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Abstract: Antisense oligonucleotides (ASOs) are short oligodeoxynucleotides designed to bind to
specific regions of target mRNA. ASOs can modulate pre-mRNA splicing, increase levels of functional
proteins, and decrease levels of toxic proteins. ASOs are being developed for the treatment of motor
neuron diseases (MNDs), including spinal muscular atrophy (SMA), amyotrophic lateral sclerosis
(ALS) and spinal and bulbar muscular atrophy (SBMA). The biggest success has been the ASO
known as nusinersen, the first effective therapy for SMA, able to improve symptoms and slow
disease progression. Another success is tofersen, an ASO designed to treat ALS patients with SOD1
gene mutations. Both ASOs have been approved by the FDA and EMA. On the other hand, ASO
treatment in ALS patients with the C9orf72 gene mutation did not show any improvement in disease
progression. The aim of this review is to provide an up-to-date overview of ASO research in MNDs,
from preclinical studies to clinical trials and, where available, regulatory approval. We highlight
the successes and failures, underline the strengths and limitations of the current ASO research, and
suggest possible approaches that could lead to more effective treatments.

Keywords: antisense oligonucleotides (ASOs); motor neuron diseases; spinal muscular atrophy;
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1. Introduction

In the landscape of modern medicine, the advent of molecular therapeutics has pro-
pelled the field towards unprecedented levels of precision and specificity. Among the
groundbreaking innovations, antisense oligonucleotides (ASOs) have emerged as a class
of therapeutic agents with transformative potential, offering a unique avenue for targeted
genetic modulation [1–3]. These oligonucleotides, typically 15–25 bases in length, are
designed to selectively modify protein synthesis by complementary binding to specific
regions of target mRNA [1], steering away from the conventional paradigm of protein-
focused therapeutics.

To fully understand the potential of ASOs, an exploration of their intricate composi-
tion is essential. Beyond their nucleotide sequence, ASOs undergo chemical modifications
strategically incorporated into their backbone. Phosphorothioate linkages, 2′-O-methyl
groups, and locked nucleic acids (LNAs) are among the key modifications. In phospho-
rothioate linkage, a sulphur atom replaces one of the non-bridging oxygen atoms in the
phosphate group, enhancing stability and resistance to nuclease degradation [4]. The
2′-O-methyl groups refer to a chemical modification at the 2′ position of the ribose (or
deoxyribose) sugar in nucleic acids in which a methyl group (-CH3) is added. This modifi-
cation is preferred for RNA as it helps overcome some of the limitations associated with
the natural susceptibility of RNA to degradation and affects the RNA’s interaction with
cellular machinery and proteins [5]. In LNAs, the ribose ring is chemically constrained by

Int. J. Mol. Sci. 2024, 25, 4809. https://doi.org/10.3390/ijms25094809 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms25094809
https://doi.org/10.3390/ijms25094809
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-5741-295X
https://orcid.org/0000-0002-2431-0308
https://doi.org/10.3390/ijms25094809
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms25094809?type=check_update&version=2


Int. J. Mol. Sci. 2024, 25, 4809 2 of 25

a methylene bridge connecting the 2′-oxygen and the 4′-carbon of the ribose, creating a
“locked” structure [5]. By incorporating LNAs into the ASO sequence, the resulting LNA-
ASO exhibits increased stability, improved binding affinity, and enhanced resistance to
nuclease degradation compared to traditional oligonucleotides. Additional modifications
contributing to improved ASO pharmacokinetics include peptide nucleic acids (PNAs),
replacing the sugar-phosphate backbone with a peptide-like structure [6]; GalNAc conju-
gation, facilitating liver targeting [7]; and hydrophobic modifications, enhancing cellular
uptake and distribution [8]. These tailored molecular architectures ensure the longevity
of ASOs in physiological environments and facilitate their efficient delivery to target cells,
which are critical for therapeutic efficacy (Table 1).

Table 1. Main ASO modifications with advantages and disadvantages.

Name of Modification Type of Modification Advantages Disadvantages

Single-stranded
phosphorothioate

Replacement of one of the
non-bridging oxygen atoms in
the phosphate backbone with

a sulphur atom

Improved nuclease resistance
in plasma, tissues, and cells

Cytotoxicity when delivered
at high concentrations due to

non-specific binding with
certain proteins

2′-O-Methoxyethyl
(2′-MOE)-modification

Modifications at the 2′

position of the sugar moiety

Enhanced nuclease resistance,
lower cell toxicity, and

increased binding affinity

Impaired RNase H cleavage of
the complementary RNA

2′-MOE gapmers

A central core of
phosphorothioate-modified

DNA is flanked by
2′-MOE-modified RNA bases

Induces RNase H cleavage,
increases binding affinity to

the target, mitigates
non-specific cleavage

Immunogenic reaction
still possible

2′-O-[2-(methylthio)ethyl] or
2′-O-MTE modification

Modifications at the 2′

position of the sugar moiety

Improved binding to human
serum albumin, high binding

affinity to target RNA

Limited resistance to
exonuclease degradation

Phosphoryl guanidine
backbone modification

Phosphoryl guanidine
modification of the phosphate

group at internucleotidic
positions

Increased nuclease resistance,
enhanced affinity and

selectivity to target sites,
enhances exon skipping

Reduced cellular uptake

Mixed-backbone
oligonucleotides (MBOs)

Alternative phosphorothioate
and phosphodiester linkages

in the
2′-O-methylribonucleosides

Improved affinity to RNA,
RNase H activation, better

pharmacological and
pharmacokinetic properties

The efficiency of gene
silencing can vary depending
on target mRNA secondary
structure, accessibility, and

cellular context. This
variability may lead to

unpredictable outcomes and
require optimization for each

specific target.

Locked nucleic aacids (LNA)

The ribose ring is chemically
constrained by a methylene

bridge connecting the
2′-oxygen and the 4′-carbon of

the ribose, creating a
“locked” structure

Increased binding affinity,
enzymatic stability Increased liver toxicity

The adaptability of ASOs stems from their ability to engage with target mRNA through
precise Watson-Crick base pairing [9]. This interaction sets the stage for a multitude of
mechanisms through which ASOs can exert their therapeutic effects. One paradigmatic
mechanism involves the recruitment of cellular machinery, such as the endonuclease RNase
H, triggering mRNA cleavage and subsequent degradation. This approach is particularly
powerful when the therapeutic objective is to attenuate the expression of deleterious
proteins associated with genetic disorders. However, the influence of ASOs extends beyond
mere mRNA degradation (Figure 1). Steric hindrance, another aspect of their mechanism,
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enables ASOs to interfere with the splicing process, dictating the inclusion or exclusion
of specific exons [10] (Figure 2). This modulation of gene expression holds promise in
conditions where aberrant splicing events underlie the pathophysiology, such as certain
types of muscular dystrophy.
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Figure 1. Mechanisms of ASO action in the regulation of gene expression: (A) Normal gene expression
in the absence of ASO; (B) ASO can enter the nucleus and induce both 5′ cap formation and RNAse
H-mediated mRNA splicing; (C) In the cytoplasm, ASO can either interfere with ribosome assembly
or activate RNAse H-induced mRNA degradation due to ASO-mRNA heteroduplex formation.
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Figure 2. Mechanisms of ASO action in the regulation of RNA processing: (A) Exon skipping without
or with ASO and (B) exon inclusion without or with ASO therapy.

In this paper we reviewed the use of ASOs as therapeutic agents in motor neuron
diseases such as spinal muscular atrophy, amyotrophic lateral sclerosis, and spinal bulbar
muscular atrophy, summarizing their mode of action and clinical trials.

2. Overcoming CNS Delivery Challenges: Strategies for Antisense
Oligonucleotide Administration

The administration and delivery of ASOs in central nervous system (CNS) disorders
are particularly challenging due to the presence of the blood–brain barrier (BBB), a highly
selective semi-permeable layer of endothelial cells that acts as a filter. The chemical proper-
ties of ASOs, such as negative charge, high molecular weight, and hydrophilicity, prevent
diffusion across the BBB and reduce the efficacy of systemic administration. To over-
come these problems, intrathecal (IT) or intraventricular injection has been used to deliver
ASOs directly into the CNS, bypassing the BBB. Following the injection of single-stranded
phosphorothioate- and 2′-MOE-modified ASOs into the cerebrospinal fluid (CSF), rapid
distribution throughout the spinal cord and to most regions of the brain is observed [11–16].
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Approximately 20% of the injected dose remains in brain tissue with a peak 4–6 h after injec-
tion, while 80% or more is found in the systemic circulation [12,15] following normal CSF
turnover pathways. In the case of 2′-MOE-modified oligonucleotides, the half-life in CNS
tissues ranges from 3 weeks to 6 months, while the effects of single-stranded phosphoroth-
ioate ASOs on gene expression can last from 6 weeks to more than 6 months after a single
injection, depending on the chemical design and method of administration [13,15,17]. The
longest-lasting effects are achieved with 2′-MOE-modified oligonucleotides, where all in-
ternucleosidic linkages are phosphorothioate, combined with intracerebroventricular bolus
injection as the method of delivery to the CNS. After intrathecal administration, the highest
ASO concentrations are found near the injection site in the spinal cord, with lower concen-
trations in other regions of the spinal cord and cortical regions of the brain [12,15,18,19]. A
similar distribution is found after intracerebral ventricular administration, but in this case,
higher drug concentrations are found in the tissue surrounding the ventricle [20].

Given the invasiveness of this procedure, several approaches have been considered
to deliver ASOs to the CNS. Intranasal administration, using the olfactory and trigeminal
nerve pathways, can deliver drugs to the CNS [21–24]. In addition, the use of delivery
particles has been shown to improve ASO transport into the CNS after systemic adminis-
tration. Glucose-coated polymeric nanocarriers allow efficient brain accumulation of ASOs
by non-invasive intravenous administration, presumably due to their multivalent binding
to glucose transporter 1 expressed on the plasma membrane of brain capillary endothelial
cells, with the highest brain accumulation shown when their size is less than 50 nm and the
number and density of glucose are approximately 50 per 100 block copolymer strands on
their surface [25]. Peptide-conjugated ASOs are another type of delivery particle that can
bypass the blood–brain barrier. In a spinal muscular atrophy (SMA) disease model, these
ASOs were present in the brain (cortex, brainstem, cerebellum), spinal cord, peripheral
skeletal muscle, and liver after intravenous administration and were able to rescue the
phenotype and dramatically extend the lifespan of severe SMA mice without significant
side effects [26], making this approach very promising.

3. Motor Neuron Diseases

Motor neuron diseases (MNDs) are a group of sporadic and inherited neurodegenera-
tive disorders that result in the total or predominant loss of motor neurons. Upper motor
neurons are located in the primary motor cortex of the brain, and their axons connect to the
brainstem (corticobulbar tract) and to the corticospinal tract of the spinal cord (corticospinal
tract). Lower motor neurons are located in motor nuclei in the brainstem or in the anterior
grey matter of the spinal cord. They are responsible for transmitting the signal from the
upper motor neuron to the effector muscle, as their axons connect to the muscles of the
limbs and bulbar region. Degeneration of motor neurons leads to loss of voluntary muscle
function. Depending on which muscles are affected, patients with MNDs develop muscle
weakness and atrophy, bulbar involvement, and respiratory failure.

MNDs generally include spinal muscular atrophy (SMA), amyotrophic lateral sclerosis
(ALS), and spinal and bulbar muscular atrophy (SBMA).

4. Spinal Muscular Atrophy (SMA)

Spinal muscular atrophy (SMA) is an autosomal-recessive neuromuscular disease
characterised by the progressive degeneration of alpha motor neurons in the anterior horn
of the spinal cord, resulting in muscle atrophy and loss of muscle function [26]. Its incidence
ranges from 1:6000 to 1:11,000 live births in the general population [27–29]. SMA is caused
by deletions or point mutations in the SMN1 gene, which encodes the survival motor
neuron (SMN) protein. SMN plays a key role in the proper function and survival of motor
neurons. Complete loss of the SMN protein is lethal at the embryonic stage [30]. Based on
the age of onset and the severity of clinical symptoms, which is inversely related to the
amount of SMN protein available at the motor neuron level, SMA is classified into different
phenotypes (i.e., SMA type 0, type 1, type 2, type 3, and type 4) [31]. The severity of the
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disease depends, at least in part, on the number of copies of a second gene, called SMN2,
which is a centromeric copy of SMN1 that arose from a duplication event during primate
evolution [32]. The SMN2 gene is almost identical to SMN1, but the transition of a C to a T
in exon 7 inactivates a splicing enhancer and simultaneously introduces an exonic splicing
silencer, resulting in abnormal mRNAs lacking exon 7 [33–37]. These transcripts lacking
exon 7 produce very low levels of SMN protein because they are unstable and therefore
degraded rapidly and cannot compensate for the loss of SMN protein caused by SMN1
gene deletions/mutations. There is a variable number of copies of the SMN1 and SMN2
genes in the human population, including individuals with more than two copies of SMN2,
with no known deleterious effect. Patients with type 1 SMA typically have two copies of
the SMN2 gene, patients with type 2 SMA have three copies of the SMN2 gene, and patients
with type 3 SMA have three to four copies of this gene. These observations support the
idea that the number of copies of SMN2 is a robust modifier of disease [38–41], suggesting
that increasing the amount of SMN protein should have therapeutic effects in SMA.

Various ASOs have been designed to block intronic splicing silencers or induce splicing
enhancers to prevent exon 7 skipping [42–44]. Nusinersen (trade name Spinraza) was the
first SMA orphan drug approved by the Food and Drug Administration (FDA) and by the
European Medicines Agency (EMA) for the treatment of SMA in children and adults. It
is a 2′-MOE-modified ASO designed to increase SMN protein expression by modulating
the splicing of the SMN2 precursor messenger RNA (pre-mRNA) to restore a full-length
mature messenger RNA (mRNA) from the SMN2 pre-mRNA. Nusinersen targets a specific
splicing silencer site (ISS-N1, intronic splice silencing) in intron 7 of SMN2 and prevents the
binding of specific splicing repressors, hnRNPA1 and hnRNPA2, to ISS-N1, allowing the
integration of exon 7 into the final transcript and increasing the synthesis of a full-length
functional SMN protein [45,46] (Figure 3).
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Figure 3. Nusinersen restoration of the SNM2 gene function: The SNM1 gene leads to a full-length
transcript resulting in a functional protein. The SNM2 gene, on the contrary, results in a non-functional
protein due to the skipping of exon 7. Nusinersen is able to restore a full-length protein by acting on
pre-mRNA and avoiding the exclusion of exon 7.

