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The biological understanding of RNA has evolved since the dis-
covery of catalytic RNAs in the early 1980s and the establish-
ment of RNA interference (RNAi) in the 1990s. RNA is no
longer seen as the simple mid-product between transcription
and translation but as potential molecules to be developed as
RNA therapeutic drugs. RNA-based therapeutic drugs have
gained recognition because of their ability to regulate gene
expression and perform cellular functions. Various nucleobase,
backbone, and sugar-modified oligonucleotides have been syn-
thesized, as natural oligonucleotides have some limitations
such as poor low nuclease resistance, binding affinity, poor
cellular uptake, and toxicity, which affect their use as RNA
therapeutic drugs. In this review, we briefly discuss different
RNA therapeutic drugs and their internal connections,
including antisense oligonucleotides, small interfering RNAs
(siRNAs) and microRNAs (miRNAs), aptamers, small acti-
vating RNAs (saRNAs), and RNA vaccines. We also discuss
the important roles of RNA vaccines and their use in the fight
against COVID-19. In addition, various chemical modifica-
tions and delivery systems used to improve the performance
of RNA therapeutic drugs and overcome their limitations are
discussed.
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INTRODUCTION
As drugs, antibodies and small molecules mostly interact with pro-
teins and display therapeutic activities toward diseases on either
small or large scales. Representing two generations of drug therapy,
antibodies and small molecules have exerted excellent effects and
contributed considerably to the development of human health.
However, antibodies can only recognize targets that are both drug-
gable and secreted or extracellular, as intracellular delivery is defi-
cient. In addition, antibody drugs and small-molecule drugs need
to be administered every few weeks, which may stimulate immuno-
logical responses and cause side effects through unknown interac-
tions. Furthermore, antibodies and small-molecule drugs have
demonstrated limited effects on rare diseases, including hereditary
transthyretin amyloidosis (hATTR) and Duchenne muscular dystro-
phy (DMD).1

RNA is considered an intermediate molecule between DNA and
proteins that regulates the functions of genes and cells in all living
organisms. The term RNA was updated when catalytic RNA was
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discovered in the 1980s by Guerrier-Takada et al.;2 later, RNA inter-
ference (RNAi) was discovered by Fire et al.3 in the 1990s, and the
era of RNA therapy began. RNA can be chemically synthesized, and
the manufacturing of RNA drugs is cost effective and more conve-
nient than biologics, rendering batch-to-batch variability achievable
and causing no adaptive immune responses as far as we know.
Theoretically, antisense oligonucleotides (AONs) and small inter-
fering RNAs (siRNAs) can be designed to suppress any gene,
regardless of whether they are highly expressed or noncoding.
Compared with antibodies that are involved in complicated pro-
cesses either to work or to be interrupted, RNAs can be rapidly
identified and antidotes are designed to specifically bind and inacti-
vate the drug (Figure S1).

Considering pharmacology and drug development, it is important to
develop highly efficient, low-toxicity, and specific drugs to treat dis-
eases. The development of antisense therapeutics4 and RNAi tech-
niques5 has led to a sudden increase in RNA therapeutic drugs that
silence genes by targeting the corresponding mRNAs, which code
for the proteins rather than the proteins themselves. However,
RNA is inherently unstable, potentially immunogenic, likely to have
off-target effects, and requires effective carrier substances for trans-
port toward the targeted cells.

Many factors limit the efforts to improve the features of natural nu-
cleic acids and develop them into drugs; these include poor ribonu-
clease (RNase) resistance, short biological half-life (t1/2), ineffective
cellular uptake, and severe immune response. Various chemical mod-
ifications and effective delivery systems have been developed to over-
come these limitations. RNA-based therapeutics can now be classified
into six categories theoretically and chronologically, including AONs
that inhibit mRNA translation, RNAi, aptamers that bind proteins
y: Nucleic Acids Vol. 26 December 2021 ª 2021 The Author(s). 997
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Figure 1. Mechanism of antisense pathway and

ribozyme

(A) DNA is synthesized in vitro and transported into

cells, later combined with target mRNA, and the DNA-

RNA complex excites intracellular RNase H to cut the

mRNA into small pieces. (B) Virus- or phage-loaded

DNA enters cells indirectly and is transcribed into RNA,

which then recognizes and binds target mRNAs, in-

hibiting mRNA from 50 capping, 30 polyadenylation, and
splicing. (C) Ribozymes conduct general acid-base re-

actions, with the 3,5-phosphodiester bond at the cut-

ting site becoming cleaved after the reactions, and a

covalent bond emerges between 20-O� and 30-phos-
phoric acid.

www.moleculartherapy.org

Review
and other molecular ligands, small activating RNAs (saRNAs) that
activate genes, ribozymes that are catalytic RNAs, and RNA vaccines
that have become research hotspots in recent decades.

As of April 2020, there were 431 RNA-targeting drug development
programs worldwide, 63% of which were at the pre-investigational
new drug (pre-IND) stage, 32% in early-stage clinical trials (phase I
or II), 3% in phase III clinical trials, and five drugs awaiting regulatory
decisions (Figure S2). Among all of the candidate drugs, oncology is
the most popular target disease, encompassing 22% of ON candidates
and 45% of mRNA candidates, followed by neurology, cardiology,
and metabolic diseases, infectious diseases, hepatology, musculoskel-
etal and skin diseases, ophthalmology, and other diseases. The market
capitalization of public ON companies has increased by 94.2% in the
last 5 years, with three representative companies in the field attracting
US $2.8 billion in private investment since 2015. Other pharmaceu-
tical companies have also responded notably toward RNA therapy,
as Novartis initiated a large phase III trial for TQJ230 in 2019 and ac-
quired the developer of inclisiran for $9.7 billion, which was approved
in December 2020. To date, the most commercially successful drug
has been nusinersen, reaching sales of $4.7 billion by the end of
2019. In its first full year on the market, patisiran achieved sales of
more than $150 million in 2019, which is expected to have doubled
in 2020. Eteplirsen, which targets muscular diseases, is commercially
successful as well, with $840 million in sales by the end of 2019, not
adding expected investments.6

More than 30 years have passed since the transformation from tradi-
tional drugs to RNA-based therapy, with limitations being partly
removed and new categories emerging. RNA therapy is a rapidly
developing field with notable potential, and its evolution should be
properly documented. In order to provide comprehensive summaries
and unique insights into RNA therapy, we specifically analyze the
development andmechanisms of RNA therapeutic drugs. In addition,
we highlight the various chemical modifications and delivery systems
998 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
that are undertaken to improve stability and efficiency. RNA drugs
are listed in the order of discovery.
RNA THERAPEUTIC DRUGS
Antisense therapy

In 1977, the concept of antisense therapeutics was presented by Pater-
son et al.7 to introduce the function of nucleic acids in modulating
gene expression. In 1978, Zamecnik and Stephenson8 demonstrated
the inhibition of Rous sarcoma virus replication and cell transforma-
tion by a specific ON.

