NCT03759379
Genetic (amyloidosis, hereditary, transthyretin
amyloidosis)

Conjugate (GalNAc)
Patisiran and Vutrisiran (Alnylam
Pharmaceuticals)

s.c

NCT04042402
Genetic (primary hyperoxaluria type 1, primary
hyperoxaluria type 2, kidney diseases, urologic
diseases, genetic disease)

Conjugate (GalNAc) DCR-PHXC (Dicerna Pharmaceuticals) s.c

NCT04153149
Genetic (transthyretin amyloidosis [ATTR] with
cardiomyopathy)

Conjugate (GalNAc) Vutrisiran (Alnylam Pharmaceuticals) s.c

NCT03681184 Genetic (primary hyperoxaluria type 1) Conjugate (GalNAc) Lumasiran (Alnylam Pharmaceuticals) s.c

NCT03814187

Genetic (atherosclerotic cardiovascular disease,
elevated cholesterol, heterozygous familial
hypercholesterolemia, homozygous familial
hypercholesterolemia)

Conjugate (GalNAc) Inclisiran (Novartis) s.c

NCT04819269 Inflammation (dry eye disease, Sjogren syndrome) Other (Naked) Tivanisiran (Sylentis) Ocular

Aptamers

Phase 1 NCT05018403 Other (Healthy) Conjugate (PEG) AON-D21 (Aptarion Biotech) i.v

Phase 2 NCT04677803 Genetic (Von Willebrand diseases, hemophilia A) Conjugate (PEG) BT200 (Medical University of Vienna) s.c

Phase 4 NCT02321267 Physiological (macular diseases) Conjugate (PEG) Pegaptanib (Kagawa University) i.v.t

mRNA

Early Phase 1 NCT02872025 Cancer (carcinoma, intraductal, noninfiltrating) LNP
mRNA 2752 (Merck Sharp & Dohme Corp.,
Moderna)

Intratumoral

Phase 1

NCT04573140 Cancer (adult glioblastoma) Liposome mRNA-loaded DOTAP liposome (CureSearch) i.v

NCT04916431 Inflammation (various autoimmune disorders) LNP mRNA-6231 (Moderna) s.c

NCT02316457 Cancer (triple-negative breast cancer [TNBC]) Liposome IVAC_W_bre1_uID/IVAC_M_uID (BioNTech) i.v

NCT04442347 Genetic (ornithine transcarbamylase deficiency) LNP ARCT-810 (Arcturus Therapeutics) i.v

NCT05001373 Infectiious (HIV) LNP
Core-g28v2 60mer and eOD-GT8 60mer
(Moderna)

i.m

NCT04144348
Infectious (human metapneumovirus and human
parainfluenza)

LNP mRNA-1653 (Moderna) i.m

NCT03713086 Infectious (rabies) LNP CV7202 (CureVac) i.m

NCT04528719 Infectious (respiratory syncytial virus) LNP mRNA-1345 (Moderna) i.m

NCT03871348 Cancer (metastatic neoplasm) LNP SAR441000 (Sanofi, BioNTech) Intratumoral

NCT03948763
Cancer (neoplasms, carcinoma, non-small-cell
lung cancer, pancreatic neoplasms, colorectal
neoplasms)

LNP V941 (Merck Sharp & Dohme Corp.) i.m

NCT04163094 Cancer (ovarian cancer) Liposome W_ova1 Vaccine (BioNTech) i.v

NCT03313778 Cancer (solid tumors) LNP
mRNA-4157 (Moderna, Merck Sharp & Dohme
Corp.)

i.m

NCT05043181 Genetic (familial hypercholesterolemia) Other (Exosome)
Low-Density Lipoprotein Receptor mRNA
Exosomes (Tang-Du Hospital, Air Force Military
Medical University, China)

i.v

(Continued on next page)
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Table 3. Continued