As ASOs do not cross the blood–brain barrier, nusinersen must be administered
intrathecally. A phase 1 clinical trial in which increasing doses of nusinersen were adminis-
tered by lumbar puncture to children with type 2 and type 3 SMA showed that this ASO
was well tolerated [47]. The phase 1 study was followed by two different open-label phase
2 studies, one in the same population as the phase 1 study and the second in infantile-onset
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SMA infants. The first showed an increase in survival in nusinersen-treated patients com-
pared with sham-treated patients [12,48]. In addition, nusinersen-treated infants showed
an improvement in motor function scores that was never observed in the natural history of
type 1 SMA patients [48]. Clinical trials in patients with type 2 SMA also showed improve-
ment in motor function compared to a decline or no change in sham-treated patients [49].
These results led to the approval of nusinersen by the FDA in 2016 and by the EMA in 2017
for the treatment of all types of SMA, just five years to the day after the first patient was
exposed to the drug [50]. Table 2 summarises the main steps of this pathway, while Table 3
reports nusinersen clinical trials.

Table 2. Summary of nusinersen preclinical studies.

Year Results Ref.

2006 Identification of the ISS-N1 sequence within SMN2 intron 7
Synthesis of the first complementary ASO [46]

2008 Synthesis of ASO 10–27 with high affinity to ISS-N1
First preclinical studies on an SMA mouse model [45]

2010–2011

Improved SMN protein expression following administration of ASO 10–27 by intrathecal or
intracerebroventricular injection in SMA mice

Ameliorated disease phenotype
No increase in lifespan of mice

[14]

2011 Amelioration of peripheral symptoms after subcutaneous injection of ASO 10–27 in SMA mice
Improved lifespan by more than 25-fold [51]

2011 Adequate distribution at the level of the spinal cord after intrathecal injection in non-human primates
No significant side effects. [14]

Table 3. Summary of Nusinersen clinical trials.

Phase Type of Study SMA Type n◦ of
Patients

Administration
(Doses) Clinical Outcomes Ref.

I
(NCT01494701)
(NCT01780246)

Open-label 2/3 28
Intrathecal

bolus injection
(1, 3, 6, 9 mg)

Improved HFMSE scores in
the 9 mg groups post-dose [47]

II
(NCT01839656) Open-label 1 20

Intrathecal
injection

(6 mg and
12 mg

equivalents)

Increased improvement in
HINE-2 and CHOP-INTEND

test assessments
[12]

III
(ENDEAR

NCT02193074)

Double-blind,
randomised, and
sham-controlled

1 121

Intrathecal
injection
(12 mg

equivalents)

Higher percentage of
motor-milestone response and

higher percentage of
CHOP-INTEND response
compared to control group

[48]

III
(CHERISH

NCT02292537)

Double-blinded,
multicentre and
sham-controlled

later-onset
SMA

(2–12 years)
126

Intrathecal
injection
(12 mg)

Significant improvement in
motor function compared to
control group (increase from
baseline to month 15 in the

HFMSE score of at least
3 points)

[49]

II
(NURTURE

NCT02386553)

Open-label
single-arm

1/2
presymptomatic 25 Intrathecal

injection Underway [52,53]

HFMSE, Hammersmith Functional Motor Scale-Expanded; HINE-2, Hammersmith Infant Neurological Exam-Part
2; CHOP-INTEND, Children’s Hospital of Philadelphia Infant Test of Neuromuscular Disorders.



Int. J. Mol. Sci. 2024, 25, 4809 7 of 25

A Phase 2 open-label, single-arm study (NURTURE—NCT02386553) is underway
to evaluate the effects of nusinersen in infants with a genetic diagnosis of SMA (most
likely to develop type 1 or type 2 SMA), where treatment is initiated before the onset of
symptoms [52,53]. The main objective of the study is to determine whether nusinersen
can prevent or delay the onset of the disease and/or result in a milder form of the dis-
ease (primary endpoint: time to death or respiratory intervention; secondary endpoints:
attainment of motor milestones, change from baseline in growth parameters, proportion
of participants developing clinically manifested SMA at 13 and 24 months of age). Since
infants with a genetic diagnosis of SMA, with one functional copy of the SMN1 gene and
two or three copies of the SMN2 gene, are expected to develop severe or fatal symptoms in
the first years of life, an internal control group was considered unnecessary and ethically
unjustifiable. The study is expected to be completed in early 2025.

In addition to nusinersen, a Phase 1 trial (NCT05575011) is currently underway for
BIIB115, an ASO with an N-methylacetamide (NMA)-modified chemical backbone that
improves efficacy and provides the opportunity to assess patient outcomes with long-
interval dosing.

Nusinersen is a clear example of how it is feasible to implement collaborative strategies
among different stakeholders (e.g., research centres, industry, and regulators) to build a
robust pathway based on robust preclinical, translational, and clinical evidence to support
the regulatory process [31]. In this way, it is possible to provide patients with effective
therapies that can improve symptoms and slow disease progression, even in neurodegener-
ative diseases.

5. Amyotrophic Lateral Sclerosis (ALS)

ALS is a fatal neurodegenerative disease characterized by the progressive degenera-
tion of motor neurons in the motor cortex, brainstem, and spinal cord, with consequent
atrophy of voluntary muscles [54]. The incidence of ALS is approximately 1–2.6 cases per
100,000 person-years, and the average survival time from onset to death is 3–4 years [55].
There is no cure for ALS. The only approved drugs, riluzole and edaravone, provide
only modest survival benefits and are often associated with multiple side effects [56,57].
Most cases of ALS occur sporadically, with no reported family history, whereas approxi-
mately 10% are familial (fALS), with autosomal dominant inheritance in most cases [58].
Pathogenic variants have been identified in more than 30 genes [59]. However, in approxi-
mately 70% of patients with familial ALS, the disease is associated with variants in four
genes: chromosome 9 open reading frame 72 (C9orf72), superoxide dismutase 1 (SOD1),
TAR DNA binding protein (TARDBP), and fused in sarcoma (FUS) [60].

Although a unique cellular pathway associated with mutations in these genes has
not been identified, several studies have shown that the majority of the monogenic causes
of ALS act through a toxic gain of function of the mutated gene [61]. In these cases, ASO
therapies that directly modify the disease-causing genes and neutralise the toxic gene
products hold great promise. At present, there are antisense therapies at various stages of
development that directly target the transcripts of SOD1, C9orf72, and FUS.

5.1. SOD1 Gene

The first gene identified as a cause of ALS was SOD1 [62], which accounts for about
20% of familial ALS cases and up to 2% of sporadic cases [63]. More than 200 different
mutations in this gene have been associated with ALS (see https://alsod.ac.uk/, accessed
on 25 April 2024). Although the exact pathogenic mechanism of SOD1 mutations is not
fully understood, several lines of evidence suggest that it is associated with a toxic gain
of function that impairs neuronal function and survival [64]. Reducing the expression of
toxic SOD1 proteins in rodent models of ALS has been shown to delay disease onset and
increase survival [16,65–67].

Based on these observations, the first ASO therapy targeting SOD1 mRNA via an
RNase H1 mechanism of action was developed [16]. ASO 333611, a 2′-MOE gapmer,

https://alsod.ac.uk/
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produced a dose-dependent reduction in SOD1 mRNA and protein in transgenic rats
expressing human mutant SOD1G93A RNA, with a 40–60% reduction in the brainstem and
spinal cord [16]. The reduction in SOD1 expression was well tolerated, delayed disease
onset, and prolonged survival by 37% after disease onset in the transgenic rats. These
encouraging preclinical data prompted a phase 1, double-blind, placebo-controlled clinical
trial (NCT01041222) to evaluate the safety and tolerability of intrathecally delivered ASO
333611 in SOD1 ALS patients [68], making ASO 333611 the first experimental antisense
drug to be administered intrathecally to patients for the treatment of a neurodegenerative
disease. Given its novelty, a single course (12 h slow intrathecal infusion) of a low dose (0.15
to 3 mg) was used. No drug-related safety issues were observed in the study. Although
no reduction of SOD1 protein levels in cerebrospinal fluid was observed, this study was
a landmark for ASO therapy, demonstrating for the first time that intrathecal infusion of
ASOs is safe in humans and effective in animals, and establishing a protocol to rapidly
advance ASOs from initial selection into clinical trials.

Meanwhile, advances in ASO therapies for other neurological diseases, including
SMA, identified more effective designs to improve the efficacy and tolerability of these
drugs. As a result, the ASO approach to ALS was subsequently redesigned to incorporate
more advanced technologies. The next-generation ASO, BIIB067 (IONIS-SOD1Rx, then
called tofersen, trade name Qalsody), is a 2′-MOE mixed backbone ASO that was identified
following an oligonucleotide screen in cell culture and hSOD1G93A transgenic mice and
rats [19]. BIIB067, which targets a different region of the SOD1 pre-mRNA and is designed
for the treatment of ALS patients carrying mutations in the SOD1 gene (Figure 3), was
shown to be approximately six times more potent than ASO 333611 in cultured cells and
three to four times more potent in inhibiting SOD1 mRNA expression in transgenic ro-
dents. In addition, administration of BIIB067 to transgenic hSOD1G93A rodents prior to
disease onset significantly prolonged survival, slowed motor impairment, and reduced
neuromuscular damage [19]. ASO therapy also reduced serum levels of phosphorylated
neurofilament heavy chain (pNFH) [19], a cytoskeletal protein released in cerebrospinal
fluid during axonal injury and correlated with disease severity [69]. When administered
after disease onset, ASOs suppressed further increases in pNFH and restored neuromus-
cular activity close to baseline. Intrathecal injection of BIIB067 into non-human primates
(NHPs) resulted in a dose-dependent reduction of SOD1 mRNA and protein in CNS tissues
and CSF.

Based on the strong functional recovery observed in rodent models and the favourable
pharmacokinetics in NHPs, a randomised, double-blind, placebo-controlled Phase I/II
study (VALOR; NCT02623699) was initiated to evaluate the tolerability and pharmacokinet-
ics of intrathecal administration of tofersen in familial ALS patients carrying a mutation in
the SOD1 gene [70]. Single and multiple ascending doses were used. This and subsequent
ASO trials used an intrathecal bolus rather than the intrathecal catheter and external pump
employed in the first SOD1 ASO trial. Tofersen was generally well tolerated and safe.
The highest concentration of tofersen was more effective in reducing CSF SOD1 levels
than lower doses. There was also a trend towards a slowing of the decline in ALSFRS-R
measured in the highest dose group, particularly in the fast-progressing subgroup. Lev-
els of plasma and CSF pNFH and neurofilament light chain (NfL) were also reduced in
this group.

In light of these promising results, tofersen was advanced to a 28-week, randomised,
double-blind, placebo-controlled Phase 3 trial (VALOR; NCT02623699) using the maximum
dose from the previous study. Given the analysis from the tofersen Phase I/II trial, and to
reduce the impact of the known heterogeneity of the patients, participants were divided into
fast- and slow-progressing subgroups, with the effect on progression in the fast-progressing
group as the primary outcome. This study showed that, after 28 weeks of treatment
with tofersen, cerebrospinal fluid SOD1 and plasma neurofilament light chain levels were
reduced, but clinical endpoints were not reached [71]. However, several secondary and
exploratory endpoints supported favourable clinical and biomarker trends for tofersen
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treatment. In particular, in the fast-progressing group, tofersen reduced CSF SOD1 and
plasma NfL by 38% and 67%, respectively, and showed a benefit in respiratory (slow
vital capacity) and muscle strength. Slow progressors exhibited similar but more limited
reductions in SOD1 (26%) and NfL (48%) and very small reductions in ALSFRS-R, slow
vital capacity, and muscle strength. Based on these results, the FDA approved tofersen in
April 2023 for the treatment of patients with amyotrophic lateral sclerosis associated with
a mutation in the SOD1 gene, followed by the EMA’s Committee for Human Medicines
(CHMP) approval in February 2024. A long-term, open-label Phase 3 extension study
(NCT03070119) is underway to follow participants who received tofersen and assess long-
term safety, tolerability, and efficacy.

Figure 4 summarises the mechanism of action of tofersen.
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develops into ALS. Tofersen, through an RNAse H mechanism, degrades SOD1 mutated mRNA,
thus reducing the production of mutated SOD1 protein.

A recent study evaluating the effects of tofersen treatment in patients with SOD1-ALS
in a “real-world setting” (a 12-month multicentre cohort study from the German Early
Access Program) confirmed an effective therapeutic approach with a reduction in serum
NfL levels, but also demonstrated a reduction in CSF pNFH. The therapy was safe, as no
persistent symptoms were observed. Pleocytosis, increased protein levels, and intrathecal
immunoglobulin synthesis were common CSF findings that need to be evaluated in future
studies [72].

Based on the favourable safety and therapeutic outcomes for ALS patients, the SOD1-
ASO is now being considered for the treatment of asymptomatic gene carriers in a new
trial (ATLAS, NCT04856982). The hypothesis to be tested is that treating individuals with
SOD1-ASO at the first evidence of biomarker changes, but before clinical evidence of
motor neuron disease, may slow or prevent the onset of the disease. This randomised,
placebo-controlled trial aims to recruit ~150 pre-symptomatic carriers without clinically
manifest ALS (from May 2021 to August 2027). Participants will be monitored frequently
for serum NfL levels. If a participant shows an increase in NfL, they will be randomised
to receive either 100 mg tofersen or placebo every month for the following 2 years (1:1
to tofersen or placebo). The study endpoints will be the proportion of participants who
develop clinically manifest ALS within 12 months and 24 months of randomisation and
the time from randomisation to the development of clinically manifest ALS. An open-label
extension period will allow participants who develop clinical ALS to receive tofersen in the
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open-label arms of the study [73]. In Table 4, we summarised preclinical studies, and in
Table 5, clinical studies of ASOs targeting SOD1.