Antisense therapy refers to the technology in which DNA or RNA,
called AONs, blocks mRNA transcription and translation through
base pairing. DNA is synthesized in vitro and transported into cells.
It later combines with target mRNA, and the DNA-RNA complex ex-
cites intracellular RNase H to cut the mRNA into small pieces (Fig-
ure 1A). In addition, DNA can be loaded to a virus or phage and enter
cells indirectly, where its transcript can recognize and bind to target
mRNAs, inhibiting mRNA from 50 capping, 30 polyadenylation,
and splicing, ultimately terminating gene expression (Figure 1B).
Broadly speaking, antisense therapy includes ribozymes, but these
will be discussed later.9 According to a recent report, AONs also
bind to and inhibit inefficient upstream open reading frames, subse-
quently activating translation and offering a treatment for diseases
caused by inadequate gene expression. In addition, by inserting an
RNA-cleaving ribozyme sequence near the targeted cleavage site,
AONs can be designed to cleave specific sites in mRNAs.10

AONs possess more potential action mechanisms and are easier to
deliver intracellularly. However, most AON drugs exert degradation
effects on a one-to-one basis, which suggests that one AON drug
can only interact with a single mRNA molecule. Currently, there
are seven approved AON drugs (Table 1),6,11 and more than 50 can-
didates are in clinical trials.
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Table 1. Approved AON drugs

Drugs Inclinations
Year of
approval Companies

Vitravene (fomivirsen) CMV 1998
Ionis,
Novartis

Kynamro (mipomersen) HoFH 2013 Ionis

Exondys 51 (eteplirsen) DMD 2016
Sarepta
Therapeutics

Spinraza (nusinersen) SMA 2016 Ionis

Tegsedi (inotersen)
polyneuropathy
in hATTR

2018 Ionis

Waylivra (volanesorsen) FCS 2019 Ionis

Vyondys 53 (golodirsen) DMD 2019 Sarepta

HoFH, homozygous familial hypercholesterolemia.
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Dysregulated editing of adenosine-to-inosine (A-to-I) RNA is related
to various cancers. Tai Tay et al.12 have recently deciphered the sec-
ondary structure of antizyme inhibitor 1 (AZIN1) RNA, which is
one of the best-studied A-to-I editing targets in cancer, by locating
its editing site complementary sequence (ECS). The ECS was shown
to be an ideal target for abolishing AZIN1 editing without affecting
translation, while AONs targeting the editing region of AZIN1 caused
substantial skipping of exon 11. The results demonstrated that
AZIN1-targeting, AON-based therapeutics may be applicable to a
wide range of tumor types.

Spliceosome-mediated RNA trans-splicing (SMaRT), an antisense
therapy that intervenes at the posttranscriptional level, was first devel-
oped by Puttaraju et al.13 in 1999. SMaRT exploits the cell’s own
splicing machinery to trans-splice therapeutic coding sequences
into endogenous precursor (pre-)mRNA targets, joining exons from
different pre-mRNA transcripts to generate a chimeric product.14

The therapeutic coding sequences are delivered by artificially engi-
neered pre-mRNA trans-splicing molecules (PTMs). In order to
induce the trans-splicing, rather than the cis-splicing, reaction to pro-
duce the desired product, a splicing domain and a binding domain
must be contained in the PTM. The most well-described SmaRT
approach is 30 exon replacement (30ER), which involves trans-splicing
a therapeutic coding sequence downstream of a 50 splice site to correct
the distal exons of a target gene.15

SMaRT has been explored in a variety of therapeutic applications. It
has been enthusiastically embraced in the development of genetic dis-
eases treatments, especially in the correction of monogenic recessive
mutations at the mRNA level, because even a single correction may
lead to a heterozygous non-disease phenotype.15 DMD is the most
common severe childhood muscular pathology, which can be treated
by RNA trans-splicing 30ER and internal exon replacement (IER) tar-
geting on the dystrophin gene.16 Recessive dystrophic epidermolysis
bullosa (RDEB), a severe autosomal recessive types of skin blistering
disease, is functionally corrected by 30ER, 50ER, and IER SMaRT.17

Cystic fibrosis (CF) is a genetic disorder in which the lungs and the
digestive system get clogged with mucus.18 Generating a mutant min-
igene target containing CF transmembrane conductance regulator
(CFTR) exons 10–24 (DF508) and a mini-intron 10, also a pre-
trans-splicing molecule containing CFTR exons 1–10 (+F508),
researchers proved that 50ER could generate functional CFTR for
treatment.15 Spinal muscular atrophy (SMA) is a group of hereditary
diseases that progressively destroys motor neurons caused by aber-
rant survival motor neuron-2 (SMN2) expression.19 Shababi et al.20

have discovered that the 30ER SMaRT system can correct the mistake
and increase the lifespan of mice with such disease.

SMaRT also finds its place in the treatment of infectious diseases. The
diphtheria toxin A (DTA) chain has been trans-spliced onto the
mRNA from the hepatitis C virus (HCV) through ribozyme-mediated
30ER, which subsequently induces apoptosis.21 By activating mitogen-
activated protein kinase (MAPK)/extracellular signal-regulated ki-
nase (ERK), herpes simplex virus type 1 thymidine kinase/ganciclovir
(HSV-TK/GCV) can induce cytotoxicity of retinoblastoma cells
through autophagy inhibition.22 GCV is a thymidine kinase while
HSV-TK can phosphorylate GCV to GCV-triphosphate (TP), which
functions as an inhibitor of DNA synthesis, competing with guanine-
50-triphosphate. This suicide gene therapy prevents DNA chain elon-
gation, leading to cell death via apoptosis.23 Even in diseases with
multifactorial etiologies, such as cancer, single gene repair has been
able to target mutated genes, such as p16 and p53, for correction
and restoration of the function.24,25

Although synthesized antisense nucleic acids preferentially select the
promoter or translation initiation regions as their target sequences,
their targets remain semi-random. The accessibility of different re-
gions is not equivalent, which may be related to the high-level molec-
ular folding of RNA molecules in the cell and the binding of RNA to
protein factors. As it is not yet possible to accurately predict the high-
level structure of mRNA in cells, researchers generally use the “gene-
walk” method to design and synthesize a series of antisense nucleic
acids that covers different regions of the mRNAmolecule, and screen
them through experiments.26

Ribozymes

Ribozymes, catalytic RNA molecules that induce specific degradation
of target mRNAs, are also a category of RNA therapeutics. The dis-
covery of catalytic RNAs was in the early 1980s, followed by a wave
of research on nucleic acid-based inhibitors of gene expression.
Simplified catalytic motifs were defined in the late 1980s and early
1990s, which rendered it possible to chemically synthesize ribozymes,
enabling these molecules to function as target-specific inhibitors of
gene expression.

Ribozymes act as enzymes that break or form covalent bonds, accel-
erating targeted reactions with or without proteins.27 There are more
than 10 ribozymes that mostly conduct general acid-base reactions,
although the detailed mechanisms vary.28 The general base induces
deprotonation at 20-OH to activate 20-O�, whereas the general acid
protonates the 50-O of the leaving group. The 3,5-phosphodiester
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 999
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bond at the cutting site is cleaved after the reaction ends, with cova-
lent bonds between 20-O� and 30-phosphoric acid emerging instead of
the mRNA being cut into two pieces.29,30 Gene expression is inhibited
at the level of translation, as mRNA is degraded (Figure 1C).

Ribozymes exist naturally; however, they can also be artificially engi-
neered to express and target specific sequences in either the cis (on the
same nucleic acid strand) or trans (a noncovalently linked nucleic
acid) form.31 The term “hammerhead” ribozyme was given to a group
of small self-cleaving ribozymes derived from single-stranded plant
viroid RNAs. The hammerhead ribozyme is 30 nt, and its simple
structure makes it an excellent choice for the design of trans-acting
ribozymes. It can be engineered to cleave any target RNA by Wat-
son-Crick base pairing.32,33 The “hairpin” or “paperclip” is another
plant-derived and self-cleaving ribozyme identified in the negative
strand of tobacco satellite RNA.34 The hairpin ribozyme generates
20,30-cyclic phosphate and 50-hydroxyl termini, cleaving RNA sub-
strates in a reversible reaction. It can also cleave and turn over
numerous copies of different targets in the trans form (a noncova-
lently linked nucleic acid) by engineering. In addition, the hairpin ri-
bozyme has been applied to catalyze ligation reactions.35

Both hammerhead and hairpin ribozymes downregulate specific
cellular and viral targets in cells. In 1988, Haseloff and Gerlach36 syn-
thesized a hairpin ribozyme that could be modified at the arms to
cleave any target. It was later demonstrated that this hammerhead ri-
bozyme had the potential to inhibit human immunodeficiency virus
(HIV).27 The endoribonuclease RNase P is an enzyme that is widely
found in humans and contains RNA and protein components. Under
certain salt and ionic conditions, the RNA agents of several types of
bacteria can induce cleavage at specific sites.37

