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Antisense nucleic acids are single-stranded oligonucleotides that have been specially chemically modified, which can bind to RNA
expressed by target genes through base complementary pairing and affect protein synthesis at the level of posttranscriptional
processing or protein translation. In recent years, the application of antisense nucleic acid technology in the treatment of
neuromuscular diseases has made remarkable progress. In 2016, the US FDA approved two antisense nucleic acid drugs for the
treatment of Duchenne muscular dystrophy (DMD) and spinal muscular atrophy (SMA), and the development to treat other
neurodegenerative diseases has also entered the clinical stage. /erefore, ASO represents a treatment with great potential. /e
article will summarize ASO therapies in terms of mechanism of action, chemical modification, and administration methods and
analyze their role in several common neurodegenerative diseases, such as SMA, DMD, and amyotrophic lateral sclerosis (ALS).
/is article systematically summarizes the great potential of antisense nucleic acid technology in the treatment of hereditary
neurodegenerative diseases.

1. Introduction

Neurodegenerative diseases are a range of conditions that
are characterized by the progressive functional and struc-
tural degeneration of the central or peripheral nervous
system, and the patient’s cognitive ability and athletic ability
are severely impaired, placing a huge burden on the indi-
vidual’s family and society [1]. Neurodegenerative diseases
comprise a set of over 600 diseases, including Alzheimer’s
disease (AD), Parkinson’s disease (PD), Huntington’s dis-
ease (HD), ALS, and multiple sclerosis (MS) [2–4]. Several
biological characteristics, such as mitochondrial dysfunc-
tion, oxidative stress, abnormal protein accumulation, tro-
phic factor deficiency, and inflammatory response, are
accompanied by these diseases, but the pathogenesis is still
too complex and diverse to be fully elucidated. Although
scientists have made great progress in understanding the

environmental and genetic causes of these diseases in the
past few decades, the drugs for treating these diseases have so
far been limited, and none of them can prevent or mitigate
neurodegenerative diseases [5–10].

Antisense oligonucleotides (ASOs) are single-stranded
oligonucleotides of 8 to 50 bases in length that specifically
bind to selected RNA sequences and regulate the expression
of genes by several mechanisms depending on their chemical
properties and targets, which will affect protein synthesis at
posttranscriptional processing or protein translation levels
[11]. In 1978, Zamecnik and Stephenson reported for the
first time that chemically synthesized ASOs can inhibit the
production of Rous sarcoma virus in chicken embryo fi-
broblasts in a sequence-specific manner [12]. With the joint
efforts of several generations of scientists, the mechanism of
action of ASOs has been gradually elucidated, and various
chemical modifications have been applied to improve the
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stability of ASOs. In 1998, the first antisense drug Vitravene
(Fomivirsen) was approved by the US FDA [13]. In recent
years, the use of antisense oligonucleotide technology for
treating neuromuscular diseases has made remarkable
progress. In 2016, two antisense nucleic acid drugs were
approved by the US FDA for the treatment of neuromus-
cular diseases, namely, eteplirsen (Exondys 51) for the
treatment of DMD and nusinersen (Spinraza) for the
treatment of SMA. If ASOs are used to treat neurodegen-
erative diseases, they must be stable in the body and enter the
central nervous system cells to specifically target the caus-
ative genes. In this review, we will mainly discuss the de-
velopment of antisense nucleic acid drugs in three
neurodegenerative diseases—SMA, DMD, and ALS.

2. Regulatory Mechanisms of ASOs

Antisense oligonucleotides can regulate gene expression by
recruiting RNase H to degrade target RNA or prevent
splicing factors from binding through steric hindrance to
treat neurodegenerative diseases.