Table 4. Summary of preclinical studies of ASOs targeting SOD1.

Year Results Ref.

2006
ASO 333611 produced a dose-dependent reduction of SOD1 mRNA and protein in SOD1G93A rats,
delayed disease onset, and prolonged survival by 37% after the onset.
The reduction in SOD1 expression was well tolerated.

[16]

2018

BIIB067 was more potent than ASO 333611 in inhibiting SOD1 mRNA expression in cultured cells and in
transgenic rodents.
BIIB067 administration to transgenic SOD1G93A rodents before disease onset significantly prolonged
survival, slowed motor impairment, and reduced neuromuscular damage.
ASO therapy reduced serum levels of pNFH.

[19]

pNFH: phosphorylated neurofilament heavy chain.

Table 5. Summary of clinical trial of ASOs targeting SOD1.

Phase Type of Study n◦ of
Patients

Administration
(Doses) Clinical Outcome Ref.

I
(NCT01041222)

ASO 333611

double-blind,
placebo-controlled 22

A single course (12 h
slow intrathecal

infusion) of a low
dose (0.15 to 3 mg)

No drug-related safety issues.
No reduction of SOD1 protein levels

in CSF
[68]

I/II
(VALOR

NCT02623699)
BIIB067 (Tofersen)

Randomised,
double-blind,

placebo-controlled
trial

50
Intrathecal injection

(20, 40,
60, or 100 mg)

Tofersen was generally well tolerated
and safe.

The highest concentration was the
most effective in reducing CSF SOD1

levels and slowed decline in
ALSFRS-R

[70]

III
(VALOR

NCT02623699)
BIIB067 (Tofersen)

Randomised,
double-blind,

placebo-controlled
trial

108 Intrathecal injection
(100 mg)

Reduction of CSF SOD1 and plasma
neurofilament light chain levels after

28 weeks of treatment.
Clinical endpoints were not reached.
Several secondary and exploratory

endpoints supported favourable
clinical and biomarker trends,

particularly in the
fast-progressing group

[71]

III
(NCT03070119)

BIIB067 (Tofersen)

Long-term,
open-label
extension

138 Intrathecal injection
(100 mg)

The aim is to assess long-term safety
and tolerability of tofersen [71]

III
(ATLAS

NCT04856982)
BIIB067 (Tofersen)

Presymptomatic
carrier

150
expected

(2021–
2027)

In case of an increse
in NfL, the

participant will be
randomised to

receive either 100 mg
tofersen or placebo

The aim is to assess the effectiveness
of tofersen

in pre-symptomatic adult carriers of
SOD1 mutations with elevated

neurofilament levels

[73]

CSF: cerebrospinal fluid.

5.2. C9orf72 Gene

The expanded GGGGCC hexanucleotide repeat in intron 1 of the C9orf72 gene is the
most common genetic cause of frontotemporal dementia (FTD) and ALS, accounting for
~40% of fALS cases and 5–7% of sALS cases [74]. The C9orf72 gene contains between 2
and 30 repeats in healthy individuals. In ALS patients, however, the number of repeats
can reach hundreds or thousands [75,76]. Transcription of this gene results in three main
transcripts (V1, V2, V3). The repeat region is located in the first intron of transcripts V1 and
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V3, whereas the V2 transcript contains the repeat in its promoter region. V1 encodes a short
isoform of the C9orf72 protein, while V3 and V2 encode the same long isoform but contain
different untranslated first exons (1a and 1b, respectively) [77].

The process by which C9orf72 expansion leads to disease is not fully understood.
Several mechanisms have been suggested: bidirectional transcription of the mutant C9orf72
gene, with expression of sense and antisense RNA strands that can form RNA foci and
fold the GGGGCC repeats into a G-quadruplex capable of sequestering important RNA-
binding proteins and chromatin modifiers [78–80]; production of dipeptide repeat strings
(DPRs) due to a non-canonical, repeat-associated, non-ATG-mediated (RAN) translation
mechanism that alters cellular proteostasis [80–82]; haploinsufficiency of C9orf72, which
limits its physiological functions (vesicle trafficking, autophagy, lysosomal processing, and
immune response) [83,84]. It is likely that both gain- and loss-of-function mechanisms are
responsible for the development of the disease [84,85]. Therefore, ASO therapies should
mitigate the toxic gain of function resulting from the repeat expansions while maintaining
the levels of the normal allele. This will reduce the toxicity of DPRs and repeat-containing
RNA without suppressing physiological protein functions.

A unique opportunity for targeting C9orf72 arises from the multiple transcript variants
produced. By targeting C9orf72 transcript variants 1 and 3, which carry the expansion, it is
possible to reduce the expression of transcripts containing the expansion while preserving
variant 2 and thus C9orf72 protein levels.

The studies performed in vitro and in animal models showed promising results. The
use of ASOs was effective in reducing RNA foci in iPSC-derived neurons, and adminis-
tration to transgenic mice ameliorated behavioural defects [85,86]. In addition, in a single
patient carrying mutant C9orf72, CSF levels of polyGP dipeptide repeats, a stable biomarker
of C9orf72-ALS [87], decreased following multiple intrathecal injections of ASOs. The
procedure was well tolerated, demonstrating for the first time the possibility of using ASOs
in the clinic for C9orf72 ALS [88].

The first clinical trial was conducted to assess the safety and tolerability of the ASO
BIIB078, a phosphorothioate backbone ASO, which selectively targets C9orf72 transcript
variants 1 and 3 carrying the expansion, inducing RNAse H degradation, for the treat-
ment of adult ALS patients with C9orf72 expansion (NCT03626012). In this randomised,
placebo-controlled Phase I clinical trial, 114 participants with C9orf72-ALS (excluding fast
progressors) were recruited to receive ascending doses of BIIB078 or placebo by intrathecal
infusion. BIIB078 was well tolerated but did not meet any of the endpoints (change in
ALSFRS-R, slow vital capacity, and muscle strength) [89]. Moreover, patients receiving
BIIB078 showed a trend toward greater clinical decline and increased levels of NfL in
plasma, and further development of BIIB078 was discontinued.

A randomised, placebo-controlled Phase I/II clinical trial (NCT04931862) was also
initiated to evaluate the safety, tolerability, and efficacy of the variant-selective, stereopure,
phosphoryl guanidine backbone C9orf72-lowering ASO WVE-004 [90,91], in patients with
ALS and/or FTD due to C9orf72 expansion. This ASO targets a sequence near the exon
1b–intron junction, yielding more durable RNase H-mediated knockdown. Again, treat-
ment with WVE-004 failed to show clinical benefit after 24 weeks, leading Wave to discon-
tinue further development. Although a 48% reduction in CSF polyGP was observed, this
was not associated with stabilisation or improvement in functional outcomes compared to
placebo (https://www.globenewswire.com/news-release/2023/05/23/2674200/0/en/Wave-
Life-Sciences-Announces-Topline-Results-from-Phase-1b-2a-FOCUS-C9-Study-of-WVE-004-
for-C9orf72-associated-Amyotrophic-Lateral-Sclerosis-and-Frontotemporal-Dementia.html, ac-
cessed on 25 April 2024). Given that the C9orf72 DNA containing the expansion is tran-
scribed bidirectionally, producing both sense and antisense RNA strands that form RNA
foci, and that all currently used ASOs bind and degrade only the sense strand, leaving
DPRs and RNA foci produced by antisense C9orf72 unaffected, it is hypothesised that
the failure of these trials is due to their inability to neutralise antisense strands [89]. In
this view, the results of these studies may provide valuable information that will lead to

https://www.globenewswire.com/news-release/2023/05/23/2674200/0/en/Wave-Life-Sciences-Announces-Topline-Results-from-Phase-1b-2a-FOCUS-C9-Study-of-WVE-004-for-C9orf72-associated-Amyotrophic-Lateral-Sclerosis-and-Frontotemporal-Dementia.html
https://www.globenewswire.com/news-release/2023/05/23/2674200/0/en/Wave-Life-Sciences-Announces-Topline-Results-from-Phase-1b-2a-FOCUS-C9-Study-of-WVE-004-for-C9orf72-associated-Amyotrophic-Lateral-Sclerosis-and-Frontotemporal-Dementia.html
https://www.globenewswire.com/news-release/2023/05/23/2674200/0/en/Wave-Life-Sciences-Announces-Topline-Results-from-Phase-1b-2a-FOCUS-C9-Study-of-WVE-004-for-C9orf72-associated-Amyotrophic-Lateral-Sclerosis-and-Frontotemporal-Dementia.html
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a deeper understanding of this form of ALS, which is clearly much more complex than
previously thought.

An Investigational New Drug Application (IND) approved by the FDA (IND141673)
is currently underway to test the mixed backbone ASO afinersen in a single subject, a
60-year-old man with the C9orf72 expansion [88]. Afinersen targets the intronic region
flanking the GGGGCC repeat expansion. It suppresses the expression of V1 and V3 while
allowing basal levels of V2. Prior to this application, toxicological studies in rodents, sheep,
and monkeys supported the safety of afinersen [88]. Due to the chemical modification
pattern used, no delivery vehicle was required, and the therapeutic was injected directly
into the patient’s spinal fluid to target the cells of interest. At the start of treatment, the
patient had mild motor changes with elevated polyGP in the CSF. Eight escalating doses
were administered intrathecally over 60 weeks, starting in August 2019. Afinersen was well
distributed throughout the CSF, and compared to baseline, CSF polyGP levels decreased
by 80%, indicating that this ASO is active and reduces C9orf72 expansion consequences.
ALSFRS-R remained stable throughout treatment. At the time of this review, there are no
registered clinical trials for afinersen.

Table 6 summarises preclinical studies, and Table 7 clinical studies of ASOs target-
ing C9orf72.

Table 6. Summary of preclinical studies of ASOs targeting C9orf72.

Year Results Ref.

2013
Studies in patient-derived fibroblasts [92], iPSC neurons [85], or motor neurons [93] demonstrate that
C9orf72-targeting ASOs could potently reduce repeat-containing C9orf72 transcripts and clear
intranuclear RNA foci

[85,92,93]

2016 Intracerebroventricular injection of intron-targeting ASOs ameliorates behavioural defects in transgenic
mice carrying a bacterial artificial chromosome with the full human repeat-containing C9orf72 [86]

Table 7. Summary of clinical studies of ASOs targeting C9orf72.

Phase Type of Study n◦ of Patients Administration
(Doses) Clinical Outcome Ref.

I
(NCT03626012)

BIIB078

Randomised,
placebo-

controlled trial

114
(no fast

progressors)

Intrathecal infusion of
ascending doses (10 to

90 mg)

No drug-related adverse events
No change in ALSFRS-R, slow vital

capacity, and muscle strength
trend toward a greater decline in

patients receiving the
highest dosage

[89]

I/II
(NCT04931862)

WVE-004

Randomised,
double-blind,

placebo-
controlled trial

35

Intrathecal injection
(single dose of 10, 30,
or 60 mg OR multiple
doses of 10 mg either

every four or
12 weeks)

Single and multiple doses were
generally well tolerated.

Reduced poly(GP) levels in the CSF.
No significant clinical benefits

observed after six months on any
efficacy measure

[90,91]

IND
(IND141673
(Afinersen)

Investigational
New Drug

Application

1
(mild motor

changes/
elevated

polyGP in
the CSF)

Intrathecal injection
(Eight escalating doses

from 0.5 mg/kg to
2.0 mg/kg)

Treatment safely tolerated.
Good distribution throughout

the CSF.
CSF polydiGP levels reduced by

approximately 80%.
ALSFRS-R stable

throughout treatment

[88]

5.3. FUS Gene

Mutations in the FUS gene are associated with a rare and aggressive form of ALS,
often with juvenile onset [61]. FUS is an RNA-binding protein that plays a key role in RNA
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metabolism, including regulation of splicing and translation of mRNA, and in DNA repair.
To fulfil its role, FUS requires frequent nuclear/cytoplasmic translocation [94]. Mutations
in the FUS gene are associated with cytoplasmic mislocalisation of the FUS protein, which
forms cytoplasmic inclusions that are associated with neuronal degeneration [95]. Therefore,
the pathogenetic mechanisms associated with FUS mutations appear to be due to loss of
function in the nucleus and gain of toxic functions in the cytoplasm [96].

As FUS mutations are relatively rare, studies targeting them are limited. However,
recent preclinical studies showed that the non-allele-specific FUS ASO ION363 (also called
jacifusen), which targets intron 6 of the FUS gene, reduced the expression of both FUSP525L
mutant and wild-type transcripts in the brain and spinal cord of a mouse model of FUS-ALS.
ION363 also reduced levels of insoluble FUS protein and insoluble RNA-binding proteins
found in FUS aggregates (Figure 5). In addition, ION363 prevented neurodegeneration of
lumbar motoneurons and loss of neuromuscular junction innervation [97]. These results
motivated the use of ION363 in a patient with the P525L mutation in FUS in a compassionate
use IND application [97]. This application did not require toxicology studies in rodents or
monkeys. The patient, a 26-year-old woman, received monthly ascending doses of 20 mg to
a maximum of 120 mg intrathecally between June 2019 and March 2020. Treatment started
six months after disease onset, when the disease was already at an advanced stage. The
participant did not experience any serious adverse events. The patient died of ALS in May
2020. Neuropathological examination showed that ION363 reduced wild-type and mutant
FUS protein with a decrease in FUS aggregates. There was little nuclear FUS staining in
the spinal cord and motor cortex, and FUS-containing aggregates in motor neurons were
reduced compared with the untreated ALS-FUSP525L control, in which FUS aggregates
were abundant [97].
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Figure 5. Mechanism of action of ASO in FUS-ALS: Mutated FUS leads to cytoplasmic mislocalisation
of the FUS protein and formation of protein aggregates in the cytoplasm. ASO therapy, decreasing
the expression of both FUS mutant and wild-type transcripts, reduces FUS-containing aggregates.