Malaria is one of the world’s most daunting public health concerns,
causing over 200 million infections and nearly half a million fatalities
each year. Genetic modification of the Plasmodium parasite to
attempt to break the transmission cycle of the pathogen and to cure
those that are afflicted is limited by the availability of selectable
markers and the time required to generate transgenic parasites.38,39

To solve this problem, Walker and Lindner40 developed a gene-edit-
ing system for Plasmodium based on Streptococcus pyogenes (Sp)Cas9
named CRISPR-RGR. This system utilizes a ribozyme-guide-ribo-
zyme (RGR) single guide RNA (sgRNA) expression strategy with
RNA polymerase II promoters. Catalytically dead SpCas9 (dSpCas9)
is bound to the upstream region of a target gene, inducing a position-
dependent but strand-independent reduction in gene expression.
This robust gene-editing system has already generated both gene dis-
ruptions and coding sequence insertions in rodent-infectious Plasmo-
dium, and it facilitates efficient genetic characterization of rodent-in-
fectious Plasmodium species.

Ribozymes are molecules with catalytic activity. Similar to protein en-
zymes, they must be folded into a highly ordered tertiary structure to
perform their functions. The nucleophilic attack group and the sensi-
tive phosphorus atom of the nucleoside hydrolase ribozyme are
1000 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
located inside the same nucleotide, simplifying the formation of their
active structure.41 For large ribozymes, however, the nucleophilic
attack group and the sensitive phosphorus atom are either far away
or in different molecules. As a result, the recognition of the cleavage
site and appropriate positioning of the substrate in the active center
are more complicated, commonly requiring the participation of metal
ions or protein factors. For example, the magnesium ion is of great
importance for the binding of the RNase P ribozyme to the substrate
and stabilization of its active center.42 However, the specificity of ri-
bozyme action is a major challenge that limits the application of ribo-
zymes. Ribozymes usually recognize their cleavage sites by base pair-
ing, but small mismatches can be tolerated by many ribozymes.

RNAi

Two decades after the appearance of AONs, the concept of RNAi was
first described in Nature by Fire et al. in 1998.3 Three years later,
RNAi technology was rated as one of the top 10 scientific advance-
ments in 2001 and the breakthrough of 2002 by Science. RNAi is an
evolutionarily conserved mechanism induced by the complex of small
non-coding double-stranded RNA (dsRNA) and proteins, leading to
the sequence-specific degradation of complementary mRNA or trans-
lation inhibition. Organisms naturally carry out RNAi silencing,
which has allowed the identification of specific gene functions in
plants, viruses, parasites, invertebrates, and protozoa. RNAi has
quickly developed into a powerful biological tool for the silencing
of specific genes, and in 2006, Andrew Fire and Craig Mello were
awarded the Nobel Prize for Medicine and Physiology.

Specific silencing is triggered by RNAis, which are short dsRNA mol-
ecules, as well as siRNAs. In the cytoplasm of cells, RNAi is triggered
by long pieces of dsRNA, and then dsRNA is cleaved into fragments
known as siRNA (21–23 nt in length) by the enzyme Dicer.43 siRNA
binds to the protein Argonaute (Ago) and forms a complex called the
RNA-induced silencing complex (RISC),44 which unwinds siRNA,
composed of two strands—the sense strand (or passenger strand)
and the antisense strand (or guide strand)—and leads to the cleavage
of the sense strand. The activated RISC containing the antisense
strand then selectively degrades the complementary mRNA (Fig-
ure 2A).45 The activated RISC complex can also move on to destroy
additional mRNA targets. Compared to AONs, siRNAs possess cata-
lytic mechanisms that harness the RISC machinery, resulting in high
potency and unusually sustained activity. By 2020, two siRNA-based
drugs had been approved, with 20 candidates in clinical trials
(Table 2).6

MicroRNA (miRNA), which is a class of small non-coding RNA, is
another RNAi silencing trigger. Primary miRNAs (pri-miRNAs) are
transcribed in the cell nucleus by RNA polymerase II and subse-
quently processed into mature miRNAs.46 This process is catalyzed
by the core component of an RNase III-type endonuclease called
Drosha, which releases precursor miRNA (pre-miRNA), a shorter
hairpin of 70–100 nt.47 The exportin 5 complex conducts the trans-
portation of the pre-miRNAs from the nucleus to the cytoplasm.48

Similar to siRNAs, pre-miRNAs are processed by Dicer to obtain
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Figure 2. RNAi pathway

(A) dsRNA is cleaved into siRNA (21–23 nt in length) by the

enzyme Dicer. siRNA binds to the protein Argonaute (Ago)

and forms siRISC, which unwinds the siRNA to the anti-

sense strand and sense strand, which is cleaved. siRISC

selectively degrades complementary mRNA. (B) Pre-

miRNAs are processed by Dicer to obtain the mature

miRNA and its complementary strand (miRNA*). The

complementary strand is degraded, and mature miRNA is

incorporated into the miRISC complex, leading to mRNA

cleavage.
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mature miRNAs and their complementary strands. Subsequently, the
complementary strand is degraded, and mature miRNAs are incorpo-
rated into a RISC-like complex. According to the extent of comple-
mentarity to the target mRNA, the RISC-like complex can lead to
mRNA cleavage (near-perfect complementarity) or translational
repression (imperfect complementarity) (Figure 2B).49 miRNAs are
important post-transcriptional regulators of nearly every biological
process in the cell and show remarkable tissue specificity, and there-
fore, they can be used as biomarkers for tracing the tissue of origin of
cancers of unknown primary origins.50 Dysregulation of miRNAs has
been associated with the pathogenesis of human diseases,51 resulting
in the development of anti-miRNA ONs (AMOs). miRNA drugs are
divided into miRNA mimics and antimiRs, with six candidates in
phase II clinical trials, three candidates in phase I trials, and one
candidate that has been terminated.

Compared to AONs and ribozymes, siRNAs and miRNAs show dif-
ferences in structure and function. dsRNAs are cut into short-strand
RNAs (20–25 nt), after which they bind to Ago, subsequently exerting
an interference effect via the RISC complex (siRISC and miRISC).
Meanwhile, AONs and ribozymes recognize and bind to target
mRNAs directly using a single strand. Functionally, RNAi requires
extremely strict recognition and degrades specific sequences that
cannot be initiated with even one mistaken base. Thymine at 30 over-
hangs makes RNAi of higher stability, reducing the possibility of
degradation by ribozyme as well as the dependence on chemical
modification. Additionally, siRNA exhibits obvious inhibition of
target genes at a thousandth of the concentration of AONs or even
less, and the effect increases with an increase in concentration.