2.1. RNaseH-Mediated RNADegradation. It has been found
that the DNA-RNA hybrid is a substrate of the RNase H
enzyme, while the main function of RNase H is to degrade
RNA-DNA hybrids synthesized by lagging strands in the
nucleus. Meanwhile, RNase H is also present in the cyto-
plasm and can degrade mature mRNA [14, 15]. Oligonu-
cleotides containing DNA bases can induce cleavage of
mRNA after bounding to mRNA. Gapmer ASO was
designed with two RNA arms modified with resisting nu-
cleases and enhancing affinity of complementary sequences
located on either side of the central 8–10 base DNA “gap,”
which serves as a substrate for RNase H to induce targeted
cleavage of mRNA and results in protein translation inhi-
bition (Figure 1) [16–18]. /e pathological feature of many
neurodegenerative diseases is the accumulation of toxic
proteins, in which many are caused by genetic mutations. If
the target protein undertakes important cellular functions,
therefore, degradation of the protein is harmful to the cell. In
this case, it is necessary to specifically degrade harmful
mRNA-containing mutations. Using the principle of base
complementary pairing, selective gapmers can be designed
to specifically target mRNA with mutation sites to initiate
RNase H-mediated degradation [19, 20].

2.2. Splicing Regulation. Splicing is a process of removing
introns from the initial DNA transcription product and
joining the exons to form a contiguous RNA molecule. /e
eukaryotic mRNA precursor is spliced in the nucleus to
produce mature mRNA, which is transported to the cyto-
plasm and translated into protein. Alternative splicing can
produce protein variants with different functions and can
produce beneficial proteins or reduce harmful proteins with
splicing regulation. Splicing is a complex process regulated
by multiple mechanisms involving multiple proteins, such as
the mRNA precursor with splicing signals and some splicing
factors bind to these signal sequences to perform specific

functions. /e mRNA precursor has basic splicing signals
such as 5′ splice site, 3′ splice site, branch point sequence,
and polypyrimidine sequence, as well as regulatory signals
such as silencer and enhancer [21, 22].

ASO regulates splicing by binding to the splicing signal
on mRNA precursor through base complementary pairing,
thereby blocking the binding of splicing factors, which will
change the original splicing pattern or lead to the activation
of a new splicing site and significant changes in the inclusion
of exons and ultimately obtain the desired protein product
(Figure 2) [23]. /is type of ASO is also called splicing
switching oligonucleotides (SSOs). For neurodegenerative
diseases, SSO has many potential applications. For example,
SSO can reduce harmful isoforms, skip abnormal exons to
restore normal transcription, and remove pathogenic mu-
tations from genes or restore the reading frame by removing
exons with mutations [24–27]. Both nusinersen and ete-
plirsen approved by the FDA are involved in regulating
splicing.

3. Chemical Modification of Antisense
Nucleic Acid

/e rapid degradation of antisense oligonucleotides by
endo- and exonuclease is one of the main factors affecting
the effectiveness of antisense oligonucleotides. 3′-5′ exo-
nuclease can degrade serum unprotected antisense oligo-
nucleotides in half an hour [28]. Increasing the dose of ASO
will increase off-target effects, increase toxicity, and cause
immune responses, which will seriously affect the uptake of
ASO by cells [29]. In order to enhance the antisense nucleic
acid’s ability to resist enzymatic hydrolysis and cellular
uptake and, furthermore, improve its stability, researchers
have carried out a variety of structural modifications and
designs on antisense nucleic acids. /ere are three main
types of chemical modification: backbone modification,
glycosyl modification, and other modified ASO.

3.1. Backbone Modification. /e first-generation oligonu-
cleotide modification refers to the phosphorothioate (P� S)
backbone, which is achieved by replacing the nonbridging
oxygen atoms in the phosphate group of the nucleotide with
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Figure 1: ASOs recruit RNase H to degrade target RNA.
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a sulfur atom. /e addition of sulfur atoms increases the
backbone negative density of the antisense nucleic acid,
which can enhance the absorption efficiency of ASO by
various types of cells [30]. In addition, P� S modified an-
tisense oligonucleotides increase the ability to bind serum
proteins, reduce the metabolism of ASO by the kidneys, and
increase the half-life period [31]. Another important feature
of P� S modification is that it retains the ability to activate
RNase H, thereby recognizing P� S modified DNA-RNA
hybrid chains and degrading RNA [32, 33]. However, it is
difficult for the first-generation oligonucleotide-modified
ASO to pass through the blood-brain barrier, entering the
central nervous system [34, 35].