RNA type Current status Drug name(s) Target profile
Chemical modification

and carrier Developers Administration

Phase 1/2

NCT04956575 Infectious (seasonal influenza) LNP mRNA-1010 (Moderna) i.m

NCT03164772 Cancer (Metastatic non-small cell lung cancer) LNP BI 1361849 (MedImmune, CureVac, PharmaJet) Intradermal

NCT04990388 Genetic (glycogen storage disease type III) LNP UX053 (Ultragenyx Pharmaceutical) i.v

NCT05130437 Genetic (propionic acidemia) LNP mRNA-3927 (Moderna) i.v

Phase 2

NCT04917861 Infectious (Zika virus) LNP mRNA-1893 (Moderna) i.m

NCT04534205
Cancer (unresectable head and neck squamous cell
carcinoma, metastatic head and neck cancer,
recurrent head and neck cancer)

Liposome BNT113 (BioNTech) i.v

NCT03897881 Cancer (melanoma) LNP
mRNA-4157 (Moderna, Merck Sharp & Dohme
Corp.)

i.m

Phase 2/3 NCT04652102 Infectious (COVID-19) LNP CVnCoV (CureVac) i.m

Phase 3 NCT05085366 Infectious (cytomegalovirus) LNP mRNA-1647 (Moderna) i.m

CRISPR-Cas

Phase 1
NTLA-2002 Hereditary angioedema LNPs Intellia Therapeutics i.v

NTLA-2001 ATTR amyloidosis with cardiomyopathy LNPs Intellia Therapeutics, Regeneron i.v

Phase 1/2

NTLA-2001 Transthyretin amyloidosis LNPs Intellia Therapeutics, Regeneron i.v

EDIT-301 Sickle cell disease LNPs Editas Medicine i.v

Exagamglogene
autotemcel
(exa-cel)

Sickle cell disease, Beta-thalassemia Lentiviral vector CRISPR Therapeutics, Vertex Pharmaceuticals i.v

BEAM-302 Alpha-1 antitrypsin deficiency LNPs Beam Therapeutics i.v

CB-010 Large B cell lymphoma
Donor-derived
CAR-T cells

Caribou Biosciences i.v

UCART22
Relapsed/refractory acute lymphoblastic leukemia
(ALL)

Allogeneic CAR-T cells Cellectis i.v

Locus Biosciences
CRISPR-Cas3
therapy

Chronic urinary tract infections (UTIs)
Bacteriophages

with CRISPR-Cas3
Locus Biosciences i.v

RENI-CEL
(formerly
EDIT-301)

Sickle cell disease, Beta-thalassemia
CRISPR-Cas12a
ribonucleoprotein

Editas Medicine i.v

– Phase 2 NCT06500273 Large B cell lymphoma (LBCL)
CRISPR-Cas12a
ribonucleoprotein

Allogene Therapeutics i.v
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CRISPR-Cas9, followed by myeloablative conditioning with busulfan
before exa-cel infusion. The primary endpoint was the absence of se-
vere vaso-occlusive crises for at least 12 consecutive months. Results
showed that of the 30 patients with adequate follow-up, 29 (97%)
were free from vaso-occlusive crises, and all 30 (100%) avoided hospi-
talizations for severe crises for at least 12 months. The safety profile of
exa-cel was consistent with expectations for myeloablative busulfan
conditioning and autologous HSPC transplantation, with no inci-
dences of cancer reported. This study demonstrates that exa-cel can
effectively eliminate vaso-occlusive crises in a significant majority of
patients with SCD for 12 months or longer.202