A profound understanding of the cellular uptake and intracellular
progress of therapeutic RNA delivery systems could greatly improve
the development of siRNA-based therapeutics. Song et al.52 synthe-
sized and discovered the delivery of mannose-modified trimethyl chi-
tosan-cysteine/tripolyphosphate nanoparticles (MTC/TPP NPs).53

Nanoparticles carrying siRNA are taken in by macrophages via
caveolae-mediated endocytosis (CvME), circumventing lysosomes.
Molecular Therapy
Researchers have identified the Golgi complex
and endoplasmic reticulum as the key organelles
for efficient delivery, and Syntaxin 6 (a target
membrane-soluble N-ethyl-maleimide attach-
ment protein receptor) as well as Niemann-Pick type C1 (NPC1) as
indispensable regulators both in vivo and in vitro. Absence of Syn-
taxin 6 or NPC1 leads to substantial decreases in cellular uptake
and gene silencing of the siRNA, resulting in poor therapeutic effec-
tiveness against acute hepatic injury in mice. The CvME approach
would provide ideas for designing optimal delivery vectors to facili-
tate the clinical translation of siRNA drugs.52

Off-target activity of siRNAs can lead to unexpected phenotypes and
confuse the interpretation of the therapeutic effects. The off-target ef-
fects associated with siRNA delivery can be divided into three broad
categories: siRNA-induced sequence-dependent regulation of unin-
tended transcripts via partial sequence complementarity to their 30

untranslated regions (UTRs), which are known as miRNA-like off-
target effects; inflammatory responses caused by activation of Toll-
like receptors, triggered by siRNAs and/or their delivery vehicles;
and widespread effects on miRNA processing and function induced
by exogenous siRNAs via saturation of the endogenous RNAi
machinery.54

Aptamer

Soon after, the concept of aptamers was introduced by Ellington and
Szostak55 in Nature in 1990 to describe single-stranded RNA mole-
cules isolated from a group of random RNA molecules. In 2004, the
first aptamer drug, Macugen (pegaptanib), was approved by the US
Food and Drug Administration (FDA) to treat age-related macular
degeneration (AMD). However, when the monoclonal antibody
drug Avastin (bevacizumab) appeared on the market, it soon replaced
Macugen, because it was more effective and safer.56 Currently, there
are more than 10 aptamer candidates in clinical trials (Table 3;
https://www.clinicaltrials.gov/).

More specifically, aptamers are single-stranded DNA or RNA mole-
cules that bind proteins with high specificity because of their stable
three-dimensional shapes.57 DNA and RNA aptamers are typically
generated through the process of systematic evolution of ligands
by exponential enrichment (SELEX), which allows the selection of
: Nucleic Acids Vol. 26 December 2021 1001
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Table 2. siRNA drugs approved and in development

Drugs Indication Status Companies

Onpattro (patisiran) hATTR approved in 2018 Alnylam

Givlaari (givosiran) AHP approved in 2019 Alnylam

Lumasiran hyperoxaluria NDA Alnylam

Inclisiran dyslipidemia/ hypercholesterolemia NDA Alnylam/Novartis

QR-110 Leber’s congenital amaurosis phase III ProQR

Vutrisiran ATTR/hATTR phase III Alnylam

QP-1002 renal disease/failure, delayed graft function phase III Quark

Tivanisiran (SYL1001) dry eye phase III Sylentis

Fitusiran hemophilia A and B phase III Alnylam/Sanofi Genzyme

NDA, new drug application.
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20- to 100-nt aptamers from libraries, binding various protein fam-
ilies with high affinity to modulate their functions58 (Figure S3).

In addition, by combining with other types of therapeutic agents, ap-
tamers can be utilized as delivery vehicles for siRNAs, enzymes, and
anticancer drugs.58 Prostate-specific membrane antigen (PSMA) is an
overexpressed receptor on the surface of prostate cancer cells and tu-
mor vascular endothelium, which offers a binding site for aptamers.
Meanwhile, siRNAs are responsible for the expression of survival
genes. Aptamer-siRNA chimeric RNAs were identified and then com-
bined with PSMA-expressing cells only, after which these RNAs were
taken in and processed by Dicer, leading to the depletion of siRNA-
targeted proteins and subsequent cell death. It has been proven that
an aptamer-based siRNA delivery approach mediates tumor regres-
sion in a xenograft model.59

In 2011, Beisel et al.60 found that aptamers can be integrated into
miRNA basal segments and that chimeric RNAs induce titratable
control over gene silencing after binding to the ligand. Although no
clinical applications have been developed, this technique is expected
to play a role in the design of synthetic miRNA clusters, cis-acting
miRNAs, and self-targeting miRNAs, which act both in cis and trans,
leading to the feasibility of fine-tuning the regulatory strength and
dynamics.

Aptamers have been widely applied in diagnostics and therapeutics,
such as biological analysis, clinical medical tests, and directed/tar-
geted therapeutics in the cardiovascular system. As an emerging
chemical technology, it differs significantly from traditional drugs.
First, the target is no longer restricted because aptamers fold them-
selves through complementary base pairing, electrostatic interactions,
and hydrogen bonding, forming stable three-dimensional structures
and tight binding to target molecules.61 Second, animal experiments
are unnecessary considering the existence of DNA/RNA libraries,
from which aptamers with low immunogenicity and high binding af-
finity are selected directly. Third, the small size not only promotes tis-
sue penetration but also makes aptamers more accessible and easier to
synthesize. In addition, high stability at extreme temperatures and in
1002 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
other harmful environments, a simple modification process, an inex-
pensive synthesis process, and low variation between batches render
aptamer-based delivery systems achievable and successful.58

Although aptamers have shown good targeting performance in vitro,
there are still many factors to be considered in order to apply ap-
tamers in vivo. Aptamers bind to their targets by forming secondary
or tertiary structures, and the formation of the correct structure can
be further affected by the environment surrounding the target, such
as temperature, pH, and ionic strength. Even the smallest changes
in the internal environment are likely to affect the binding of ap-
tamers to their targets, limiting the application of aptamers in vivo.
In addition, the conformation of the target molecule in vivo may be
different from that in vitro, possibly leading to a failure of correct
recognition.62 Apart from their inherent properties, there are prob-
lems to be solved in the process of binding. Although aptamers can
specifically bind to different targets, this targeting effect can only
occur after aptamers complex with their targets. Aptamers must avoid
removal by the reticuloendothelial system (RES) and the kidneys to
allow their accumulation in tumor tissues. Aptamer-mediated entry
of nano-drug-loaded particles into tumor cells can only take place af-
ter target receptor binding. Therefore, strategies combining aptamers
and nanocarriers have to be designed very carefully, allowing the
escape of the RES. Nano-drug delivery systems can be PEGylated to
exert enhanced permeability and retention (EPR), which limits the
drugs to the target area.63

saRNA

Prior to advanced activating RNA technologies, RNA therapy mostly
centered on gene blockage and inhibition. In 1969, Britten andDavid-
son64 found that RNAs transcribed from redundant genomic regions
could activate a group of protein-coding genes; thus, the theory of
“activator” RNAs was proposed. However, their existence was not
confirmed until Li et al.65 synthesized dsRNAs that successfully acti-
vated gene expression at the transcriptional level and named them
saRNAs in 2006. A British company received authorization and initi-
ated the first clinical trial on saRNA candidates worldwide in 2016.
The candidate, MTL-CEBPA, can reverse the development of lung
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Table 3. Aptamers in development

Drugs Indication Status Companies Locations (year)

Macugen
(pegaptanib)

AMD phase IV NeXstar Pharmaceuticals Marietta Eye Clinic, Murrieta, GA, USA (2019)

EYE001 AMD phase III Eyetech Pharmaceuticals
Foundation for Fighting Blindness, Baltimore,
MD, USA (2005)

E10030 AMD phase III Ophthotec Palmetto Retinal Center (2017)

ARC1905 AMD phase III Archemix Ophthotech, New York, NY, USA (2017)

REG1 anticoagulation, ACS phase II Regado Biosciences
National Heart, Lung and Blood Institute
(NHLBI), Bethesda, MD, USA (2008)

AS1411 MRCC, AML phase II Antisoma UCLA Los Angeles (2011)

ARC1779 thrombosis, AMI phase II Archemix
Hackensack University Medical Center,
Hackensack, NJ, USA (2010)

Nu172 anticoagulation phase II ARCA Biopharma Unknown (2011)

NOX-A12 CLL, RMM phase II NOXXON Pharma medical university, Innsbruck, Austria (2017)

NOX-E36 T2DM, DN phase II NOXXON Pharma Prague, Czech Republic (2014)

NOX-H94 anemia phase II NOXXON Pharma dialysis unit, Düsseldorf, Germany (2015)

ARC19499 hemophilia phase I Baxalta London, UK (2017)