3.2. Glycosyl Modification. /e glycosyl-modified ASO is
called the second-generation ASO. /e most important
feature is that the cholesterol at the 2′position on the glycosyl
is replaced by other high-stability groups andwas usually used
in combination with P� S in application. /e second-gen-
eration ASO has three advantages: firstly, the 2′modification
blocks the nucleophilic properties of the original 2′hydroxyl
group and further increases the resistance of ASO to nu-
cleases; secondly, this modification improves the thermal
stability of complementary hybridization, and the increased
specificity of binding makes it possible to use shorter oli-
gonucleotide; and thirdly and finally, it can reduce the cy-
totoxicity caused by P� S modification [36–38]. /e most
common glycosyl modifications are 2′-O-methyl (OME), 2′-
O-methoxyethyl (MOE), and 2′fluoro (2′F), while the nusi-
nersen approved by FDA is using MOE and P� S. It is worth
mentioning that the 2′-F ASO itself can recruit the splicing
inhibitor ILF2/3 to inhibit splicing [39]. Other glycosyl
modifications, such as locked nucleic acids (LNA), 2′,4′-
constrained ethyl (cEt), and tricyclo-DNA (tc-DNA), have
also been applied to treat neurodegenerative diseases.

3.3. Other Modified ASOs. /e third-generation ASO
combines phosphate, ribose, and nucleoside modifications,

which mainly includes peptide nucleic acids (PNA) and
phosphorodiamidate morpholine oligomer (PMO). In brief,
PNA modification is the connection of chemically modified
oligonucleotides to short peptides, where the oligonucleo-
tides perform base complementary pairing to provide tar-
geting, and the short peptides provide functionality such as
splicing regulation or translation inhibition. PNA is un-
charged, so it also has the advantages of stability and binding
specificity and cannot activate RNase H [40, 41]. However,
PNA has an obvious disadvantage, that is, its hydrophobicity
causes poor cell absorption. However, PNA modified with
peptide conjugates can also improve absorption and water
solubility. Studies have reported that unmodified PNA can
be taken up by neuronal cells in vivo, but the application of
PNA antisense oligonucleotides in neurodegenerative dis-
eases is still limited [42, 43]. When administered periph-
erally, PNA will be cleared quickly, which may be the reason
why they have not been widely used in the body so far [44].
PMO has a morpholine ring instead of a ribose ring. Similar
to PNA, the PMO backbone is neutrally charged, is not
compatible with RNase H, and is highly resistant to deg-
radation by nucleases and proteases. Scientists have used the
intracerebral injection of PMO-modified ASO to success-
fully repair splicing, and the PMO-modified ASO for the
treatment of DMD, eteplirsen, has also been approved by the
FDA [45].