Despite their promise, viral-based delivery systems also present chal-
lenges. For instance, some patients have pre-existing immunity due to
prior exposure to wild-type viruses, which poses a significant chal-
lenge for infused viral vectors.203,204 Moreover, the use of viruses in
viral-based drugs can cause immunogenicity and provoke immune
responses that could interfere with the therapeutic transgene products
and other signaling pathways, potentially leading to treatment fail-
ure.205,206 The cargo size of AAVs, the most widely used viral vector
in therapeutics, is about 4.7 kb. While there have been attempts to in-
crease the cargo size, studies have shown that the efficiency of AAV
systems is compromised with cargos over 5 kb.207 Genomic integra-
tion of viral sequences is another concern of viral-based drug systems.
A study extended to 4 years using AAV vectors in dogs revealed 1,741
AAV integration events in the genomic DNA of the host.208

Non-viral-based delivery systems

Nanoparticles possess unique physicochemical properties that make
them ideal for protecting NA molecules from native nucleases and
facilitating safe delivery to target tissues. However, directing nanopar-
ticles to specific target sites remains a significant challenge in NA
delivery. Various strategies have been developed to improve the effi-
ciency of nanoparticle-based NA delivery, as reviewed in the litera-
ture.209 The quest to identify the most effective nanoparticles for
NA encapsulation has progressed significantly, with several classes
of nanoparticles being investigated.

Polymers and polymeric nanoparticles have been extensively used for
delivering NA molecules to target sites.210 The physical and chemical
properties of polymers and polymeric nanoparticles can be fine-tuned
to enhance the delivery of desired NAs to specific target locations
within cells.211,212 An FDA-approved molecule, poly(lactic-co-gly-
colic acid) (PLGA), which lacks a positive charge to complex with
NA moieties,213 has traditionally been used for delivering small mol-
ecules. However, PLGA has been modified by adding cationic chem-
ical groups, such as chitosan, to deliver siRNA in mice.214 Some poly-
meric nanoparticles inherently contain cationic groups, such as
poly(L-lysine) (PLL) and polyethylenimine (PEI), enabling them to
electrostatically bind NA molecules. However, the high molecular
weight (MW) of PLL and PEI poses severe toxicity risks due to the
higher cationic charge, which can lead to cell surface, mitochondrial,
and nuclear membrane disruptions, ultimately causing apoptosis,215

endosomal escape issues,216 non-specific protein binding,217 and im-
16 Molecular Therapy: Nucleic Acids Vol. 36 March 2025
mune stimulation.218 Various modifications have been explored to
reduce the MW of these particles and increase their efficiency. For
example, disulfide cross-linked low-molecular-weight linear PEIs
have demonstrated low toxicity and high efficiency in multiple cell
lines.219 This success encouraged further modifications, such as
PEG-grafted PEIs, which were successfully used for delivering
mRNA to lung cells in mice.220 Another example includes the synthe-
sis of b-cyclodextrin (b-CD) and branched PEI conjugates for deliv-
ering an mRNA vaccine. These conjugates encapsulate mRNA, allow-
ing it to pass through plasma membranes and escape endosomal
degradation, resulting in increased transfection efficiency.221

Lipid nanoparticles (LNPs) have emerged as a prevalent choice for
encapsulating NA therapeutics due to their biocompatibility, versa-
tility, and high transfection efficiency. LNPs have already been uti-
lized in FDA-approved NA therapeutics, such as patisiran and incli-
siran, and are being investigated for many other NA therapeutics
currently in clinical trials. The success of LNPs in NA delivery high-
lights the potential of nanoparticle-based delivery systems in the
future of molecular medicine.222 LNPs consist of four distinct compo-
nents: a cationic or ionizable lipid, cholesterol, a helper lipid, and a
poly(ethylene glycol) (PEG) lipid. Depending on the sizes of their hy-
drophilic head and hydrophobic tail, lipid-based nanoparticles can
form various structures, including micelles, liposomes, and LNPs
(Figures 3A–3C).29 Several LNPs, including epoxide-amine-based
C12-200,223 the peptide-like lipid called cKK- E12,224 DLin- KC2-
DMA (an ionizable lipid identified using rational design), and
DLin-MC3-DMA123,225,226 have been successfully designed for
siRNA delivery to nonhuman primates. Beyond siRNA delivery,
LNPs have recently been employed to deliver mRNAs as well.29 For
example, in a recent study, in vivo production of anti-fibrotic
CAR-T cells was achieved by packaging modified mRNAs in deco-
rated LNPs with guiding antibodies capable of producing CAR in
T-lymphocytes.227 However, several challenges remain in utilizing
LNPs, including the complex synthesis process and the potential for
the molecule itself to prompt an immune response.228 Additionally,
liver accumulation in vivo represents a significant barrier in devel-
oping therapeutically efficacious nanoparticle drug delivery systems.