ACS, acute coronary syndrome; MRCC, metastatic renal cell carcinoma; AML, acute myeloid leukemia; AMI, acute myocardial infarction; CLL, chronic lymphocytic leukemia; T2DM,
type 2 diabetes mellitus; ACR:albumin-creatinine ratio; RMM, relapsed multiple myeloma.
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cancer and reduce symptoms; the clinical trial is currently in phase
II.66 Broadly speaking, saRNAs include not only RNAs but also epige-
netic activation conducted by piwi-interacting RNAs (piRNAs)67 and
translational activation regulated by miRNAs.68 In a narrow sense,
saRNAs are synthetic 21-nt dsRNAs targeting a specific sequence in
the promoter region of target genes, delivered to cells by transfection.
The effect of saRNA is defined as RNA activation (RNAa).69

Endogenous and external 21-bp dsRNAs recognize and bind to
Ago (mainly Ago2), which unwinds the spiral structure and breaks
hydrogen bonds. The sense strand is abandoned, whereas the re-
maining complex of the antisense strand and Ago penetrates the
nucleus, subsequently identifying and combining with mRNA.
Spatial conformation and modification status (acetylation and
methylation) of specific sequences in mRNAs are influenced and
transcription is initiated, activating the expression of target
genes70–72 (Figure S4).

The specificity of saRNA is closely related to the length of the dsRNA,
which is usually less than 30 nt. A study has shown that neither trun-
cated nor extended dsRNA can activate translation.65 Additionally,
the 50 end of the saRNA is the key functional sequence. After replac-
ing the antisense nucleic acid strand at the 50 end of dsRNA with 5 bp,
the activating effect was completely lost, whereas the same replace-
ment of base pairs at the 30 end and the middle region had no
effect on activation.65 To induce translation, the interaction between
saRNAs and genes is necessary, whereas simple identification has
little effect. For example, Janowski et al.72 found that PR11 competes
with PR8 and PR12 for the same site and induces different regulatory
effects. By changing the composition and position of the binding pro-
tein in the promoter region, the interference effect was reversed to the
activation effect by PR11. In addition, saRNA targets specific cells and
sequences, which last longer than siRNAs, and the integrity of the
double-stranded structure is of vital importance for saRNAs to func-
tion well.69

The advantages of saRNAs over traditional gene therapy methods in
tumor treatment can be attributed to its specificity and potent effects.
Researchers are currently focused on its activation of tumor suppres-
sor genes in both cells and animals, with the aim of achieving anti-
cancer effects by inducing apoptosis and cell cycle arrest, and inhibit-
ing tumor cell invasion and migration.69

Similar to problems faced by other nucleic acid drugs, saRNAs have
to challenge some hurdles before possible clinical application,
including self-degradation and nuclease degradation in the circula-
tory system, off-target effects caused by failure to pair with the ex-
pected target, and natural immune system activation and immune
cell phagocytosis.73

RNA vaccine

The appearance of mRNA drugs dates back to 1990, when Wolff
et al.74 first found that the direct transfer of mRNA to mice through
transfection could induce protein expression. Since then, researchers
have been exploring the application of mRNA in vivo as a vaccine.
The first success appeared in 1993, whenMartinon et al.75 subcutane-
ously injected liposome (LP)-encapsulated mRNA encoding the
nucleoprotein (NP) of influenza virus and later elicited NP-specific
cytotoxic T lymphocytes (CTLs) after injections. Soon after that, re-
searchers found that naked mRNA could trigger antigen-specific an-
tibodies but could not protect animals against tumors. In 2000, Hoerr
et al.76 introduced intradermal injection of mRNA, which did not
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Figure 3. Advantages ofmRNA vaccine compared to

traditional vaccine

(A) The numbers of antigens expressed by the RNA vac-

cine exceed those produced by the patient. (B) The

induced antigens are synthesized by inner cells from pa-

tients and rarely cause non-specific tumor immune re-

sponses and external gene integration into the host DNA.
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require any transfection reagents, equipment, or a heterologous boost,
yet could elicit an adaptive immune response, inducing antigen-spe-
cific antibodies and T cells with lytic activity against the model anti-
gen b-galactosidase. It has been reported that mRNA-related com-
panies such as CureVac, Arcturus, BioNTech, and Moderna
received more than $4 billion in financing and cooperation orders
in 2015 alone, representing a breakthrough year for mRNA
therapeutics.

In 2017, Sahin et al.77 successfully created a personalizedmRNA vac-
cine containing numerous new tumor antigens for patients with
melanoma, and this achievement has redirected global attention to
mRNA vaccines. Expressed regions (exons) and introns are parts
of DNA that undergo splicing and transcription; the former is re-
tained in the mRNA and is translated to peptides, ultimately express-
ing genes as proteins. By sequencing exons from patients, neoanti-
gens that may lead to tumors can be predicted, and corresponding
mRNAs that are transcribed to antigens that share the same anti-
genic determinants as neoantigens are designed. The mRNAs are
delivered to cells and translated to proteins that function as antigens,
which bind to major histocompatibility complex class I (MHC class
I) and are presented to the cell surface. CD8+ T cells identify the
complex and exert a CTL immune response, displaying anti-tumor
activity.

The nucleic acid vaccine is a third-generation vaccine, as live attenu-
ated vaccines and inactivated vaccines are of the first generation, and
subunit vaccines are of the second generation. It contains several sig-
nificant elements, such as the 50 cap formed through a 50-50 linkage,
which plays a role in the ribosomal recognition of mRNA during
translation, 50 UTR, open reading frame (ORF), 30 UTR, and poly(A)
tail.78 The cap is of great significance in maintaining mRNA stability,
and it binds to the eukaryotic initiation factor eIF4F, influencing
translation efficiency.79 The 50 UTR is the main facilitator of transla-
tion modulation, whereas the 30 UTR assembles a group of unstable
elements. For example, AU-rich elements (AREs), GU-rich elements
1004 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
(GREs), and AUUUA repeats are the most com-
mon causes of mRNA instability in the 30

UTR.80,81 After the cap at the 50 end, the poly(A)
tail is the most important structure for mRNA
stability because most degradation starts here.
In contrast to previous RNA drugs, which exert
therapeutic effects directly via binding mRNAs
and preventing gene expression, or attaching
to biomacromolecules, mRNA vaccines un-
dergo translation, and the products induce therapeutic function
indirectly.

Compared to traditional vaccines, mRNA possesses outstanding fea-
tures. Technically, it expresses more than one antigen at the same
time, exceeding the number of antigens produced by the patient
themselves (Figure 3A). In addition, the induced antigens are synthe-
sized by host cells in patients and rarely cause non-specific tumor im-
mune responses. In addition, there is no risk of external gene integra-
tion into the host DNA (Figure 3B). Financially, the costs are lower,
and the production cycle is shorter. However, there are weak points to
be improved considering its instability, low ribozyme resistance, and
high immunogenicity.78

Currently, more than 60 RNA vaccine candidates are in clinical tri-
als, mainly targeting the prevention and treatment of tumors and
infectious diseases. Researchers either inject mRNA for direct
administration or transfer it into dendritic cells to reinforce immu-
nogenicity.82 Numerous RNA vaccines have been engineered and
tested during the last two decades. According to a recent report
in Nature, Sahin et al.83 tested a liposomal RNA (RNA-LPX) named
melanoma FixVac (BNT111), which targets tumor-associated anti-
gens. The vaccine mediates long-term responses in patients, who
have experienced a checkpoint inhibitor (CPI) and still develop un-
resectable melanoma, whether applied individually or not. In
January 2020, the first mRNA vaccine aimed at preventing cytomeg-
alovirus (CMV) infection, mRNA-1647, entered the second phase of
clinical trials.