4. Delivery Method of Antisense Nucleic
Acid Drugs

In neurodegenerative diseases, the destruction of the blood-
brain barrier is common. It has been shown in animal
models that the damaged blood-brain barrier itself can cause
neurodegeneration [46, 47]. Although chemical modifica-
tion has improved the properties and mechanism of anti-
sense nucleic acid drugs, the currently approved antisense
oligonucleotide drugs still cannot cross the blood-brain
barrier./erefore, the application of ASO in the treatment of
neurodegenerative diseases is still challenging.
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Figure 2: ASO prevents splicing factor binding through steric hindrance.
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4.1. Systemic Administration. For systemic administration,
ASO must be selectively transported at an appropriate
concentration to cells of the brain and spinal cord tissue
through the blood circulation. /e general way for small
molecules to pass through the blood vessel barrier is simple
diffusion. Although chemical modification gives ASOs the
ability to bind to hemoglobin, the molecular weight of
antisense nucleic acid is relatively large that it cannot reach
an effective concentration in the nervous system by simple
diffusion through the blood vessel barrier. Early studies have
shown that only about one percent of peripherally injected
ASOs can be detected in the brain [48, 49]. ASOs cross the
vascular barrier through two mechanisms, one of which is
receptor-mediated endocytosis. According to the affinity
and tight binding properties of streptavidin and biotinase,
Lee and colleagues used biotinase to label antisense oligo-
nucleotides, combining streptavidin with a radiolabeled
mouse transferrin receptor monoclonal antibody. /e
tracing results showed that the antisense oligonucleotides
combined with the transferrin receptor monoclonal anti-
body to form a conjugate, which reached the brain through
receptor-mediated endocytosis in the transgenic mouse
model [50]. /e second mechanism is a cell-penetrating
peptide- (CPP-) based delivery system. CPP is a positively
charged polypeptide chain with a length of about 5–30
amino acids, which transports various macromolecules
through the cell membrane [51]. In mice, ASOs transported
by an arginine-rich CPP-labeled system were able to cross
the blood-brain barrier and were then widely distributed in
the mouse brain [52]. However, for ASOs having different
chemical properties (with modification), not all ASOs are
suitable for CPP coupling, which determines the most ef-
fective delivery route to a large extent. In the DMD mouse
model, Goyenvalle et al. found that ASOs with tc-DNA
structure type can reach the brain tissue and exert the drug
effect with peripheral administration [53].

4.2. Central Nervous System Drug Delivery. Most ASOs
currently used to treat neurodegenerative diseases must be
administered by intraventricular injection or intrathecal
injection. In these ways, it is unnecessary for ASOs to pass
through the blood-brain barrier and can be transported to
the cerebrospinal fluid, thereby distributing throughout the
central nervous system. /is method of administration has
certain advantages over peripheral administration. Because
of the material exchange between the cerebrospinal fluid and
the brain parenchyma, the drug can be directly and quickly
delivered to the nervous system and produce a higher drug
concentration, which means that a smaller drug dose can be
used to achieve the therapeutic effect and minimize the
toxicity. Over time, ASOs gradually shift from the cere-
brospinal fluid to the blood circulation and can also enter the
peripheral tissues. Central nervous system administration of
antisense oligonucleotides has been widely used in rodent
models and nonhuman primates of neurodegenerative
diseases [54]. In clinical trials of ALS and SMA, no side
effects of nucleic acid drugs were observed using an intra-
thecal injection of antisense oligonucleotides and the

intrathecal injection of nusinersen has been approved by the
FDA [55].

4.3. Other Ways of Administration. Nasal administration is
an emerging mode of administration. After administration,
the drug can enter the nerve center through the olfactory
nerve route and the olfactory mucosal epithelial route. Al-
though a few studies have shown that antisense oligonu-
cleotides can be delivered to the brain by intranasal
administration so far, this is still a very promising alternative
delivery route. Clinical trials have shown that nasal ad-
ministration of insulin can significantly improve the cog-
nitive ability of patients with diabetes and AD [56]. In
addition, cell-penetrating peptide coupled with ethylene
glycol polycaprolactone copolymer can accurately deliver
siRNA to the brain through nasal administration. In rats,
intranasal delivery of oligonucleotide GRN163 can delay the
growth of tumors in the brain and prolong survival [57, 58].
/erefore, these studies indicate that intranasal delivery may
become an important choice for antisense oligonucleotide
delivery in the future.