Based on these positive results, the clinical efficacy, safety, and pharmacology of
ION363 (jacifusen) are being evaluated in Phase III clinical trials in ALS patients with FUS
mutations (FUSION; NCT04768972). A total of 64 patients will be enrolled by March 2024
and will be randomised in a 2:1 ratio to receive jacifusen or placebo monthly or bimonthly
for 29 weeks in part 1 of the study. Part 2 of the study will be a subsequent 72-week
open-label extension period in which all patients will receive jacifusen. Participants will
be transferred to the Part 2/open-label extension of the study if they show significant
functional decline during Part 1. The primary outcome includes an assessment of the
ALSFRS-R, the time to rescue, and the survival time without ventilator support. Secondary
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outcomes will be the evaluation of muscle and lung function, survival, and changes in CSF
FUS protein and neurofilaments. Results are expected in June 2025.

5.4. Other ALS-Related Genes

An interesting target for ALS therapy could be TDP-43, encoded by the TARDBP gene.
It is a DNA/RNA-binding protein that plays a key role in RNA processing, regulating
transcription, splicing, mRNA transport, mRNA stabilisation, and miRNA maturation [98].
Under normal conditions, TDP-43 is mainly located in the nucleus, but in many neurode-
generative diseases such as ALS, TDP-43 is sequestered in the cytoplasm, where it forms
characteristic inclusions [99]. Nuclear depletion of TDP-43 leads to detrimental changes
in the cell [98,100]. Given its fundamental role, an approach involving the total down-
regulation of TDP-43 levels must be ruled out [101–103]. An alternative approach is to
attempt to correct the splicing defects of specific mRNAs that result from nuclear depletion
of TDP-43. One interesting potential target is stathmin-2. Stathmin-2, encoded by the
STMN2 gene, is a microtubule-binding protein that is abundant in motor neurons and
critical for axonal stability and regeneration. Its expression is reduced in both sporadic and
familial ALS patients [104]. TDP-43 binds STMN2 pre-mRNA and represses the inclusion
of a cryptic exon in the mRNA. When TDP-43 is depleted, this cryptic exon is incorporated
into the mRNA, resulting in a truncated, non-functional transcript. The subsequent de-
crease in the functional level of stathmin-2 appears to contribute to the pathogenesis of
ALS [105]. An ASO that sterically blocks the cryptic splice site region of the stathmin-2
pre-mRNA, similar to the action of TDP-43, was able to restore normal splicing and func-
tionality of stathmin-2 in human motor neurons and in a mouse model [106]. An ASO
with a similar mechanism of action, called QRL-201, is being investigated in a randomised,
double-blind, placebo-controlled Phase 1 study to assess its safety and tolerability in ALS
(ANQUR, NCT05633459).

Another approach to developing ASO therapies is to consider modifier genes as po-
tential targets. In this case, the target is not a causative gene, but a relatively common
gene variant that confers an increasing risk of ALS. This strategy may be an important
alternative for ALS patients without known mutations, mainly those with sporadic ALS.
Ataxin-2 is a well-characterised example of such a modifier. It is an RNA-binding protein
found in RNA-containing granules, encoded by the ATXN2 gene. Ataxin-2 has a polyglu-
tamine tract encoded by cytosine-adenine-guanine (CAG) repeats, which are less than 30 in
healthy individuals. A number of CAG repeats of 34 or more is associated with the severe
neurodegenerative disease spinocerebellar ataxia 2 (SCA2) [107], while intermediate CAG
expansions (27–33 glutamines) are associated with an increased risk of ALS [108,109]. Treat-
ment of a TDP-43 mouse model with an ASO that reduces ataxin-2 levels has been shown
to have a beneficial effect on motor function and survival [108]. A placebo-controlled Phase
1/2 study was initiated in September 2020 to evaluate the safety and pharmacokinetics
of the intrathecally administered BIIB105, an ASO designed to reduce ataxin-2 levels in
ALS patients with or without intermediate CAG expansions (ALSpire; NCT04494256). The
study is expected to end in July 2026.

6. Spinal Bulbar Muscular Atrophy (SBMA)

Spinal and bulbar muscular atrophy (SBMA), also known as Kennedy disease, is an
X-linked recessive neuromuscular disease characterised primarily by the degeneration of
lower motor neurons [110,111]. The disease typically affects only males, although females
can be carriers and sometimes experience muscle cramps. The prevalence is 1–2 per
100,000 people [111,112]. Onset usually occurs at around 30–40 years of age, with a range of
18–64 years [113]. The disease is characterised by the progressive degeneration of muscle
and lower motor neurons, resulting in muscle weakness, atrophy, and fasciculations. The
progression is slow compared to other motor neuron diseases, with a decline in muscle
strength of about 2% per year [114]. As the bulbar muscles become affected, people with
SBMA develop difficulties with speech and swallowing [111].
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SBMA is caused by a CAG repeat expansion in the androgen receptor (AR) gene on the
X chromosome, with a corresponding increase in the length of a polyglutamine tract in the
AR protein [115]. Notably, SBMA was the first of many neurological disorders caused by
expanded polyglutamine tracts to be identified. In healthy individuals, the repeat is present
with a range of 9–36 CAGs, whereas in SBMA patients it is expanded to 39–72 CAGs, with
the repeat length correlating with age of onset and disease severity [115].

The AR is a ligand-dependent transcription factor that, through its N-terminal domain,
interacts with coregulatory proteins to regulate the transcription of androgen-responsive
target genes. Mutation of the AR gene causes both gain and loss of function of the receptor.
However, the primary effect of the mutation is to alter the protein structure such that the
receptor becomes toxic to motor neurons and muscle, causing a toxic gain of function
of the protein. The loss-of-function effect results in partial androgen insensitivity with
gynecomastia and reduced fertility, which does not appear to be directly related to the
progressive weakness and loss of motor neurons [116]. The mechanisms underlying the
neurodegenerative gain of function in SBMA are not fully understood [117]. Nuclear
accumulation and aggregation of polyQ-ARs may contribute to motor neuron degeneration
through a variety of molecular mechanisms involving disruption of multiple processes such
as transcriptional regulation, protein homeostasis, intracellular trafficking, mitochondrial
function, and cellular signalling [118].

Preclinical studies have shown that ASOs can mediate the degradation of mutant AR
transcripts, reducing mRNA and protein levels in animal models. ASOs used in this case
are gapmers that bind to AR mRNA and trigger RNase H cleavage and RNA degradation.
A first study focused on two different 2′,4′-constrained ethyl (cEt) gapmers that caused
a dose-dependent reduction of AR mRNA in HUVEC cells, named ASO1 and ASO2,
and investigated whether they were able to ameliorate peripheral muscle pathology in
transgenic SBMA mouse models [119]. ASO1 targets a region of the AR mRNA that is
conserved between human and mouse transcripts, whereas ASO2 targets a human-specific
region. ASO1 and ASO2 were administered subcutaneously to the AR113Q and humanised
BAC fxAR121 SBMA mouse models, respectively. ASO treatment resulted in a significant
knockdown of AR mRNA and an almost complete reduction of AR protein levels in the
mouse quadriceps muscle, with an overall improvement in the disease phenotype. As the
gapmers used in this study are unable to cross the blood–brain barrier, AR expression in
the spinal cord was unaffected, demonstrating that skeletal muscle plays an important role
in SBMA and can be considered as a target for ASO treatments.

A subsequent study used intracerebroventricular administration of ASOs in SBMA
mice to evaluate the effect of knocking down AR transcripts in neurons rather than in
muscle [120]. The AR-97Q mouse model, which expresses both murine and transgenic
human AR protein, was treated with intracerebroventricular injection of either ASO-AR1
(targeting both human and murine AR) or ASO-2 (mouse-specific), both of which are
2′-MOE gapmers. Treatment resulted in a significant decrease in mutant AR mRNA and
protein in the spinal cord and brain, while AR levels in peripheral muscle were unaffected.
Mice treated with either ASO also showed a marked improvement in the clinical pheno-
type, which was confirmed by immunohistochemical analysis showing numerous markers
of improvement, such as reduced neuronal degeneration and improved neuromuscular
junction endplate maturation. Despite the negligible uptake of ASO into skeletal muscle,
the muscles of ASO-AR1-treated mice showed restored fibre size and reduced atrophy
compared to controls. The results of these preclinical studies are summarised in Table 8.

Taken together, these studies show that ASO treatment could be effective in SBMA and
that AR knockdown in both peripheral tissues and the CNS is associated with an improved
clinical phenotype of the disease. However, as both groups used gapmers that are unable
to cross the blood–brain barrier, the treatments were mutually exclusive of either the CNS
or peripheral muscles, depending on the route of administration. Given recent advances in
the identification of nanocarriers and apoptotic bodies that can enhance oligonucleotide
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blood–brain barrier penetration [25,121,122], the next generation of treatments for SBMA
may consist of ASOs able to target both CNS and peripheral tissues with a single injection.

Table 8. Summary of preclinical studies of ASO targeting AR.

Year Results Ref.

2014

Subcutaneous administration of:
ASO1 (targeting a region of the AR mRNA conserved between human and mouse transcripts) to the

AR113Q mouse model, and
ASO2 (which targets a human-specific region of the AR mRNA) to the humanised BAC fxAR121 SBMA

mouse model.
Significant knockdown of AR mRNA and an almost complete reduction of AR protein levels in the

quadriceps muscle, with an overall improvement in the disease phenotype.
AR expression in the spinal cord unaffected.

[119]

2015

Intracerebroventricular injection of either ASO-AR1 (targeting both human and murine AR) or ASO-2
(mouse-specific) in the AR-97Q mouse model, which expresses both murine and transgenic human

AR protein.
Significant decrease in mutant AR mRNA and protein in the spinal cord and brain.

AR levels in peripheral muscle unaffected.
Marked improvement in the clinical phenotype, confirmed by immunohistochemical analysis, with restored

fibre size and reduced atrophy also in the muscles.

[120]

7. Discussion and Future Directions

In recent years, the use of ASOs has given new impetus to research and the develop-
ment of effective therapies for many previously untreatable diseases. These include motor
neuron diseases, i.e., sporadic and inherited neurodegenerative conditions that entirely or
predominantly injure motor neurons and include SBMA, spinal muscular atrophy (SMA),
and amyotrophic lateral sclerosis (ALS). In this field, the use of ASOs has led to both great
successes and failures. The greatest success was certainly the development of a therapy for
SMA based on an ASO known as nusinersen, which is able to compensate for the lack of the
SMN protein in SMA by influencing the splice efficiency of exon 7 in the SMN2 gene. The
drug has been shown to significantly improve motor function and increase survival in SMA
patients. In just a few years, it has been possible to move from the pre-clinical phase to the
approval and marketing of the drug (FDA in 2016 and EMA in 2017) thanks to effective
collaboration among different stakeholders to build a robust pathway based on pre-clinical,
translational, and clinical evidence to support the regulatory process. Nusinersen has been
the first effective therapy for SMA, demonstrating that it is possible to provide patients
with effective therapies that can improve symptoms and slow disease progression. This
has paved the way for new therapeutic approaches.

Another very positive result was obtained in the treatment of ALS associated with
mutations in the SOD1 gene. Tofersen is an ASO designed for the treatment of ALS
patients carrying mutations in the SOD1 gene. The data collected so far have shown that it
reduces biomarker degeneration levels (NfL) and can slow disease progression, especially
if treatment is started early after the onset of symptoms. Further long-term clinical studies
are still ongoing, but the FDA approved tofersen in 2023 under its Accelerated Approval
Program, which allows early approval of drugs that treat serious conditions and fill an
unmet medical need based on surrogate markers, and EMA approval arrived in February
2024. This is a milestone in the history of ALS research that has shown for the first time
that the disease, at least in some of its forms, can be a treatable condition.

These results have stimulated the search for ASO-based therapies for ALS associated
with mutations in other genes. Clinical trials with ASOs targeting FUS, STMN2, and ATXN2
are underway and will show whether these therapies are effective in the coming years.
The case of hexanucleotide expansion of the C9orf72 gene deserves a separate discussion.
Given the frequency of this mutation in both familial and sporadic forms of ALS, ASOs
directed against the sense mRNA, targeting the mRNA containing the repeat expansion,
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have been developed and tested with encouraging results in animal models. Based on
the promising data, two different companies started phase 1/2 clinical trials with ASOs
targeting different regions of the sense repeat mRNA (WVE-004-NCT04931862, Wave Life
Sciences; BIIB078-NCT03626012, Biogen/Ionis). Unfortunately, both trials were halted after
an interim analysis of results as neither the primary nor secondary endpoints were met.

At this stage, it is not clear what the cause of these failures might be. Various hypothe-
ses have been suggested [123,124]. The ASOs could affect the expression level of wild-type
C9orf72. These ASOs were designed not to affect the expression of the normal C9orf72
protein, but an effect on global C9orf72 expression in patients could explain the negative
effects, as previously observed in mice [125]. In addition, the antisense repeat mRNA may
be more important than predicted. This antisense RNA and the DPRs translated from it are
not affected by the ASOs tested, and it remains to be clarified whether degradation of the
sense RNA affects the antisense RNA. Finally, the question of why ASOs that reduce the
amount of sense repeat RNA and the DPRs translated from it appear to have a negative
rather than neutral effect on ALS patients remains unanswered.

The positive and negative results obtained so far highlight some important general
aspects of the development of ASO-based therapies. First, when considering the treatment
of genetic diseases with ASOs, the genetic background/inheritance pattern of the disease
must be taken into account when evaluating possible therapeutic approaches.

The first distinction is between two main disease mechanisms caused by pathogenic
variants: loss of function (LoF) and gain of function (GoF). Autosomal recessive disorders
are usually associated with LoF variants. LoF variants can lead to loss of the gene product,
nonsense-mediated decay of RNA transcripts, production of unstable proteins or proteins
with no or reduced function [126]. Regardless of the mechanism of action, the general
therapeutic approach to LoF is to attempt to restore protein function by resetting the reading
frame to either the canonical transcript or a modified transcript that produces a (at least
partially) functional protein [127]. In the case of SMA, the presence of the paralogue gene
SMN2 partially facilitated this process, as it was possible to target a specific splicing silencer
site in intron 7 of SMN2 and prevent specific splicing repressors from binding to it, allowing
the integration of exon 7 into the final transcript and increasing the synthesis of a full-length
functional SMN protein.