Coronavirus disease 2019 (COVID-19) has caused a global pandemic
since 2020. As ofMay 2021, more than 162.5million people have been
infected, andmore than 3.3million people have died because of severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Since the
outbreak of COVID-19 at the beginning of 2020, scientists worldwide
have been searching for an effective vaccine to inhibit the virus and
prevent more disaster.
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Table 4. mRNA COVID-19 vaccines

Drug Sponsor/collaborator Status Latest update post

BNT162b2 Pfizer/BioNTech approved May 13, 2021

mRNA-1273 Moderna approved April 29, 2021

BNT162b2SA BioNTech/Pfizer phase III May 4, 2021

CVnCoV CureVac phase III May 11, 2021

BNT162b1 BioNTech/Pfizer phase II May 4, 2021

BNT162b3 BioNTech phase II April 26, 2021

ARCT-021 Arcturus Therapeutics phase II March 29, 2021

ChulaCov19 mRNA vaccine Chulalongkorn University phase I October 6, 2020

Unnamed PLA/Walvax Biotech/Abogen Biosciences phase I July 7, 2020
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Among vaccines types, RNA vaccine has raced to the forefront. Cor-
bett et al.84 first synthesized mRNA-1273 and found that this vaccine
candidate induced higher levels of antibody than did their recently
tested human convalescent-phase serum. mRNA-1273 elicited a
strong neutralizing reaction to SARS-CoV-2 in nonhuman primates,
providing rapid protection in both upper and lower airways, causing
no pathological changes in the lungs.

The key advantage of mRNA is that it is convenient to synthesize once
researchers know the sequence of viral proteins; for example, most
SARS-CoV-2 vaccines provoke an immune response that targets
the coronavirus spike protein, which is found on the surface of the vi-
rus. According to the document “Draft landscape of COVID-19
candidate vaccines” published by the World Health Organization
(WHO) in December 2020, seven potential RNA-based vaccines are
in clinical trials, and two have already received emergency use autho-
rization, BNT162b2 from Pfizer/BioNTech and mRNA-1273 from
Moderna. Many more RNA vaccines, which are listed in Table 4,85

are in the pre-clinical investigation stage.

mRNA should not be able to enter the nuclei of cells, thereby reducing
the risk of unwanted integrations into the genome. It operates by
simultaneously activating the MHC class I and MHC class II path-
ways to induce CD4+ and CD8+ T cell immune responses and also
acts as an immunological adjuvant, which makes it a promising
tool for preventing infectious disease pandemics.86 However, there
are some challenges in the development of mRNA vaccines; for
example, the safety and effectiveness of mRNA vaccine candidates
differ significantly between animal models and humans. In addition,
the candidates may cause side effects, such as local and systemic
inflammation. Therefore, it is necessary to fully develop mRNA vac-
cines to improve their stability and antigen expression in the body and
to develop better delivery tools. The mechanism of immune response
initiation requires further elucidation, and new explorations are
necessary.87

The RNA-based therapeutic drugs mentioned above have been
introduced chronologically. Their potent regulatory effect on genes
and proteins indicates that they have the potential to be developed
into novel RNA therapeutic drugs for diseases such as virus infec-
tions and cancers. Natural nucleotides pose some limitations that
affect their versatility as RNA therapeutic drugs, such as poor bind-
ing affinity and specificity with complementary ONs, which hinder
delivery and treatment. Low nuclease resistance is likely to lead to
degradation. Due to their anionic nature, natural RNAs show poor
cell penetration and little interaction with albumin and other serum
proteins, leading to rapid elimination. Furthermore, their high mo-
lecular weight and negative charges result in low membrane perme-
ability.88 In order to overcome these limitations, ongoing studies
have focused on chemical modifications of natural nucleotides and
have made significant progress toward establishing ONs as optimal
RNA therapeutic drugs.

CHEMICAL MODIFICATIONS
Six decades ago, Michelson and Todd89 synthesized a thymidy-
late dinucleotide by the phosphate trimester method, which
served as the starting point for the synthesis of ONs. Chemical
modification is important for improving the affinity and nuclease
resistance of these RNA therapeutic candidates. To gain high af-
finity and specificity for target nucleic acid sequences, a wide va-
riety of chemical modifications on natural nucleotides have been
studied, such as modifications in the nucleobase, backbone, and
sugar moiety.

Nucleobase modifications

Modifications of the functional domain in the base sequence mainly
include alterations in hydrogen bonding, electrostatic interaction,
complexation, and the generalized acid-base interaction. Particular
base modifications include hydroxymethylation, guanine oxidation,
carboxyl substitution, cytosine methylation, deamination, and
adenine methylation.90 Nucleobases are modified less often than
the sugar-phosphate backbone, considering their significant role in
maintaining structural stability. Changed hydrogen bonding may
cause the loss of base pairing between strands, preventing the forma-
tion of certain base combinations. Despite this, base modifications
potentially lend insight into the mechanism of gene silencing and
result in novel methods for overcoming off-target effects that arise
due to deleterious protein binding or mis-targeting of mRNA.91
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Figure 4. Overview of different chemical

modifications for oligonucleotides
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Therefore, specific functions are induced when designed nucleobase
analogs are introduced into ONs. Even a subtle change in size, elec-
tronic distribution, and so on can have a dramatic effect.

Ribavirin is an important antiviral nucleoside containing a tria-
zole nucleoside. The latter is a type of nucleoside analog with
50-amino transported to the imidazole ring in the biosynthesis
of purine nucleoside, which gets widely aggregated and spliced
in viral DNA duplication. However, possessing a structure
similar to that of normal nucleosides, triazole nucleosides can
be taken up by human cells, although they have toxic side ef-
fects. Increasing structural differences by chemical modification
of the triazole ring offers a solution to toxicity reduction, and
the improved compound is expected to play a role in anti-tumor
and anti-cancer therapy.

Backbone modifications

Backbone modifications, including methylphosphonate, phosphoro-
thioate (PS), and boranophosphate (BP) (Figure 4C), which can be
broadly classified as neutral, anionic, or cationic internucleoside link-
ages, are designed to remove the physical and biological limitations of
the natural phosphodiester linkage.92,93

Diastereomeric PS linkages are created when sulfur takes the place of
the non-bridging oxygen atom. PS-ONs are the major backbone
modifications and have been used successfully in gene silencing. PS
linkages confer sufficient nuclease degradation resistance, 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 bind-
ing affinity with plasma proteins, so that PS-ONs can be absorbed
from the injection site into the bloodstream within a very short
time,94,95 and they exhibit good uptake in several tissues, including
the kidney, liver, spleen, lymph nodes, adipocytes, and bone marrow,
but not in skeletal muscle or the brain. Once they arrive at the target
organ, these PS-ONs can be quite stable due to chemical modifica-
1006 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
tions and their half-life of 1–4 weeks. However,
their binding affinity to the target ON sequences
and their specificity are less satisfactory, as PS-
modified molecules exhibit no miRNA inhibi-
tory activity.96 Thus, selective substitution of
phosphodiester bonds with PS bonds is optimal
for increasing nuclease resistance while retain-
ing the ability to bind target miRNAs. However,
PS-ONs have increased the level of toxicity,
which is a particular problem in siRNAs, such
that more than half of the phosphodiester bonds
have been replaced with PSs.97 It has also been
reported in several studies that this type of
modification damages RISC activity; thus, this approach is not
recommended.98

Another efficient modification is the use of BPs, which have increased
lipophilicity compared with PS analogs and twice the nuclease degra-
dation resistance while causing low toxicity. As expected, BPs cannot
be tolerated in the center of the guide strand.99

Other types of phosphodiester scaffolds have been introduced to
reduce degradation by nucleases that target ONs. These peptide-
substituted ON analogs, such as peptide nucleic acids (PNAs) and
morpholino antisense oligonucleotides (morpholino ASOs), prevent
gene expression by steric hindrance instead of RNase H-mediated
mRNA cleavage. This method has been shown to exhibit specific tar-
geting, improved delivery, and enhanced cellular uptake with little
toxicity.100