5. Development of Antisense Nucleic Acids in
Several Neurodegenerative Diseases

5.1. Spinal Muscular Atrophy (SMA). SMA is a common
autosomal recessive genetic disease. It is caused by survival
of motor neuron 1(SMN1) gene mutation or deletion which
will lead to the lack of SMN protein. Its pathological
characteristics are degeneration of motor neurons in the
anterior horn of the spinal cord, neuromuscular junction
necrosis, while the clinical manifestations are of myasthenia
and amyotrophy. /e parallel homologous gene of gene
SMN1 in humans, which is called SMN2, can express a small
amount of SMN protein. SMN2 gene is very similar to SMN1
gene, with only a few bases different. One of the key base
differences is that the sixth base in exon 7 of SMN1 is C,
while it is T in SMN2 gene. /is does not affect protein
coding, but it will severely affect RNA splicing. /e result is
that about 90% of exon 7 of the SMN2 gene is skipped, while
only about 5% of SMN1 is skipped. /erefore, SMN2 gene
can only produce about 10–20% of the functional SMN
protein, which is insufficient to compensate for the decrease
in SMN protein expression caused by SMN1 mutations or
deletion. /erefore, activating SMN2 expression can be used
as an important strategy for the treatment of SMA [59–61].

A breakthrough in the use of antisense nucleic acids to
treat SMA is that Hua and colleagues working in Cold Spring
Harbor used the ASO walk method to systematically and
comprehensively screen SMN2 exon 7 and flanking introns.
/ey optimized the length and position of ASO by using
microwalk, finally found that ASO10-27 can target the
intronic splicing silencer-N1 (ISS–N1) element on intron 7
to prevent the binding of the splicing inhibitor HNRNPA1/
2, thereby increasing the inclusion of exon 7 MOE P� S
modified ASO10-27 (nusinersen once used its name), im-
provedmotor function in SMAmousemodels, and extended
the life span of SMAmice by 25 times [25, 62–64]. Preclinical
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experiments have shown that intrathecal injection of 3mg of
ASOs into nonhuman primates is well tolerated 24 hours
later and is widely distributed in the spinal cord. Finally, in
view of the good clinical trial results, the FDA approved
nusinersen (Spinraza), the first antisense nucleic acid drug to
treat SMA by intrathecal injection into the central nervous
system in 2016 [65, 66].

5.2. Amyotrophic Lateral Sclerosis (ALS). ALS is a fatal
devastating neurodegenerative disorder which predomi-
nantly affects the motor neurons in the brain and spinal
cord. /e death of motor neurons in ALS causes subsequent
muscle atrophy, paralysis, and eventually death. /e path-
ological mechanism of ALS has not been clarified, which is
mainly caused by genetic and environmental factors; there is
no effective treatment method yet [67, 68]. According to
epidemiological investigations, about 10% of ALS cases are
hereditary. Altogether 20 genes are linked to familial ALS,
most of which are related to 4 genes: mutations in chro-
mosome 9 open reading frame 72 (C9ORF72) which account
for about 35% of hereditary ALS, superoxide dismutase 1
(SOD1) mutations which cover about 20%, RNA binding
protein FUS/TLS (FUS) mutations which occupy about
(1–5%), and TAR DNA binding protein 43 (TDP) -43)
taking up approximately (1–5%) [69, 70].

Antisense nucleic acid drugs for the treatment of ALS
mainly target the two genes C9ORF72 and SOD1. It is not
completely clear how SOD1 gene mutation causes ALS. It
may be due to the aggregation of the mutant protein that
causes proteins to become toxic. Intrathecal administration
of 2′-MOE P� S gapmer ASO targeting SOD1 mutant
mRNA significantly reduces the levels of SOD1 protein,
mRNA in the brain and spinal cord of rats. Preonset ad-
ministration can delay disease progression and prolong the
survival period [71]. /e first phase of clinical trials studied
the safety of different doses of ASO when injected into the
cerebrospinal fluid of ALS patients. /e results showed that
the drug did not have serious side effects [72]. /ere are
GGGGCC (G4C2) duplications in intron 1 of the C9ORF72
gene. Normal people have about 2–20 duplications with few
being able to reach 30, which in ALS patients; however, they
can reach 700–1600 or even several thousand. In this case,
people with hundreds of G4C2 duplications can be diag-
nosed as patients in clinic [73, 74]. It is not clear how the
increased number of G4C2 repeats of the C9ORF72 gene
causes ALS. DeJesus-Hernandez et al. found that the in-
crease of repeated sequences will generate RNA foci in the
nucleus, forming RNA toxic damage to the motor neurons
[73]. Donnelly et al. induced differentiation of C9orf72-
positive pluripotent stem cells into motor neuron cells and
found that RNA foci were expressed in the nucleus [75]. /e
researchers used 2′-MOE P� S gapmer ASO to target exon 2
shared by the c9orf72 transcript and the intron sequence
near the repetitive sequence to degrade target mRNA,
thereby reducing pathological RNA foci of fibroblasts and
inducing pluripotent stem cells from C9ORF72 ALS patient
[75, 76]. /e gapmer ASO targeting the C9ORF72 gene has
not yet entered the clinical stage.