In general, LoF variants are relatively easier to deal with than GoF variants. LoF
genes are often approached by restoring healthy copies, whereas GoF genes are approached
by targeting the diseased allele, gene, or protein for degradation. Examples of such toxic
effects include, but are not limited to, missense variants and expanded repeats, which confer
additional functions to the protein, increasing its propensity to form aggregates, a common
feature of several neurodegenerative diseases. Therefore, one way to develop an effective
therapy might be to degrade toxic aggregates or prevent their formation. This approach
could stop or slow the progression of the disease, but in principle could also prevent disease
manifestation if the treatment is started before the onset of the disease. ASOs could play
a key role in such a therapeutic strategy. In this case, there are two different options. A
selective strategy involves the use of ASOs that degrade the toxic (mutant) variant while
preserving the wild-type form of the protein. The subtle differences between wild-type
and pathogenic alleles could be exploited to selectively target the mutant (pre-)mRNA and
thus selectively prevent the expression of only the toxic protein variant [128,129]. On the
other hand, non-selective targeting of the affected gene could reduce both the toxic and
wild-type variants, thus reducing the function of the protein. This is certainly a simpler
approach and does not require the use of tailored therapies (different ASOs for different
mutations), but it implies that physiologically necessary functions of the wild-type protein
are also reduced. A non-specific knockdown of a protein can have serious, unpredictable
consequences, so it is extremely important to assess the extent to which the gene can
tolerate downregulation without causing additional damage. These negative effects on
the wild-type protein could be the reason for the failure of ASO treatment in ALS patients
with the C9orf72 gene mutation, as discussed above. Such negative effects have not been
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seen with tofersen treatment in ALS patients with SOD1 mutations. However, long-term
follow-up of these patients is needed, as the observation that recessive null mutations
are associated with early and progressive neurological dysfunction [130] suggests that
continued suppression of the normal SOD1 allele may have adverse effects.

Another important aspect to consider is the need for a thorough understanding of the
molecular mechanisms underlying the disease (particularly in the presence of alterations
in the different genes associated with ALS). This would make it possible to define within
what margins it is possible to act, and what can and cannot be done. Research, even basic
research, still has a fundamental role to play in this field. This can also be of relevance for
the development of more complex therapeutic approaches. One example is the attempt
to correct splice defects due to nuclear depletion of TDP-43. The major advantage of this
strategy is that a much larger population of ALS patients than just mutation carriers could
benefit from this therapeutic strategy, as mislocalisation of TDP-43 is seen in almost all
ALS patients. However, in view of its fundamental role, a total downregulation of TDP-43
levels must be ruled out. An alternative approach is to attempt to correct the splicing
defects of specific mRNAs that result from nuclear depletion of TDP-43. However, since
many mRNAs are aberrantly processed in the absence of nuclear TDP-43, it is unclear
whether correcting these single, specific splicing abnormalities will prove effective. It is
possible that several of these mis-spliced mRNAs may need to be corrected with a cocktail
of ASOs before any therapeutic benefit is achieved. Alternatively, it may be helpful to
identify other players that play a key role in the TDP-43-mediated splicing process. SYF2 is
a pre-mRNA splicing factor that is recruited to the spliceosome to regulate splicing. When
downregulated, it reverses TDP-43 pathology and improves TDP-43 function, including
RNA processing, in preclinical models [131]. Thus, ASO-mediated downregulation of SYF2
could restore mis-splicing of multiple mRNAs. To find out whether this strategy also works
in patients with ALS, clinical trials will be crucial.

Currently, ASOs are delivered by intrathecal administration, a rather invasive and
technically demanding procedure. Although commonly used in the clinical setting, the
invasiveness and cost of the procedure is stimulating the development of alternative routes
of drug delivery. Advances in chemistry to enhance potency and conjugation of targeting
ligands to the ASO are being developed to provide more effective antisense drugs. The
use of delivery particles, such as glucose-coated polymeric nanocarriers and peptide-
conjugated ASOs, is very promising for the future as they can cross the BBB and may
enhance ASO transport into the CNS after systemic administration. However, delivery by
nanoparticles may show toxicity linked to the nature of nanoparticles used. For example,
protein-based nanoparticles can exert cardiotoxicity, hepatotoxicity, and hypersensitivity;
metal-based nanoparticles show anxiogenic effects together with genotoxicity; and lipid-
based nanoparticles exhibit cardiopulmonary distress and hypersensitivity [132] (Figure 6).

Another important point to consider is when to start treatment with ASOs. By the
time the first symptoms of the disease appear, the motor neurons have already suffered
significant damage that cannot be eliminated. Therefore, therapy can only slow down or at
best stop the progression of the disease. Two clinical trials in pre-symptomatic individuals
with a genetic diagnosis of SMA (NURTURE, NCT023865539) and carriers of mutations
in the SOD1 gene (ATLAS, NCT04856982) are underway to shed light on this issue. If the
results are positive, we could see a revolutionary change for some MNDs, from incurable
and fatal to not only treatable but also preventable.

In light of these new perspectives, genetic screening for SMA and SOD1-mediated
ALS is of paramount importance. In the case of SMA, newborn screening (NBS) allows the
immediate initiation of specific treatment for children with SMA to halt irreversible motor
neuron loss and disease progression and ensure motor development like that of children
without the neuromuscular disease. The Advisory Committee on Heritable Disorders in
Newborns and Children (ACHDNC) added NBS for SMA to the Recommended Uniform
Screening Panel in July 2018, and thanks to national or regional pilot projects, SMA NBS
was implemented in several countries [133]. About ALS, considering that mutations in the
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SOD1 gene account for about 20% of fALS patients and up to 2% of sALS cases, prompt
screening for SOD1 mutations should be performed in all new ALS patients with both
familial and sporadic presentations.
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Figure 6. ASO research presents several still open issues. (A) To develop an effective therapy,
ASOs could be useful in toxic aggregate degradation. By applying a selective strategy, ASOs can
degrade the toxic (mutant) variant while preserving the wild-type form of the protein. Alternatively,
a non-selective targeting of the affected gene may be chosen, degrading both the toxic and wild-type
variants, thus reducing the whole function of the protein. In the first case, the pathogenetic mutation
must be known; in the second approach, it is extremely important to assess the extent to which the
gene can tolerate downregulation without causing additional damage. (B) Commonly, ASOs are
intrathecally administered. This represents an invasive procedure that can be replaced by developing
nanoparticle-conjugated ASOs.

In summary, ASO therapy has made remarkable progress in recent years, bringing
significant benefits to the treatment of motor neuron diseases. The greatest success has
been the development of nusinersen, the first effective therapy for SMA approved by
the FDA and EMA, able to improve symptoms and slow disease progression. This was
followed a few years later by tofersen, which was approved to treat ALS patients with SOD1
mutations. On the other hand, there is still a long way to go regarding other forms of ALS
associated with mutations in other genes, particularly C9orf72. A deeper understanding
of the pathogenetic mechanisms linked to the presence of mutations, together with the
development of increasingly effective and high-performance molecules, may make it
possible to develop new therapies against these neurodegenerative diseases.

Author Contributions: Conceptualization, C.R. and S.C.; writing—original draft preparation, C.R.
and S.C.; writing—review and editing, C.R., S.C. and G.S.; visualization, S.C. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.



Int. J. Mol. Sci. 2024, 25, 4809 20 of 25

References
1. Shadid, M.; Badawi, M.; Abulrob, A. Antisense Oligonucleotides: Absorption, Distribution, Metabolism, and Excretion. Expert.

Opin. Drug Metab. Toxicol. 2021, 17, 1281–1292. [CrossRef]
2. Bennett, C.F. Therapeutic Antisense Oligonucleotides Are Coming of Age. Annu. Rev. Med. 2019, 70, 307–321. [CrossRef]
3. Crooke, S.T.; Wang, S.; Vickers, T.A.; Shen, W.; Liang, X.-H. Cellular Uptake and Trafficking of Antisense Oligonucleotides. Nat.

Biotechnol. 2017, 35, 230–237. [CrossRef]
4. Migawa, M.T.; Shen, W.; Wan, W.B.; Vasquez, G.; Oestergaard, M.E.; Low, A.; De Hoyos, C.L.; Gupta, R.; Murray, S.; Tanowitz,

M.; et al. Site-Specific Replacement of Phosphorothioate with Alkyl Phosphonate Linkages Enhances the Therapeutic Profile of
Gapmer ASOs by Modulating Interactions with Cellular Proteins. Nucleic Acids Res. 2019, 47, 5465–5479. [CrossRef]

5. Egli, M.; Manoharan, M. Chemistry, Structure and Function of Approved Oligonucleotide Therapeutics. Nucleic Acids Res. 2023,
51, 2529–2573. [CrossRef]

6. Chan, J.H.P.; Lim, S.; Wong, W.S.F. Antisense Oligonucleotides: From Design to Therapeutic Application. Clin. Exp. Pharmacol.
Physiol. 2006, 33, 533–540. [CrossRef] [PubMed]

7. Prakash, T.P.; Graham, M.J.; Yu, J.; Carty, R.; Low, A.; Chappell, A.; Schmidt, K.; Zhao, C.; Aghajan, M.; Murray, H.F.; et al.
Targeted Delivery of Antisense Oligonucleotides to Hepatocytes Using Triantennary N-Acetyl Galactosamine Improves Potency
10-Fold in Mice. Nucleic Acids Res. 2014, 42, 8796–8807. [CrossRef] [PubMed]

8. Liang, X.-H.; Shen, W.; Sun, H.; Kinberger, G.A.; Prakash, T.P.; Nichols, J.G.; Crooke, S.T. Hsp90 Protein Interacts with Phospho-
rothioate Oligonucleotides Containing Hydrophobic 2′-Modifications and Enhances Antisense Activity. Nucleic Acids Res. 2016,
44, 3892–3907. [CrossRef] [PubMed]

9. Dowdy, S.F.; Setten, R.L.; Cui, X.-S.; Jadhav, S.G. Delivery of RNA Therapeutics: The Great Endosomal Escape! Nucleic Acid Ther.
2022, 32, 361–368. [CrossRef]

10. Ren, X.; Deng, R.; Wang, L.; Zhang, K.; Li, J. RNA Splicing Process Analysis for Identifying Antisense Oligonucleotide Inhibitors
with Padlock Probe-Based Isothermal Amplification. Chem. Sci. 2017, 8, 5692–5698. [CrossRef]

11. Butler, M.; Crooke, R.M.; Graham, M.J.; Lemonidis, K.M.; Lougheed, M.; Murray, S.F.; Witchell, D.; Steinbrecher, U.; Bennett, C.F.
Phosphorothioate Oligodeoxynucleotides Distribute Similarly in Class A Scavenger Receptor Knockout and Wild-Type Mice.
J. Pharmacol. Exp. Ther. 2000, 292, 489–496. [PubMed]

12. Finkel, R.S.; Chiriboga, C.A.; Vajsar, J.; Day, J.W.; Montes, J.; De Vivo, D.C.; Yamashita, M.; Rigo, F.; Hung, G.; Schneider, E.; et al.
Treatment of Infantile-Onset Spinal Muscular Atrophy with Nusinersen: A Phase 2, Open-Label, Dose-Escalation Study. Lancet
2016, 388, 3017–3026. [CrossRef] [PubMed]

13. Kordasiewicz, H.B.; Stanek, L.M.; Wancewicz, E.V.; Mazur, C.; McAlonis, M.M.; Pytel, K.A.; Artates, J.W.; Weiss, A.; Cheng,
S.H.; Shihabuddin, L.S.; et al. Sustained Therapeutic Reversal of Huntington’s Disease by Transient Repression of Huntingtin
Synthesis. Neuron 2012, 74, 1031–1044. [CrossRef] [PubMed]

14. Passini, M.A.; Bu, J.; Richards, A.M.; Kinnecom, C.; Sardi, S.P.; Stanek, L.M.; Hua, Y.; Rigo, F.; Matson, J.; Hung, G.; et al. Antisense
Oligonucleotides Delivered to the Mouse CNS Ameliorate Symptoms of Severe Spinal Muscular Atrophy. Sci. Transl. Med. 2011,
3, 72ra18. [CrossRef] [PubMed]

15. Rigo, F.; Chun, S.J.; Norris, D.A.; Hung, G.; Lee, S.; Matson, J.; Fey, R.A.; Gaus, H.; Hua, Y.; Grundy, J.S.; et al. Pharmacology of a
Central Nervous System Delivered 2′- O -Methoxyethyl–Modified Survival of Motor Neuron Splicing Oligonucleotide in Mice
and Nonhuman Primates. J. Pharmacol. Exp. Ther. 2014, 350, 46–55. [CrossRef] [PubMed]

16. Smith, R.A.; Miller, T.M.; Yamanaka, K.; Monia, B.P.; Condon, T.P.; Hung, G.; Lobsiger, C.S.; Ward, C.M.; McAlonis-Downes,
M.; Wei, H.; et al. Antisense Oligonucleotide Therapy for Neurodegenerative Disease. J. Clin. Investig. 2006, 116, 2290–2296.
[CrossRef] [PubMed]

17. Hua, Y.; Sahashi, K.; Hung, G.; Rigo, F.; Passini, M.A.; Bennett, C.F.; Krainer, A.R. Antisense Correction of SMN2 Splicing in the
CNS Rescues Necrosis in a Type III SMA Mouse Model. Genes. Dev. 2010, 24, 1634–1644. [CrossRef] [PubMed]

18. DeVos, S.L.; Miller, R.L.; Schoch, K.M.; Holmes, B.B.; Kebodeaux, C.S.; Wegener, A.J.; Chen, G.; Shen, T.; Tran, H.; Nichols, B.;
et al. Tau Reduction Prevents Neuronal Loss and Reverses Pathological Tau Deposition and Seeding in Mice with Tauopathy. Sci.
Transl. Med. 2017, 9, eaag0481. [CrossRef] [PubMed]

19. McCampbell, A.; Cole, T.; Wegener, A.J.; Tomassy, G.S.; Setnicka, A.; Farley, B.J.; Schoch, K.M.; Hoye, M.L.; Shabsovich, M.; Sun,
L.; et al. Antisense Oligonucleotides Extend Survival and Reverse Decrement in Muscle Response in ALS Models. J. Clin. Investig.
2018, 128, 3558–3567. [CrossRef]