The transactivator of transcription (TAT), which can conjugate to
ONs and subsequently be loaded onto nanoparticles, behaves well
in delivery. Chemically modified thiolated gelatin (tGel) and 50-ter-
minal sulfhydryl-modified siRNA showed better affinity and binding
to each other through disulfide bonds. The resulting polymeric siRNA
can be encapsulated in self-assembled tGel nanoparticles.101,102

Additionally, Cell-penetrating peptides (CPPs) and ligands are nor-
mally conjugated to an ON-based drug delivery system. CPPs are a
class of short peptides that efficiently penetrate biofilms and enter
cells. In addition to being commonly used for the modification of nu-
cleic acids and ONs, CPPs are loaded in nanocarriers for therapy.
Cationic CPPs and anionic ONs form complexes through electro-
static interactions, promoting the entry of ON into cells and initiating
RNAi, which leads to endogenous gene silencing.103 The combination
of complexes and nanoparticles induces special cell binding and re-
ceptor-mediated endocytosis, performs well in gene delivery, and is
expected to achieve long-term development in cancer gene
therapy.104
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Alnylam has recently introduced an enhanced stabilization chemistry
plus (ESC+) version of siRNA, which significantly reduces off-target
effects by introducing ethylene glycol nucleic acid (GNA) backbone
structure at key sites. In the latest clinical trials, ALN-HBV02, using
ESC+ technology, has reduced the level of hepatitis B virus antigen
(HBsAg) by more than 200-fold.105

Sugar modifications

In recent years, there has been a sudden leap in the synthesis of nucle-
oside analogs through various modifications of the sugar moiety. The
20-O modifications of ribose have several advantages, including ease
of synthesis and increased RNA affinity, nuclease resistance, and
cellular uptake.106 Thus, sugar modifications are mainly concentrated
in the 20 position, with 20-O-methyl (20-OMe), 20-O-methoxyethyl
(20-OMOE), and 20-fluoro (20-F) as the major representatives.

The 20-OMe or 20-OMOE sugar modifications into selected nucleo-
tides within AONs, siRNAs, and anti-miRNAs have been shown to
confer excellent nuclease resistance and binding affinity.107–109 In
the first reported success with 20-MOE-modified ONs, Esau110

demonstrated decreased expression of miR-143 and increased expres-
sion of putative miR-143 target genes in cultured cells. Esau et al.111

later reported efficient inhibition of miR-122 in vivo by 20-MOE
ONs; miR-122 is a miRNA that is involved in the regulation of meta-
bolic genes that regulate cholesterol synthesis, hepatic fatty acid
synthesis, and oxidation in mouse hepatocytes. The perfect pairing
between the 20-OMOE PS modification of the 30 overhangs of 21-nt
siRNA and the pain-related cation-channel P2X3 resulted in success-
ful gene targeting in vivo.112 However, after the modification of
20-OMe or 20-OMOE, ONs no longer support the degradation of
mRNA through enzyme H, as the activity of siRNA is reduced.97

40-Thio-modified ONs contain a sulfur atom attached to the 40 carbon
of the ribose ring. This modification enhances resistance to nuclease
digestion when introduced within both the sense and antisense strands
of siRNAs at various positions.100,113

Locked nucleic acid (LNA) and unlocked nucleic acid (UNA) (Fig-
ure 4D) are other sugar modifications that offer both enhanced bind-
ing affinity and good nuclease resistance. LNA is a bicyclic nucleic
acid that tethers the 20-oxygen to the 40-carbon via a methylene
bridge, locking the sugar structure into a 30 endo conformation.114

It offers a great increase in binding affinity among all of the nucleic
acid modifications. The use of LNA-modified anti-miRNAs to inhibit
miRNA expression was first reported by Chan et al.115

UNA is an acyclic RNA mimic. Absence of a bond between the C20

and C30 atoms of the ribose ring is a characteristic modification,
which renders UNA closely related to natural RNA monomers,
simultaneously increasing flexibility.116 UNAmonomers are compat-
ible with RNase H activity, which is an important property for single-
stranded antisense constructs. The application of UNA monomers in
the design of superior siRNAs combines potent gene silencing with a
dramatic reduction in off-target effects.117
20-Deoxy-20-fluoro-arabinonucleotide units (araF-N or FANA units)
can be tolerated well throughout the sense strand of the siRNA
duplex. In contrast, they can also bind to the 50 or 30 ends of the anti-
sense strand. It has been reported that FANA unit-modified siRNAs
are compatible with the intracellular RNAi system and induce specific
target mRNA degradation. Modified siRNAs have substantially
enhanced serum stability and activity. Compared to the unmodified
siRNA, which has a short half-life in the serum (<15 min), a fully
modified FANA strand has 4-fold increased potency and a longer
half-life (�6 h) when hybridized to an anti-RNA.118 Defects of PS-
ONs such as poor binding affinity, lack of specificity, and low cellular
uptake can be partially solved via sugar modifications.

Combining different modifications and others

Most research into these ON analogs focus on one type of modifica-
tion in an attempt to observe the impact of that particular alteration.
Combining different modifications that have different beneficial
properties can be greatly advantageous, although their preparation
is perhaps a little more costly and complicated.119

The 20-F modification, which involves the introduction of a fluorine
atom at the ribose 20 position, results in exceptional affinity for target
RNAs. However, 20-F-modified ONs are not nuclease resistant, and
the PS linkages must also be present to achieve good stability in the
serum. In a comparison of the effect of 20-sugar modifications on
miR-21 inhibition, Davis et al.120 showed that 20-F-modified ONs
with a PS backbone outperformed both 20-MOE-modified ONs
with a PS backbone and 20-OMe-modified ONs with a PS backbone.

Furthermore, fully LNA-modified anti-miRNAs are only moderately
efficient at miRNA inhibition,121 possibly due to the tendency of LNA
ONs to form dimers with exceptional thermal stability.122 Reducing
the number and proximity of LNAs could potentially circumvent
this problem; for example, a repeated pattern of two DNAs followed
by one LNA could be used. Indeed, compared with other modified
anti-miRNAs, ONs with LNA exhibit excellent miRNA inhibitory ac-
tivity at doses as low as 5 nM, and the efficacy is further enhanced
when the LNA substitutions are combined with other modifications,
such as 20-F.123

Recently, 20-OMe-40-thioRNA, a hybrid type of chemically modified
ON, exhibited high binding affinity to complementary RNAs and
high resistance to nuclease degradation. When evaluating 20-OMe-
40-thioribonucleosides for chemical modification of AMOs, they
could inhibit the expression of miR-21. Further investigation showed
that PS modification contributed to long-term miR-122 inhibition by
the 20-OMe-40-thioribonucleoside-modified AMO.124

Isonucleoside is a nucleoside analog, in which the nucleobase is
moved from C-1 to other positions on ribose. Zhang et al.125 reported
a novel isonucleoside containing a 50-CH2-extended chain on the
sugar moiety that forms a stable double helical structure with its com-
plementary strand. Both its nuclease stability and RNase H activating
ability are promoted compared with natural analogs. In siRNAs,
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passenger strands modified with isonucleoside at the 30 or 50 terminus
have minimized passenger strand-specific off-target effects and retain
their silencing activity.

siL2PT-1MA is a potential therapeutic siRNA that modifies PS and
2a,4a-BNA/LNA in the sense strand, along with 2a-methoxy (2a-
OMe) nucleotides in the immunostimulatory motif. The duration
of the RNAi effect is largely prolonged by the modification of
2a,4a-BNA/LNA and shortened by cholesterol conjugation. The
application of this potential siRNA resulted in sustained reduction
(24 days) of total cholesterol (TC) in the serum and apolipoprotein
B (apoB) mRNA reduction in the liver without adverse effects. Serum
interferon-A (IFN-A) levels induced by cholesterol-conjugated im-
munostimulatory siRNA (isRNA) are higher than those induced by
nonmodified siRNA, indicating that cholesterol conjugation facili-
tates the immune reaction. A study by Wada et al.126 showed that a
negative immune response is ameliorated with the modification of
the adenosine residues complementary to the immunostimulatory
motif and central 5a-UG-3a in the sense strand.