5.3. Duchenne Muscular Dystrophy (DMD). DMD is a rare
and incurable disease due to mutations in the DMD gene
located at the Xp21 locus. DMD gene mutation is the main
reason for the pathology and progression of neuromuscular
diseases that cause neuroatrophy. Most of the mutations
found in DMD genes are deletions/duplications and are
nonrandomly distributed. Due to the lack of dystrophin, there
is progressive muscle weakness, which usually leads to a
decrease in muscle membrane elasticity in their twenties and
eventually death due to respiratory and heart failure [77–81].

/e DMD gene is one of the largest genes in the human
genome, and many mutations in this gene have been re-
ported in DMD patients. /e latest research showed that, in
patients with DMD, 69% have large deletions, 11% have
large duplications, 10% have nonsense mutations, 7% have
missense mutations, and 3% have introns or other mutations
[82]. Some researchers have classified mutations and put
forward the hypothesis of reading frame retention: muta-
tions that do not change the reading framemay retain part of
the protein function, leading to a milder phenotype of
Becker muscular dystrophy (BMD). Meanwhile, mutations
that disrupt the reading frame are more likely to cause a
severe DMD phenotype [83]. /is hypothesis was confirmed
to be consistent with 91% of DMD patients [84]. Based on
this, inducing exon skipping with frameshift mutations to
correct the reading frame has become an important strategy
for the treatment of DMD. It has been reported that the
strategy of correcting reading frames using exon skipping
may be applicable to approximately 83% of DMDpatients, of
which approximately 13% of DMD patients can be relieved
by exon 51 skipping [85].

Two ASOs with splicing regulation effects modified by
2′oMeP� S (drisapersen) and PMO (eteplirsen) have been
successfully applied to induce exon 51 skipping. Yokota et al.
found that intramuscular injection of drisapersen and ete-
plirsen in a dog model of muscular dystrophy can effectively
increase exon skipping, inducing dystrophin expression and
thus improving its clinical phenotype [86, 87]. Drisapersen
performed well in the first phase of clinical trials, but the
results of the second phase of clinical trials showed that the
improvement effect of drugs treated by subcutaneous ad-
ministration was not obvious, and adverse reactions such as
proteinuria occurred, which finally resulted in the termi-
nation of the drug development with great regret [88, 89].
Eteplirsen, which was injected intravenously, was well tol-
erated in clinical trials and was approved by the FDA in
September 2016 [90, 91]. Although it has been approved,
eteplirsen is poorly absorbed in muscle tissue and cannot be
stable in the body for a long time, so it needs to be injected
for life [92].

6. Conclusions

/e latest progress of antisense oligonucleotides in the
treatment of neurodegenerative diseases is encouraging./is
series of progress is the result of joint efforts of chemists,
biologists, and clinicians driven by the lack of effective drugs
for decades. Antisense nucleic acid technology is actually a
targeted therapy, which relies on clear pathogenesis. /e

Evidence-Based Complementary and Alternative Medicine 5



promotion of this technology will surely promote research in
basic medicine. /e success of Nusinersen et al. confirmed
the broad prospects of ASOs in the treatment of neurode-
generative diseases, which also paved the way for the use of
ASO strategies to treat a wider range of diseases with known
pathogenesis. It is believed that this technology not only has
the potential to overcome more neurological diseases in the
near future but also shines in other diseases such as cancer.
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