20. Bennett, C.F.; Krainer, A.R.; Cleveland, D.W. Antisense Oligonucleotide Therapies for Neurodegenerative Diseases. Annu. Rev.
Neurosci. 2019, 42, 385–406. [CrossRef]

21. Benedict, C.; Frey, W.H.; Schiöth, H.B.; Schultes, B.; Born, J.; Hallschmid, M. Intranasal Insulin as a Therapeutic Option in the
Treatment of Cognitive Impairments. Exp. Gerontol. 2011, 46, 112–115. [CrossRef] [PubMed]

22. Wu, H.; Zhou, Y.; Wang, Y.; Tong, L.; Wang, F.; Song, S.; Xu, L.; Liu, B.; Yan, H.; Sun, Z. Current State and Future Directions of
Intranasal Delivery Route for Central Nervous System Disorders: A Scientometric and Visualization Analysis. Front. Pharmacol.
2021, 12, 717192. [CrossRef] [PubMed]

23. Zhang, Y.-T.; He, K.-J.; Zhang, J.-B.; Ma, Q.-H.; Wang, F.; Liu, C.-F. Advances in Intranasal Application of Stem Cells in the
Treatment of Central Nervous System Diseases. Stem Cell Res. Ther. 2021, 12, 210. [CrossRef]

https://doi.org/10.1080/17425255.2021.1992382
https://doi.org/10.1146/annurev-med-041217-010829
https://doi.org/10.1038/nbt.3779
https://doi.org/10.1093/nar/gkz247
https://doi.org/10.1093/nar/gkad067
https://doi.org/10.1111/j.1440-1681.2006.04403.x
https://www.ncbi.nlm.nih.gov/pubmed/16700890
https://doi.org/10.1093/nar/gku531
https://www.ncbi.nlm.nih.gov/pubmed/24992960
https://doi.org/10.1093/nar/gkw144
https://www.ncbi.nlm.nih.gov/pubmed/26945041
https://doi.org/10.1089/nat.2022.0004
https://doi.org/10.1039/c7sc01336a
https://www.ncbi.nlm.nih.gov/pubmed/10640284
https://doi.org/10.1016/S0140-6736(16)31408-8
https://www.ncbi.nlm.nih.gov/pubmed/27939059
https://doi.org/10.1016/j.neuron.2012.05.009
https://www.ncbi.nlm.nih.gov/pubmed/22726834
https://doi.org/10.1126/scitranslmed.3001777
https://www.ncbi.nlm.nih.gov/pubmed/21368223
https://doi.org/10.1124/jpet.113.212407
https://www.ncbi.nlm.nih.gov/pubmed/24784568
https://doi.org/10.1172/JCI25424
https://www.ncbi.nlm.nih.gov/pubmed/16878173
https://doi.org/10.1101/gad.1941310
https://www.ncbi.nlm.nih.gov/pubmed/20624852
https://doi.org/10.1126/scitranslmed.aag0481
https://www.ncbi.nlm.nih.gov/pubmed/28123067
https://doi.org/10.1172/JCI99081
https://doi.org/10.1146/annurev-neuro-070918-050501
https://doi.org/10.1016/j.exger.2010.08.026
https://www.ncbi.nlm.nih.gov/pubmed/20849944
https://doi.org/10.3389/fphar.2021.717192
https://www.ncbi.nlm.nih.gov/pubmed/34322030
https://doi.org/10.1186/s13287-021-02274-0


Int. J. Mol. Sci. 2024, 25, 4809 21 of 25

24. Dhuria, S.V.; Hanson, L.R.; Frey, W.H. Intranasal Delivery to the Central Nervous System: Mechanisms and Experimental
Considerations. J. Pharm. Sci. 2010, 99, 1654–1673. [CrossRef] [PubMed]

25. Min, H.S.; Kim, H.J.; Naito, M.; Ogura, S.; Toh, K.; Hayashi, K.; Kim, B.S.; Fukushima, S.; Anraku, Y.; Miyata, K.; et al. Systemic
Brain Delivery of Antisense Oligonucleotides across the Blood–Brain Barrier with a Glucose-Coated Polymeric Nanocarrier.
Angew. Chem. Int. Ed. 2020, 59, 8173–8180. [CrossRef]

26. Mercuri, E.; Sumner, C.J.; Muntoni, F.; Darras, B.T.; Finkel, R.S. Spinal Muscular Atrophy. Nat. Rev. Dis. Primers 2022, 8, 52.
[CrossRef] [PubMed]

27. Sugarman, E.A.; Nagan, N.; Zhu, H.; Akmaev, V.R.; Zhou, Z.; Rohlfs, E.M.; Flynn, K.; Hendrickson, B.C.; Scholl, T.; Sirko-Osadsa,
D.A.; et al. Pan-Ethnic Carrier Screening and Prenatal Diagnosis for Spinal Muscular Atrophy: Clinical Laboratory Analysis of
>72,400 Specimens. Eur. J. Hum. Genet. 2012, 20, 27–32. [CrossRef]

28. Ogino, S.; Leonard, D.G.B.; Rennert, H.; Ewens, W.J.; Wilson, R.B. Genetic Risk Assessment in Carrier Testing for Spinal Muscular
Atrophy. Am. J. Med. Genet. 2002, 110, 301–307. [CrossRef]

29. Emery, A.E.H. Population Frequencies of Inherited Neuromuscular Diseases—A World Survey. Neuromuscul. Disord. 1991, 1,
19–29. [CrossRef]

30. Schrank, B.; Götz, R.; Gunnersen, J.M.; Ure, J.M.; Toyka, K.V.; Smith, A.G.; Sendtner, M. Inactivation of the Survival Motor Neuron
Gene, a Candidate Gene for Human Spinal Muscular Atrophy, Leads to Massive Cell Death in Early Mouse Embryos. Proc. Natl.
Acad. Sci. USA 1997, 94, 9920–9925. [CrossRef]

31. Crisafulli, S.; Boccanegra, B.; Vitturi, G.; Trifirò, G.; De Luca, A. Pharmacological Therapies of Spinal Muscular Atrophy: A
Narrative Review of Preclinical, Clinical–Experimental, and Real-World Evidence. Brain Sci. 2023, 13, 1446. [CrossRef]

32. Rochette, C.F.; Gilbert, N.; Simard, L.R. SMN Gene Duplication and the Emergence of the SMN2 Gene Occurred in Distinct
Hominids: SMN2 Is Unique to Homo Sapiens. Hum. Genet. 2001, 108, 255–266. [CrossRef]

33. Cartegni, L.; Krainer, A.R. Disruption of an SF2/ASF-Dependent Exonic Splicing Enhancer in SMN2 Causes Spinal Muscular
Atrophy in the Absence of SMN1. Nat. Genet. 2002, 30, 377–384. [CrossRef] [PubMed]

34. Cartegni, L.; Hastings, M.L.; Calarco, J.A.; de Stanchina, E.; Krainer, A.R. Determinants of Exon 7 Splicing in the Spinal Muscular
Atrophy Genes, SMN1 and SMN2. Am. J. Hum. Genet. 2006, 78, 63–77. [CrossRef]

35. Kashima, T.; Manley, J.L. A Negative Element in SMN2 Exon 7 Inhibits Splicing in Spinal Muscular Atrophy. Nat. Genet. 2003, 34,
460–463. [CrossRef] [PubMed]

36. Kashima, T.; Rao, N.; David, C.J.; Manley, J.L. hnRNP A1 Functions with Specificity in Repression of SMN2 Exon 7 Splicing. Hum.
Mol. Genet. 2007, 16, 3149–3159. [CrossRef] [PubMed]

37. Lorson, C.L.; Hahnen, E.; Androphy, E.J.; Wirth, B. A Single Nucleotide in the SMN Gene Regulates Splicing and Is Responsible
for Spinal Muscular Atrophy. Proc. Natl. Acad. Sci. USA 1999, 96, 6307–6311. [CrossRef]

38. Prior, T.W.; Krainer, A.R.; Hua, Y.; Swoboda, K.J.; Snyder, P.C.; Bridgeman, S.J.; Burghes, A.H.M.; Kissel, J.T. A Positive Modifier
of Spinal Muscular Atrophy in the SMN2 Gene. Am. J. Hum. Genet. 2009, 85, 408–413. [CrossRef]

39. Rudnik-Schöneborn, S.; Berg, C.; Zerres, K.; Betzler, C.; Grimm, T.; Eggermann, T.; Eggermann, K.; Wirth, R.; Wirth, B.; Heller, R.
Genotype-Phenotype Studies in Infantile Spinal Muscular Atrophy (SMA) Type I in Germany: Implications for Clinical Trials and
Genetic Counselling. Clin. Genet. 2009, 76, 168–178. [CrossRef]

40. Wirth, B.; Herz, M.; Wetter, A.; Moskau, S.; Hahnen, E.; Rudnik-Schöneborn, S.; Wienker, T.; Zerres, K. Quantitative Analysis of
Survival Motor Neuron Copies: Identification of Subtle SMN1 Mutations in Patients with Spinal Muscular Atrophy, Genotype-
Phenotype Correlation, and Implications for Genetic Counseling. Am. J. Hum. Genet. 1999, 64, 1340–1356. [CrossRef]

41. Wirth, B.; Brichta, L.; Schrank, B.; Lochmüller, H.; Blick, S.; Baasner, A.; Heller, R. Mildly Affected Patients with Spinal Muscular
Atrophy Are Partially Protected by an Increased SMN2 Copy Number. Hum. Genet. 2006, 119, 422–428. [CrossRef]

42. Skordis, L.A.; Dunckley, M.G.; Yue, B.; Eperon, I.C.; Muntoni, F. Bifunctional Antisense Oligonucleotides Provide a Trans-Acting
Splicing Enhancer That Stimulates SMN2 Gene Expression in Patient Fibroblasts. Proc. Natl. Acad. Sci. USA 2003, 100, 4114–4119.
[CrossRef]

43. Keil, J.M.; Seo, J.; Howell, M.D.; Hsu, W.H.; Singh, R.N.; DiDonato, C.J. A Short Antisense Oligonucleotide Ameliorates Symptoms
of Severe Mouse Models of Spinal Muscular Atrophy. Mol. Ther. Nucleic Acids 2014, 3, e174. [CrossRef]

44. Nizzardo, M.; Simone, C.; Dametti, S.; Salani, S.; Ulzi, G.; Pagliarani, S.; Rizzo, F.; Frattini, E.; Pagani, F.; Bresolin, N.; et al. Spinal
Muscular Atrophy Phenotype Is Ameliorated in Human Motor Neurons by SMN Increase via Different Novel RNA Therapeutic
Approaches. Sci. Rep. 2015, 5, 11746. [CrossRef]

45. Hua, Y.; Vickers, T.A.; Okunola, H.L.; Bennett, C.F.; Krainer, A.R. Antisense Masking of an hnRNP A1/A2 Intronic Splicing
Silencer Corrects SMN2 Splicing in Transgenic Mice. Am. J. Hum. Genet. 2008, 82, 834–848. [CrossRef]

46. Singh, N.K.; Singh, N.N.; Androphy, E.J.; Singh, R.N. Splicing of a Critical Exon of Human Survival Motor Neuron Is Regulated
by a Unique Silencer Element Located in the Last Intron. Mol. Cell Biol. 2006, 26, 1333–1346. [CrossRef]

47. Chiriboga, C.A.; Swoboda, K.J.; Darras, B.T.; Iannaccone, S.T.; Montes, J.; De Vivo, D.C.; Norris, D.A.; Bennett, C.F.; Bishop, K.M.
Results from a Phase 1 Study of Nusinersen (ISIS-SMN(Rx)) in Children with Spinal Muscular Atrophy. Neurology 2016, 86,
890–897. [CrossRef]

48. Finkel, R.S.; Mercuri, E.; Darras, B.T.; Connolly, A.M.; Kuntz, N.L.; Kirschner, J.; Chiriboga, C.A.; Saito, K.; Servais, L.; Tizzano,
E.; et al. Nusinersen versus Sham Control in Infantile-Onset Spinal Muscular Atrophy. N. Engl. J. Med. 2017, 377, 1723–1732.
[CrossRef]

https://doi.org/10.1002/jps.21924
https://www.ncbi.nlm.nih.gov/pubmed/19877171
https://doi.org/10.1002/anie.201914751
https://doi.org/10.1038/s41572-022-00380-8
https://www.ncbi.nlm.nih.gov/pubmed/35927425
https://doi.org/10.1038/ejhg.2011.134
https://doi.org/10.1002/ajmg.10425
https://doi.org/10.1016/0960-8966(91)90039-U
https://doi.org/10.1073/pnas.94.18.9920
https://doi.org/10.3390/brainsci13101446
https://doi.org/10.1007/s004390100473
https://doi.org/10.1038/ng854
https://www.ncbi.nlm.nih.gov/pubmed/11925564
https://doi.org/10.1086/498853
https://doi.org/10.1038/ng1207
https://www.ncbi.nlm.nih.gov/pubmed/12833158
https://doi.org/10.1093/hmg/ddm276
https://www.ncbi.nlm.nih.gov/pubmed/17884807
https://doi.org/10.1073/pnas.96.11.6307
https://doi.org/10.1016/j.ajhg.2009.08.002
https://doi.org/10.1111/j.1399-0004.2009.01200.x
https://doi.org/10.1086/302369
https://doi.org/10.1007/s00439-006-0156-7
https://doi.org/10.1073/pnas.0633863100
https://doi.org/10.1038/mtna.2014.23
https://doi.org/10.1038/srep11746
https://doi.org/10.1016/j.ajhg.2008.01.014
https://doi.org/10.1128/MCB.26.4.1333-1346.2006
https://doi.org/10.1212/WNL.0000000000002445
https://doi.org/10.1056/NEJMoa1702752


Int. J. Mol. Sci. 2024, 25, 4809 22 of 25

49. Mercuri, E.; Darras, B.T.; Chiriboga, C.A.; Day, J.W.; Campbell, C.; Connolly, A.M.; Iannaccone, S.T.; Kirschner, J.; Kuntz, N.L.;
Saito, K.; et al. Nusinersen versus Sham Control in Later-Onset Spinal Muscular Atrophy. N. Engl. J. Med. 2018, 378, 625–635.
[CrossRef] [PubMed]