Furthermore, ON length as a parameter needs to be considered in the
design of RNA therapeutic drugs,127 with the aim of generating potent
and short ONs of sufficient target affinity, nuclease resistance, and
cellular uptake, as well as low toxicity.

Compared with traditional drug molecules whose pharmacodynamic
and pharmacokinetic properties are integrated, RNA drugs separate
them, thereby determining the silencing effect on target genes and
the absorption, distribution, metabolism, and elimination of drug
molecules at the body level. Therefore, based on the general chemical
modifications that improve pharmacokinetic properties, the
enhanced pharmacodynamic properties of siRNA can be taken into
consideration.

Currently, there are numerous chemical modifications focusing on
the pharmacokinetic properties of siRNA, but few have focused on
1008 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
the improvement of the pharmacodynamic
properties. With expanding clinical require-
ments and the continuous progress of the tech-
nology, more chemical modifications are
required to provide more precise means of phar-
macodynamic adjustment.

DELIVERY SYSTEMS
In addition to chemical modifications, effective
drug delivery is an approach to improve the
ability of RNA therapeutic drugs to diagnose
and treat diseases. A standard ON delivery sys-
tem is biocompatible, biodegradable, and non-immunogenic. Car-
rier technology and drug delivery systems improve the biological ac-
tivity and distribution of nucleic acid drugs in vivo, enhance the
targeting effect and uptake by cells, increase the concentration
and bioavailability of drugs in target tissues, and prevent RNA drugs
from being absorbed by serum proteins or degraded by nucleases.128

Current nucleic acid drug delivery carriers mainly refer to liposomes
(e.g., DOTAP and Lipofectamine), cationic polymer complexes
(such as PEI and PAMAM), dendrimers (DENs), polymer micro-
somes, peptide protein delivery vehicles, and nanoparticles (Fig-
ure 5). Peptide protein-based vehicles are a hot area of research,
and one of the basic carriers is cationic peptides, such as CPPs
and protein transduction domains (PTDs). CPPs not only improve
uptake efficiency significantly, but they also target specific cell re-
ceptors or body tissues accurately.

For liposomes, ONs can be easily encapsulated into cationic lipo-
somes by electrostatic absorption because of their negatively
charged properties. Hence, cationic liposomes have been consid-
ered as ON delivery systems.129 Cationic lipids contain a hydro-
phobic chain and a cationic head, and the latter functions as the
main agent to react with anionic ONs. Both have a significant in-
fluence on transfection efficiency and toxicity.130 Cationic lipids,
the functional component of cationic liposomes, are categorized
into monovalent lipids and multivalent lipids, and the former in-
cludes DODMA and DOTAP.131 Generally, cationic liposomes
equipped with multivalent lipids exhibit higher transfection
efficiency.128

Neutral liposomes consist of neutral lipids, including cholesterol,
phosphatidylcholine (PC), phosphatidylethanolamine (PE), and
DOPE. Compared to cationic liposomes and ionizable liposomes,
neutral liposomes have excellent biocompatibility and pharmacoki-
netic characteristics. However, they do not interact with ONs to a
great extent; therefore, neutral liposomes cannot efficiently absorb
and encapsulate ONs.101
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Ionizable liposomes are nanocarriers that carry more than a single
type of charge and are protonated or deprotonated as the acidity of
the environment changes. ON-loaded liposomes remained positively
charged until administration but before entering cells. After the RNA
drugs are released, the carriers again obtain positive charges.129 In
addition, pH-sensitive ionizable liposomes were created and applied
for successful delivery. Ionizable liposomes are composed of amino
lipids with ionizable amine headgroups. The pKa value of the ioniz-
able amino in liposomes is a significant factor in carrier design, as
it determines the interaction of amino acids with cell membranes
and serum proteins and subsequently affects the delivery effectiveness
and toxicity.132

In contrast to other carriers, polymeric micelles have improved phar-
macokinetics and biocompatibility, making them ideal carriers in
drug delivery. Self-assembled amphiphilic polymers show improved
stability in colloids and reduced non-specific interactions with other
biomolecules. In addition, polymer micelles enhance the drug cycle
time, change the drug release curve, and easily connect to targeted
ligands.133 Gwak et al.134 produced a new cationic amphiphilic
copolymer, poly(lactide-co-glycolide)-graft-polyethylenimine (PgP),
which self-assembled from cationic polymeric micelles that deliver
ONs to cure spinal cord injury.

TheN-acetylgalactosamine (GalNAc) delivery approach is an alterna-
tive to nanoparticles, in which ligands are conjugated to RNA that
permit them to enter target cells. Nair et al.135 found a tertiary conju-
gation between GalNAc and RNA, which is perhaps the most
advanced application of this technique. In contrast to other intrave-
nously infected nanoparticles, GalNAc is administered subcutane-
ously and targets the liver via systemic circulation.136 Other conju-
gates have been explored, such as vitamin E, cholesterol, and CPPs,
but none has been successful.

The adeno-associated virus (AAV) genome was the first one cloned
into a plasmid in 1982, and several studies later proved the success
of viral vectors in the delivery of therapeutic genes in the early stages
of this technology. However, only a few clinical studies weremeaning-
ful and significant immunotoxicities occurred. Viral vectors are effec-
tive DNA delivery vehicles because they evolved to target specific cell
types and are the only system able to deliver payloads to the nu-
cleus.137 Voretigene neparvovec-rzyl, also known as Luxturna, is an
AAV serotype 2 (AAV2) vector loaded with cDNA encoding the hu-
man RPE65 gene, which is a target for inherited retinal dystrophy
Leber’s congenital amaurosis (LCA) type 2 treatment. Visual tests
have demonstrated that treatment with Luxturna improves light
sensitivity, visual fields, and navigational ability in RPE65-mediated
LCA patients, who were previously untreatable. These results led to
Luxturna’s approval in 2017.138

CONCLUSIONS
This review summarizes different RNA therapeutics in terms of
mechanisms, disease treatments, delivery systems, application
methods, and shortage to improve. RNAi technology was popular
and rated as one of the top 10 scientific advancements in 2001; how-
ever, public attention was continually distracted in the following
decade because the technology provided few outcomes. A turning
point occurred in 2016, when nusinersen (Spinraza) was approved
by the FDA, and RNA therapy once again became a research focus.
The outbreak of COVID-19 has greatly promoted research progress
in related fields, and, fortunately, RNA-based COVID-19 vaccines
emerged as a significant outcome for disease treatment and RNAi
technology.

Natural RNA therapeutic drugs have some limitations, such as low
binding affinity and poor nuclease stability. Through chemical modi-
fication, many ON analogs have been synthesized to overcome these
limitations, and numerous clinical trials have been conducted to
investigate this. RNA therapeutics are thought to be the most success-
ful treatment for rare diseases, especially neurological and hepatic dis-
eases. Currently, eight RNA therapeutic drugs have been approved by
the FDA for clinical treatment in total, including Vitravene (fomi-
virsen), Kynamro (mipomersen), Macugen (pegaptanib), Exondys
51 (eteplirsen), Spinraza (nusinersen), Tegsedi (inotersen), Waylivra
(volanesorsen), and Vyondys 53 (golodirsen). The most commer-
cially successful drug is Nusinersen, reaching sales of $4.7 billion by
the end of 2019.

Furthermore, with persistent clinical trials for these modified ONs, it
is anticipated that more novel RNA therapeutic drugs will emerge for
disease treatment and prevention in the near future.
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