For efficient siRNA delivery, N-acetylgalactosamine (GalNAc) conju-
gates have emerged as a vital breakthrough and a promising tool for
NA delivery. Their tissue specificity, high transfection efficiency,
biocompatibility, and stability make them a suitable choice for devel-
oping NA therapeutics for liver diseases. The success of GalNAc-
siRNA conjugates is the result of half a century of research in targeted
drug design and delivery. The asialoglycoprotein receptor (ASGPR),
also known as the Ashwell-Morell receptor, is predominantly ex-
pressed on the surface of hepatocytes and removes glycoproteins
with exposed terminal galactose and GalNAc glycans from circulation
via clathrin-mediated endocytosis (Figure 3D). These receptors were
first identified in the early 1970s, contributing significantly to the ad-
vancements in drug delivery.229,230 In the following years, the success-
ful targeted delivery of various molecules to the liver by exploiting
ASGPR ligands paved an encouraging path for efficient targeted
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Figure 3. Schematic illustrations of different

nanoparticle-based delivery systems

(A) Micelle, used for encapsulating hydrophobic drugs. (B)

Liposome, capable of carrying both hydrophobic and

hydrophilic drugs. (C) Lipid nanoparticle (LNP), incorpo-

rating various functional components for targeted

drug delivery. (D) GalNAc-siRNA conjugate, facilitating

targeted siRNA delivery to hepatocytes via the ASGPR

pathway.
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delivery.32 For instance, the delivery of asialofetuin-linked antivirals
trifluorothymidine and adenine-9-b-D-arabinofuranoside (ARAA)
and adenine-9-b-arabinofuranoside 50-monophosphate (ARA-
AMP) resulted in a 3-fold reduction of hepatic Ectromelia viral
DNA replication in vivo.231,232 Further studies demonstrated that tar-
geting ASGPR is capable of delivering diverse cargo and eliciting an
array of biological responses in vivo, such as low-density lipoprotein
(LDL) and diphtheria toxin.233 In the decades following their discov-
ery, the ASGPR and its ligands, including galactose and galactose de-
rivatives like GalNAc, have emerged as promising delivery vehicles
for a wide range of therapeutic molecules. These ligands have been
used to deliver biologically active molecules such as glycopeptides,
glycolipids, small molecules, nucleoside analogs, plasmid DNA, and
ASOs to hepatocytes in the liver. The use of GalNAc conjugates to
deliver siRNAs has gained particular attention as a robust and effi-
cient method of mRNA suppression in the liver. GalNAc-siRNA con-
jugates are administered subcutaneously and are avidly taken up by
the ASGPR expressed on the surface of liver cells. This specific target-
ing mechanism allows for highly targeted and potent silencing of
genes of interest in the liver, making GalNAc conjugates a promising
avenue for the treatment of a wide range of liver diseases.234 Interdis-
ciplinary research and progress in the above-mentioned aspects have
seen encouraging progress. As a result, we have seen several approvals
from the FDA and European Medicines Agency for NA therapeutics
(Table 1) and can expect further acceleration to address medical chal-
lenges (Table 3).