50. Xu, L.; Irony, I.; Bryan, W.W.; Dunn, B. Development of Gene Therapies—Lessons from Nusinersen. Gene Ther. 2017, 24, 527–528.
[CrossRef] [PubMed]

51. Hua, Y.; Sahashi, K.; Rigo, F.; Hung, G.; Horev, G.; Bennett, C.F.; Krainer, A.R. Peripheral SMN Restoration Is Essential for
Long-Term Rescue of a Severe Spinal Muscular Atrophy Mouse Model. Nature 2011, 478, 123–126. [CrossRef] [PubMed]

52. De Vivo, D.C.; Bertini, E.; Swoboda, K.J.; Hwu, W.-L.; Crawford, T.O.; Finkel, R.S.; Kirschner, J.; Kuntz, N.L.; Parsons, J.A.; Ryan,
M.M.; et al. Nusinersen Initiated in Infants during the Presymptomatic Stage of Spinal Muscular Atrophy: Interim Efficacy and
Safety Results from the Phase 2 NURTURE Study. Neuromuscul. Disord. 2019, 29, 842–856. [CrossRef]

53. Crawford, T.O.; Swoboda, K.J.; De Vivo, D.C.; Bertini, E.; Hwu, W.; Finkel, R.S.; Kirschner, J.; Kuntz, N.L.; Nazario, A.N.; Parsons,
J.A.; et al. Continued Benefit of Nusinersen Initiated in the Presymptomatic Stage of Spinal Muscular Atrophy: 5-year Update of
the NURTURE Study. Muscle Nerve 2023, 68, 157–170. [CrossRef]

54. Mead, R.J.; Shan, N.; Reiser, H.J.; Marshall, F.; Shaw, P.J. Amyotrophic Lateral Sclerosis: A Neurodegenerative Disorder Poised for
Successful Therapeutic Translation. Nat. Rev. Drug Discov. 2023, 22, 185–212. [CrossRef] [PubMed]

55. Talbott, E.O.; Malek, A.M.; Lacomis, D. The Epidemiology of Amyotrophic Lateral Sclerosis. In Handbook of Clinical Neurology;
Elsevier: Amsterdam, The Netherlands, 2016; Volume 138, pp. 225–238. [CrossRef]

56. Hinchcliffe, M.; Smith, A. Riluzole: Real-World Evidence Supports Significant Extension of Median Survival Times in Patients
with Amyotrophic Lateral Sclerosis. Degener. Neurol. Neuromuscul. Dis. 2017, 7, 61–70. [CrossRef] [PubMed]

57. Masrori, P.; Van Damme, P. Amyotrophic Lateral Sclerosis: A Clinical Review. Eur. J. Neurol. 2020, 27, 1918–1929. [CrossRef]
58. Mejzini, R.; Flynn, L.L.; Pitout, I.L.; Fletcher, S.; Wilton, S.D.; Akkari, P.A. ALS Genetics, Mechanisms, and Therapeutics: Where

Are We Now? Front. Neurosci. 2019, 13, 1310. [CrossRef]
59. Renton, A.E.; Chiò, A.; Traynor, B.J. State of Play in Amyotrophic Lateral Sclerosis Genetics. Nat. Neurosci. 2014, 17, 17–23.

[CrossRef]
60. van Rheenen, W.; van der Spek, R.A.A.; Bakker, M.K.; van Vugt, J.J.F.A.; Hop, P.J.; Zwamborn, R.A.J.; de Klein, N.; Westra, H.-J.;

Bakker, O.B.; Deelen, P.; et al. Common and Rare Variant Association Analyses in Amyotrophic Lateral Sclerosis Identify 15 Risk
Loci with Distinct Genetic Architectures and Neuron-Specific Biology. Nat. Genet. 2021, 53, 1636–1648. [CrossRef]

61. Taylor, J.P.; Brown, R.H.; Cleveland, D.W. Decoding ALS: From Genes to Mechanism. Nature 2016, 539, 197–206. [CrossRef]
62. Rosen, D.R.; Siddique, T.; Patterson, D.; Figlewicz, D.A.; Sapp, P.; Hentati, A.; Donaldson, D.; Goto, J.; O’Regan, J.P.; Deng, H.X.

Mutations in Cu/Zn Superoxide Dismutase Gene Are Associated with Familial Amyotrophic Lateral Sclerosis. Nature 1993, 362,
59–62. [CrossRef] [PubMed]

63. Li, H.-F.; Wu, Z.-Y. Genotype-Phenotype Correlations of Amyotrophic Lateral Sclerosis. Transl. Neurodegener. 2016, 5, 3. [CrossRef]
[PubMed]

64. Bruijn, L.I.; Miller, T.M.; Cleveland, D.W. Unraveling the Mechanisms Involved in Motor Neuron Degeneration in ALS. Annu.
Rev. Neurosci. 2004, 27, 723–749. [CrossRef] [PubMed]

65. Bruijn, L.I.; Cleveland, D.W. Mechanisms of Selective Motor Neuron Death in ALS: Insights from Transgenic Mouse Models of
Motor Neuron Disease. Neuropathol. Appl. Neurobiol. 1996, 22, 373–387. [CrossRef] [PubMed]

66. Foust, K.D.; Salazar, D.L.; Likhite, S.; Ferraiuolo, L.; Ditsworth, D.; Ilieva, H.; Meyer, K.; Schmelzer, L.; Braun, L.; Cleveland, D.W.;
et al. Therapeutic AAV9-Mediated Suppression of Mutant SOD1 Slows Disease Progression and Extends Survival in Models of
Inherited ALS. Mol. Ther. 2013, 21, 2148–2159. [CrossRef] [PubMed]

67. Raoul, C.; Abbas-Terki, T.; Bensadoun, J.-C.; Guillot, S.; Haase, G.; Szulc, J.; Henderson, C.E.; Aebischer, P. Lentiviral-Mediated
Silencing of SOD1 through RNA Interference Retards Disease Onset and Progression in a Mouse Model of ALS. Nat. Med. 2005,
11, 423–428. [CrossRef] [PubMed]

68. Miller, T.M.; Pestronk, A.; David, W.; Rothstein, J.; Simpson, E.; Appel, S.H.; Andres, P.L.; Mahoney, K.; Allred, P.; Alexander, K.;
et al. An Antisense Oligonucleotide against SOD1 Delivered Intrathecally for Patients with SOD1 Familial Amyotrophic Lateral
Sclerosis: A Phase 1, Randomised, First-in-Man Study. Lancet Neurol. 2013, 12, 435–442. [CrossRef] [PubMed]

69. Heckler, I.; Venkataraman, I. Phosphorylated Neurofilament Heavy Chain: A Potential Diagnostic Biomarker in Amyotrophic
Lateral Sclerosis. J. Neurophysiol. 2022, 127, 737–745. [CrossRef] [PubMed]

70. Miller, T.; Cudkowicz, M.; Shaw, P.J.; Andersen, P.M.; Atassi, N.; Bucelli, R.C.; Genge, A.; Glass, J.; Ladha, S.; Ludolph, A.L.; et al.
Phase 1-2 Trial of Antisense Oligonucleotide Tofersen for SOD1 ALS. N. Engl. J. Med. 2020, 383, 109–119. [CrossRef]

71. Miller, T.M.; Cudkowicz, M.E.; Genge, A.; Shaw, P.J.; Sobue, G.; Bucelli, R.C.; Chiò, A.; Van Damme, P.; Ludolph, A.C.; Glass, J.D.;
et al. Trial of Antisense Oligonucleotide Tofersen for SOD1 ALS. N. Engl. J. Med. 2022, 387, 1099–1110. [CrossRef]

72. Wiesenfarth, M.; Dorst, J.; Brenner, D.; Elmas, Z.; Parlak, Ö.; Uzelac, Z.; Kandler, K.; Mayer, K.; Weiland, U.; Herrmann, C.; et al.
Effects of Tofersen Treatment in Patients with SOD1-ALS in a “Real-World” Setting—A 12-Month Multicenter Cohort Study from
the German Early Access Program. EClinicalMedicine 2024, 69, 102495. [CrossRef] [PubMed]

73. Benatar, M.; Wuu, J.; Andersen, P.M.; Bucelli, R.C.; Andrews, J.A.; Otto, M.; Farahany, N.A.; Harrington, E.A.; Chen, W.; Mitchell,
A.A.; et al. Design of a Randomized, Placebo-Controlled, Phase 3 Trial of Tofersen Initiated in Clinically Presymptomatic SOD1
Variant Carriers: The ATLAS Study. Neurotherapeutics 2022, 19, 1248–1258. [CrossRef] [PubMed]

https://doi.org/10.1056/NEJMoa1710504
https://www.ncbi.nlm.nih.gov/pubmed/29443664
https://doi.org/10.1038/gt.2017.64
https://www.ncbi.nlm.nih.gov/pubmed/28737743
https://doi.org/10.1038/nature10485
https://www.ncbi.nlm.nih.gov/pubmed/21979052
https://doi.org/10.1016/j.nmd.2019.09.007
https://doi.org/10.1002/mus.27853
https://doi.org/10.1038/s41573-022-00612-2
https://www.ncbi.nlm.nih.gov/pubmed/36543887
https://doi.org/10.1016/B978-0-12-802973-2.00013-6
https://doi.org/10.2147/DNND.S135748
https://www.ncbi.nlm.nih.gov/pubmed/30050378
https://doi.org/10.1111/ene.14393
https://doi.org/10.3389/fnins.2019.01310
https://doi.org/10.1038/nn.3584
https://doi.org/10.1038/s41588-021-00973-1
https://doi.org/10.1038/nature20413
https://doi.org/10.1038/362059a0
https://www.ncbi.nlm.nih.gov/pubmed/8446170
https://doi.org/10.1186/s40035-016-0050-8
https://www.ncbi.nlm.nih.gov/pubmed/26843957
https://doi.org/10.1146/annurev.neuro.27.070203.144244
https://www.ncbi.nlm.nih.gov/pubmed/15217349
https://doi.org/10.1111/j.1365-2990.1996.tb00907.x
https://www.ncbi.nlm.nih.gov/pubmed/8930947
https://doi.org/10.1038/mt.2013.211
https://www.ncbi.nlm.nih.gov/pubmed/24008656
https://doi.org/10.1038/nm1207
https://www.ncbi.nlm.nih.gov/pubmed/15768028
https://doi.org/10.1016/S1474-4422(13)70061-9
https://www.ncbi.nlm.nih.gov/pubmed/23541756
https://doi.org/10.1152/jn.00398.2021
https://www.ncbi.nlm.nih.gov/pubmed/35138963
https://doi.org/10.1056/NEJMoa2003715
https://doi.org/10.1056/NEJMoa2204705
https://doi.org/10.1016/j.eclinm.2024.102495
https://www.ncbi.nlm.nih.gov/pubmed/38384337
https://doi.org/10.1007/s13311-022-01237-4
https://www.ncbi.nlm.nih.gov/pubmed/35585374


Int. J. Mol. Sci. 2024, 25, 4809 23 of 25

74. Majounie, E.; Renton, A.E.; Mok, K.; Dopper, E.G.P.; Waite, A.; Rollinson, S.; Chiò, A.; Restagno, G.; Nicolaou, N.; Simon-
Sanchez, J.; et al. Frequency of the C9orf72 Hexanucleotide Repeat Expansion in Patients with Amyotrophic Lateral Sclerosis and
Frontotemporal Dementia: A Cross-Sectional Study. Lancet Neurol. 2012, 11, 323–330. [CrossRef] [PubMed]

75. Renton, A.E.; Majounie, E.; Waite, A.; Simón-Sánchez, J.; Rollinson, S.; Gibbs, J.R.; Schymick, J.C.; Laaksovirta, H.; van Swieten,
J.C.; Myllykangas, L.; et al. A Hexanucleotide Repeat Expansion in C9ORF72 Is the Cause of Chromosome 9p21-Linked ALS-FTD.
Neuron 2011, 72, 257–268. [CrossRef] [PubMed]

76. DeJesus-Hernandez, M.; Mackenzie, I.R.; Boeve, B.F.; Boxer, A.L.; Baker, M.; Rutherford, N.J.; Nicholson, A.M.; Finch, N.A.; Flynn,
H.; Adamson, J.; et al. Expanded GGGGCC Hexanucleotide Repeat in Noncoding Region of C9ORF72 Causes Chromosome
9p-Linked FTD and ALS. Neuron 2011, 72, 245–256. [CrossRef] [PubMed]

77. Haeusler, A.R.; Donnelly, C.J.; Rothstein, J.D. The Expanding Biology of the C9orf72 Nucleotide Repeat Expansion in Neurode-
generative Disease. Nat. Rev. Neurosci. 2016, 17, 383–395. [CrossRef]

78. Lee, Y.-B.; Chen, H.-J.; Peres, J.N.; Gomez-Deza, J.; Attig, J.; Stalekar, M.; Troakes, C.; Nishimura, A.L.; Scotter, E.L.; Vance, C.; et al.
Hexanucleotide Repeats in ALS/FTD Form Length-Dependent RNA Foci, Sequester RNA Binding Proteins, and Are Neurotoxic.
Cell Rep. 2013, 5, 1178–1186. [CrossRef] [PubMed]

79. Rossi, S.; Serrano, A.; Gerbino, V.; Giorgi, A.; Di Francesco, L.; Nencini, M.; Bozzo, F.; Schininà, M.E.; Bagni, C.; Cestra, G.; et al.
Nuclear Accumulation of mRNAs Underlies G4C2-Repeat-Induced Translational Repression in a Cellular Model of C9orf72 ALS.
J. Cell Sci. 2015, 128, 1787–1799. [CrossRef] [PubMed]

80. May, S.; Hornburg, D.; Schludi, M.H.; Arzberger, T.; Rentzsch, K.; Schwenk, B.M.; Grässer, F.A.; Mori, K.; Kremmer, E.; Banzhaf-
Strathmann, J.; et al. C9orf72 FTLD/ALS-Associated Gly-Ala Dipeptide Repeat Proteins Cause Neuronal Toxicity and Unc119
Sequestration. Acta Neuropathol. 2014, 128, 485–503. [CrossRef]