NA THERAPEUTICS IN THE PAST 5 YEARS
The last 5 years have seen unprecedented progress in the development
of NA therapeutics and their approvals for clinical use. Remarkably,
out of 21 approved NA therapeutics, 13 NAs were approved during
Molecular
this period (Table 1), with several more ex-
pected to receive approval in the near future,
currently undergoing clinical trials (Table 3).

The unprecedented COVID-19 pandemic,
declared a global emergency by the World
Health Organization (WHO) in 2019, affected
millions globally, leading to extensive efforts
to develop prevention and treatment strate-
gies.235,236 Although various drugs were tested,
none were definitive, prompting a global push
to create vaccines, including mRNA-based op-
tions. Existing knowledge of RNA therapeutics played a crucial role
in the rapid development of mRNA COVID-19 vaccines, which
were approved under emergency use and produced in record time.
mRNA COVID-19 vaccines use the same basic principle as NA ther-
apeutics: injecting antigen-encoding mRNA molecules encapsulated
in a delivery vehicle, such as lipid nanoparticles (LNPs), into the
body.237 The mRNA is translated, producing antigen proteins that
provoke an immune response. For instance, the first two mRNA
COVID-19 vaccines approved, Pfizer-BioNTech (BNT162b2) and
Moderna (mRNA-1273), both encode the SARS-CoV-2 spike glyco-
protein (S).49,238 According to WHO data, the success rate of
mRNA COVID-19 vaccines appears higher compared with other
types of vaccines. Currently, over 300 COVID-19 vaccine candidates
are under development, with at least 47 based on mRNA sequences.
Interestingly, nearly half of these mRNA vaccines have already
entered clinical trials.239 The rapid development and the number of
clinical trials reflect the therapeutic potential of NA molecules.

Another significant milestone during this period is the approval of the
first CRISPR-Cas9 therapeutic. The groundbreaking gene editing
technology was first introduced in 2012,240 and the first CRISPR-
Cas9 therapeutic, Casgevy, was approved for clinical use in 2023.
This remarkable achievement, taking only about a decade from its
initial discovery to clinical approval, may represent the shortest
time for any molecule or therapeutic technology to receive approval
after its discovery. The rapid advancement from bench to bedside
for CRISPR therapeutics underscores the potential and efficiency of
this gene editing technology. Clinical trials have demonstrated not
only the efficacy but also the safety of these therapeutics, paving the
way for future applications in various genetic disorders. This achieve-
ment highlights the importance of continued investment in
Therapy: Nucleic Acids Vol. 36 March 2025 17
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Figure 4. An overview of key milestones in RNA therapeutics

Showcasing significant chemical changes, delivery methods, and landmark drug approvals.
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biotechnology research and development, regulatory agility, and
interdisciplinary collaboration to bring innovative treatments to pa-
tients more swiftly.

The approval of Casgevy has catalyzed a surge in CRISPR-related
research and development. Numerous clinical trials are now under
way, exploring the use of this technology to treat a wide range of con-
ditions, including cancers, blood disorders, and inherited genetic dis-
eases. The approval of Casgevy has accelerated the CRISPR pipeline,
with several therapies now in Phase II and III trials. Notably, Intellia
Therapeutics’NTLA-2001 for amyloidosis and CRISPR Therapeutics’
CTX-110 for oncological indications are promising candidates ex-
pected to reach the clinical stage soon (Table 3).241,242 The technol-
ogy’s potential for treating various genetic disorders and cancers con-
tinues to drive innovation and investment in this transformative field.

In addition to CRISPR advancements, the FDA has approved several
ASO therapies in the past 5 years, significantly accelerating the pace of
NA therapeutic approvals and shaping the future of this field. Notable
approvals include Golodirsen (Vyondys 53) in 2019, Viltolarsen (Vil-
tepso) in 2020, Casimersen (Amondys 45) in 2021, and Wainua
(eplontersen) in 2023 (Table 1). These therapies, primarily targeting
Duchenne muscular dystrophy (DMD) by inducing exon skipping
to restore dystrophin production, exemplify the rapid advancement
and increasing efficiency in the regulatory approval process.

Similarly, over the past 5 years, the FDA has approved several siRNA
therapeutics, reflecting a significant acceleration in the approval pro-
cess and highlighting the growing impact of NA therapeutics. Notable
approvals include givosiran (Givlaari) in 2019 for acute hepatic
porphyria,43 lumasiran (OXLUMO) in 2020 for primary hyperoxalu-
ria type 1,44 inclisiran (Leqvio) in 2020 for heterozygous familial
hypercholesterolemia and clinical atherosclerotic cardiovascular dis-
ease,45 and vutrisiran (Amvuttra) in 2022 for hereditary transthyre-
tin-mediated amyloidosis.243 Dicerna’s nedosiran is the latest
addition in the siRNA-approved family and used for treating the ge-
netic disorder primary hyperoxaluria (PH), a family of ultra-rare, life-
18 Molecular Therapy: Nucleic Acids Vol. 36 March 2025
threatening genetic disorders that initially manifest with complica-
tions in the kidneys (Table 1).243 These approvals underscore the
rapid advancements in siRNA technology, particularly the use of
GalNAc conjugates to enhance liver-specific delivery and improve
therapeutic efficacy.

The success of NA therapeutics is the outcome of continuous progress
and multidisciplinary success including conceptual breakthroughs,
chemical modifications, improved delivery systems, and dedicated
clinical trials (Figure 4). The surge in NA therapy approvals in past
5 years highlights the growing impact and potential of NA therapeu-
tics to address previously untreatable genetic disorders, paving the
way for future advancements in precision medicine and genetic dis-
ease treatment.

FUTURE PROSPECTS
The advantages of NA therapeutics over conventional modalities sug-
gest a bright future for this field. We have witnessed significant prog-
ress in recent years, with several NA-based therapies receiving regu-
latory approvals and numerous others advancing through clinical
trials. The rapid development and production of mRNA vaccines dur-
ing the COVID-19 pandemic have provided a promising outlook for
NA therapeutics on a global scale.49 This unprecedented achievement
in controlling the pandemic underscores the potential of NA thera-
peutics as a strategy to combat future threats.

The utility of mRNA therapeutics is rapidly expanding beyond
COVID-19 vaccines. Recently, an open-label, randomized phase 2b
trial of Moderna’s personalized mRNA-based cancer vaccine,
mRNA-4157, combined with the immunotherapy drug pembrolizu-
mab (Keytruda), resulted in improved recurrence-free survival
(RFS) in melanoma patients, with a 44% reduction in the risk of
recurrence or death compared with pembrolizumab alone.244 Addi-
tionally, a phase 2a trial of intracardiac injection of VEGF-A
mRNA (AZD8601, Moderna) in hyperfused regions of patients un-
dergoing heart surgery yielded significant results, offering hope for
future cardiac regenerative therapies.245
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mRNA-based in vivo CAR-T therapeutics is an emerging approach
that offers unique advantages over the production of autologous
CAR-T cells in vitro, which may suffer from batch variations and
require significant time, potentially delaying treatment.246,247

Recently, in vivo lipid nanoparticle (LNP)-mediated delivery of
mRNA-encoded CRISPR has also shown early clinical success.
AAV-mediated delivery of CRISPR can persist at the target site
even after achieving the desired editing events, which may lead to
off-target effects.248 In contrast, the mRNA-encoded CRISPR
approach allows mRNAs to remain active for a shorter period,
achieving target edits before degradation by native enzymatic sys-
tems. This method has been successfully employed to knock down
several disease-causing genes, showing potential for future mRNA
therapeutics. For instance, reducible LNP-mediated delivery of
CRISPR mRNAs to the liver targeting Angiopoietin-like 3 (Angptl3)
resulted in a median editing rate of 38.5%, a corresponding 65.2%
reduction of serum ANGPTL3 protein, and no off-target effects.249

Similarly, the treatment of hereditary amyloidosis (ATTR) has also
gained attention, with LNP-encapsulated CRISPR-mRNA and
gRNA resulting in a significant reduction of circulating amyloid.250

While most studies have targeted the liver for mRNA-based genome
editing therapies, the next frontier lies in successfully targeting other
organs and solid tissues such as the brain, kidneys, lungs, and heart,
each posing unique challenges that must be overcome.

ASOs, being the earliest studied NA therapeutics with a simpler
mechanism of action and multimodal gene expression modulation,
have garnered the most FDA approvals in terms of number, from
first-generation to second-generation chemical modifications (Ta-
ble 1). In the last decade, several generation-2.5 ASOs containing 2ʹ
constrained ethyl (2ʹcEt) modifications have entered trial phases.251

These trials include ARRx(AZD), targeting androgen receptor (AR)
to treat castration-resistant prostate cancer (CRPC), and Custirsen
(OGX-011), an inhibitor of CLU protein production, in combination
with gemcitabine in patients with advanced non-small cell lung can-
cer (NSCLC).252 Generation-2.5 ASOs contain a bicyclic sugar that
constrains the furanose surrogate to adopt a conformation favorable
to hybridization to RNA, increasing RNA affinity per nucleotide by
approximately 2�C in thermal stability compared with their predeces-
sors, PS 2ʹ-MOE ASOs.253 Additionally, the use of another 2ʹ bicyclic
sugar, LNA, provides even greater nucleotide affinity than the cEt
modification, resulting in approximately 10-fold increased potency.
However, this enhanced potency is accompanied by a notable rise
in the incidence and severity of cytotoxicity.254,255

Recently, combinations of PS and chiral mesyl-phosphoramidate
(MsPA) modifications have been employed in the quest for next-gen-
eration chemical modifications. Interestingly, site-specific replace-
ment of PS linkages with MsPA has been shown to enhance potency
while reducing non-specific protein binding and cytotoxicity.256

The first approved siRNA drug, patisiran, was approved by the FDA
in 2018 for the treatment of hereditary transthyretin-mediated
(hATTR) amyloidosis and is delivered using an LNP-based system.226
However, the subsequent approvals of siRNA drugs, givosiran (tar-
geting ALA synthase 1 (ALAS1) for acute hepatic porphyria) and in-
clisiran (targeting PCSK9 expression to reduce LDL cholesterol
levels), utilized GalNAc conjugate-mediated delivery to hepatocytes.
Notably, the GalNAc conjugate-mediated delivery represents a signif-
icant milestone in siRNA therapeutics, as it not only improves target-
ing but also provides a long-lasting effect for over 6 months.257

A number of siRNA drugs are currently in trials. For instance, Di-
cerna has developed siRNA-based nedosiran for treating the genetic
disorder primary hyperoxaluria (PH), a family of ultra-rare, life-
threatening genetic disorders that initially manifest with complica-
tions in the kidneys. Nedosiran inhibits the production of the hepatic
lactate dehydrogenase (LDH) enzyme, involved in converting glyox-
ylate to oxalate. Amulti-dose phase 3 open-label trial confirmed long-
term safety and a reduction of urinary oxalate to near-normal and
even normal ranges in PH1 and PH2 patients.258 Nedosiran also
uses GalNAc conjugate-mediated delivery for accurate targeting
and efficient results and approved for clinical use in 2023.46 However,
there remains a need to develop delivery systems targeting other or-
gans as well.

Overall, the advancement of NA therapeutics as a potentially major
mode of therapy is intricately connected to progress in several key
areas, such as enhancing stability in the native cellular environment,
ensuring cost-effectiveness, and achieving efficient and specific deliv-
ery to the target site. Significant improvements in these aspects are
crucial to fully realize the potential benefits of NA therapeutics in
the future.
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