81. Zhang, Y.-J.; Jansen-West, K.; Xu, Y.-F.; Gendron, T.F.; Bieniek, K.F.; Lin, W.-L.; Sasaguri, H.; Caulfield, T.; Hubbard, J.; Daughrity,
L.; et al. Aggregation-Prone c9FTD/ALS Poly(GA) RAN-Translated Proteins Cause Neurotoxicity by Inducing ER Stress. Acta
Neuropathol. 2014, 128, 505–524. [CrossRef]

82. Zhang, Y.-J.; Gendron, T.F.; Ebbert, M.T.W.; O’Raw, A.D.; Yue, M.; Jansen-West, K.; Zhang, X.; Prudencio, M.; Chew, J.; Cook, C.N.;
et al. Poly(GR) Impairs Protein Translation and Stress Granule Dynamics in C9orf72-Associated Frontotemporal Dementia and
Amyotrophic Lateral Sclerosis. Nat. Med. 2018, 24, 1136–1142. [CrossRef]

83. O’Rourke, J.G.; Bogdanik, L.; Yáñez, A.; Lall, D.; Wolf, A.J.; Muhammad, A.K.M.G.; Ho, R.; Carmona, S.; Vit, J.P.; Zarrow, J.; et al.
C9orf72 Is Required for Proper Macrophage and Microglial Function in Mice. Science 2016, 351, 1324–1329. [CrossRef]

84. Burberry, A.; Suzuki, N.; Wang, J.-Y.; Moccia, R.; Mordes, D.A.; Stewart, M.H.; Suzuki-Uematsu, S.; Ghosh, S.; Singh, A.; Merkle,
F.T.; et al. Loss-of-Function Mutations in the C9ORF72 Mouse Ortholog Cause Fatal Autoimmune Disease. Sci. Transl. Med. 2016,
8, 347ra93. [CrossRef]

85. Donnelly, C.J.; Zhang, P.-W.; Pham, J.T.; Haeusler, A.R.; Mistry, N.A.; Vidensky, S.; Daley, E.L.; Poth, E.M.; Hoover, B.; Fines, D.M.;
et al. RNA Toxicity from the ALS/FTD C9ORF72 Expansion Is Mitigated by Antisense Intervention. Neuron 2013, 80, 415–428.
[CrossRef]

86. Jiang, J.; Zhu, Q.; Gendron, T.F.; Saberi, S.; McAlonis-Downes, M.; Seelman, A.; Stauffer, J.E.; Jafar-Nejad, P.; Drenner, K.; Schulte,
D.; et al. Gain of Toxicity from ALS/FTD-Linked Repeat Expansions in C9ORF72 Is Alleviated by Antisense Oligonucleotides
Targeting GGGGCC-Containing RNAs. Neuron 2016, 90, 535–550. [CrossRef]

87. Cammack, A.J.; Atassi, N.; Hyman, T.; van den Berg, L.H.; Harms, M.; Baloh, R.H.; Brown, R.H.; van Es, M.A.; Veldink, J.H.; de
Vries, B.S.; et al. Prospective Natural History Study of C9orf72 ALS Clinical Characteristics and Biomarkers. Neurology 2019, 93,
e1605–e1617. [CrossRef]

88. Tran, H.; Moazami, M.P.; Yang, H.; McKenna-Yasek, D.; Douthwright, C.L.; Pinto, C.; Metterville, J.; Shin, M.; Sanil, N.; Dooley, C.;
et al. Suppression of Mutant C9orf72 Expression by a Potent Mixed Backbone Antisense Oligonucleotide. Nat. Med. 2022, 28,
117–124. [CrossRef]

89. Boros, B.D.; Schoch, K.M.; Kreple, C.J.; Miller, T.M. Antisense Oligonucleotides for the Study and Treatment of ALS. Neurothera-
peutics 2022, 19, 1145–1158. [CrossRef]

90. Liu, Y.; Dodart, J.-C.; Tran, H.; Berkovitch, S.; Braun, M.; Byrne, M.; Durbin, A.F.; Hu, X.S.; Iwamoto, N.; Jang, H.G.; et al. Variant-
Selective Stereopure Oligonucleotides Protect against Pathologies Associated with C9orf72-Repeat Expansion in Preclinical
Models. Nat. Commun. 2021, 12, 847. [CrossRef] [PubMed]

91. Liu, Y.; Andreucci, A.; Iwamoto, N.; Yin, Y.; Yang, H.; Liu, F.; Bulychev, A.; Hu, X.S.; Lin, X.; Lamore, S.; et al. Preclinical
Evaluation of WVE-004, Aninvestigational Stereopure Oligonucleotide Forthe Treatment of C9orf72-Associated ALS or FTD. Mol.
Ther. Nucleic Acids 2022, 28, 558–570. [CrossRef] [PubMed]

92. Lagier-Tourenne, C.; Baughn, M.; Rigo, F.; Sun, S.; Liu, P.; Li, H.-R.; Jiang, J.; Watt, A.T.; Chun, S.; Katz, M.; et al. Targeted
Degradation of Sense and Antisense C9orf72 RNA Foci as Therapy for ALS and Frontotemporal Degeneration. Proc. Natl. Acad.
Sci. USA 2013, 110, E4530–E4539. [CrossRef] [PubMed]

93. Sareen, D.; O’Rourke, J.G.; Meera, P.; Muhammad, A.K.M.G.; Grant, S.; Simpkinson, M.; Bell, S.; Carmona, S.; Ornelas, L.;
Sahabian, A.; et al. Targeting RNA Foci in iPSC-Derived Motor Neurons from ALS Patients with a C9ORF72 Repeat Expansion.
Sci. Transl. Med. 2013, 5, 208ra149. [CrossRef] [PubMed]

94. Ratti, A.; Buratti, E. Physiological Functions and Pathobiology of TDP-43 and FUS/TLS Proteins. J. Neurochem. 2016, 138
(Suppl. S1), 95–111. [CrossRef] [PubMed]

https://doi.org/10.1016/S1474-4422(12)70043-1
https://www.ncbi.nlm.nih.gov/pubmed/22406228
https://doi.org/10.1016/j.neuron.2011.09.010
https://www.ncbi.nlm.nih.gov/pubmed/21944779
https://doi.org/10.1016/j.neuron.2011.09.011
https://www.ncbi.nlm.nih.gov/pubmed/21944778
https://doi.org/10.1038/nrn.2016.38
https://doi.org/10.1016/j.celrep.2013.10.049
https://www.ncbi.nlm.nih.gov/pubmed/24290757
https://doi.org/10.1242/jcs.165332
https://www.ncbi.nlm.nih.gov/pubmed/25788698
https://doi.org/10.1007/s00401-014-1329-4
https://doi.org/10.1007/s00401-014-1336-5
https://doi.org/10.1038/s41591-018-0071-1
https://doi.org/10.1126/science.aaf1064
https://doi.org/10.1126/scitranslmed.aaf6038
https://doi.org/10.1016/j.neuron.2013.10.015
https://doi.org/10.1016/j.neuron.2016.04.006
https://doi.org/10.1212/WNL.0000000000008359
https://doi.org/10.1038/s41591-021-01557-6
https://doi.org/10.1007/s13311-022-01247-2
https://doi.org/10.1038/s41467-021-21112-8
https://www.ncbi.nlm.nih.gov/pubmed/33558503
https://doi.org/10.1016/j.omtn.2022.04.007
https://www.ncbi.nlm.nih.gov/pubmed/35592494
https://doi.org/10.1073/pnas.1318835110
https://www.ncbi.nlm.nih.gov/pubmed/24170860
https://doi.org/10.1126/scitranslmed.3007529
https://www.ncbi.nlm.nih.gov/pubmed/24154603
https://doi.org/10.1111/jnc.13625
https://www.ncbi.nlm.nih.gov/pubmed/27015757


Int. J. Mol. Sci. 2024, 25, 4809 24 of 25

95. Vance, C.; Scotter, E.L.; Nishimura, A.L.; Troakes, C.; Mitchell, J.C.; Kathe, C.; Urwin, H.; Manser, C.; Miller, C.C.; Hortobágyi, T.;
et al. ALS Mutant FUS Disrupts Nuclear Localization and Sequesters Wild-Type FUS within Cytoplasmic Stress Granules. Hum.
Mol. Genet. 2013, 22, 2676–2688. [CrossRef] [PubMed]

96. Mitchell, J.C.; McGoldrick, P.; Vance, C.; Hortobagyi, T.; Sreedharan, J.; Rogelj, B.; Tudor, E.L.; Smith, B.N.; Klasen, C.; Miller, C.C.J.;
et al. Overexpression of Human Wild-Type FUS Causes Progressive Motor Neuron Degeneration in an Age- and Dose-Dependent
Fashion. Acta Neuropathol. 2013, 125, 273–288. [CrossRef]

97. Korobeynikov, V.A.; Lyashchenko, A.K.; Blanco-Redondo, B.; Jafar-Nejad, P.; Shneider, N.A. Antisense Oligonucleotide Silencing
of FUS Expression as a Therapeutic Approach in Amyotrophic Lateral Sclerosis. Nat. Med. 2022, 28, 104–116. [CrossRef] [PubMed]

98. Highley, J.R.; Kirby, J.; Jansweijer, J.A.; Webb, P.S.; Hewamadduma, C.A.; Heath, P.R.; Higginbottom, A.; Raman, R.; Ferraiuolo, L.;
Cooper-Knock, J.; et al. Loss of Nuclear TDP -43 in Amyotrophic Lateral Sclerosis ( ALS ) Causes Altered Expression of Splicing
Machinery and Widespread Dysregulation of RNA Splicing in Motor Neurones. Neuropathol. Appl. Neurobiol. 2014, 40, 670–685.
[CrossRef]

99. Wang, X.; Hu, Y.; Xu, R. The Pathogenic Mechanism of TAR DNA-Binding Protein 43 (TDP-43) in Amyotrophic Lateral Sclerosis.
Neural Regen. Res. 2024, 19, 800–806. [CrossRef] [PubMed]

100. Lagier-Tourenne, C.; Polymenidou, M.; Hutt, K.R.; Vu, A.Q.; Baughn, M.; Huelga, S.C.; Clutario, K.M.; Ling, S.-C.; Liang, T.Y.;
Mazur, C.; et al. Divergent Roles of ALS-Linked Proteins FUS/TLS and TDP-43 Intersect in Processing Long Pre-mRNAs. Nat.
Neurosci. 2012, 15, 1488–1497. [CrossRef]

101. Polymenidou, M.; Lagier-Tourenne, C.; Hutt, K.R.; Huelga, S.C.; Moran, J.; Liang, T.Y.; Ling, S.-C.; Sun, E.; Wancewicz, E.; Mazur,
C.; et al. Long Pre-mRNA Depletion and RNA Missplicing Contribute to Neuronal Vulnerability from Loss of TDP-43. Nat.
Neurosci. 2011, 14, 459–468. [CrossRef]

102. Tsao, W.; Jeong, Y.H.; Lin, S.; Ling, J.; Price, D.L.; Chiang, P.-M.; Wong, P.C. Rodent Models of TDP-43: Recent Advances. Brain
Res. 2012, 1462, 26–39. [CrossRef]

103. Igaz, L.M.; Kwong, L.K.; Lee, E.B.; Chen-Plotkin, A.; Swanson, E.; Unger, T.; Malunda, J.; Xu, Y.; Winton, M.J.; Trojanowski, J.Q.;
et al. Dysregulation of the ALS-Associated Gene TDP-43 Leads to Neuronal Death and Degeneration in Mice. J. Clin. Investig.
2011, 121, 726–738. [CrossRef]

104. Klim, J.R.; Williams, L.A.; Limone, F.; Guerra San Juan, I.; Davis-Dusenbery, B.N.; Mordes, D.A.; Burberry, A.; Steinbaugh, M.J.;
Gamage, K.K.; Kirchner, R.; et al. ALS-Implicated Protein TDP-43 Sustains Levels of STMN2, a Mediator of Motor Neuron
Growth and Repair. Nat. Neurosci. 2019, 22, 167–179. [CrossRef] [PubMed]

105. Krus, K.L.; Strickland, A.; Yamada, Y.; Devault, L.; Schmidt, R.E.; Bloom, A.J.; Milbrandt, J.; DiAntonio, A. Loss of Stathmin-2, a
Hallmark of TDP-43-Associated ALS, Causes Motor Neuropathy. Cell Rep. 2022, 39, 111001. [CrossRef]

106. Baughn, M.W.; Melamed, Z.; López-Erauskin, J.; Beccari, M.S.; Ling, K.; Zuberi, A.; Presa, M.; Gonzalo-Gil, E.; Maimon, R.;
Vazquez-Sanchez, S.; et al. Mechanism of STMN2 Cryptic Splice-Polyadenylation and Its Correction for TDP-43 Proteinopathies.
Science 2023, 379, 1140–1149. [CrossRef] [PubMed]

107. Scoles, D.R.; Meera, P.; Schneider, M.D.; Paul, S.; Dansithong, W.; Figueroa, K.P.; Hung, G.; Rigo, F.; Bennett, C.F.; Otis, T.S.; et al.
Antisense Oligonucleotide Therapy for Spinocerebellar Ataxia Type 2. Nature 2017, 544, 362–366. [CrossRef]

108. Becker, L.A.; Huang, B.; Bieri, G.; Ma, R.; Knowles, D.A.; Jafar-Nejad, P.; Messing, J.; Kim, H.J.; Soriano, A.; Auburger, G.;
et al. Therapeutic Reduction of Ataxin-2 Extends Lifespan and Reduces Pathology in TDP-43 Mice. Nature 2017, 544, 367–371.
[CrossRef] [PubMed]

109. Van Damme, P.; Veldink, J.H.; van Blitterswijk, M.; Corveleyn, A.; van Vught, P.W.J.; Thijs, V.; Dubois, B.; Matthijs, G.; van den
Berg, L.H.; Robberecht, W. Expanded ATXN2 CAG Repeat Size in ALS Identifies Genetic Overlap between ALS and SCA2.
Neurology 2011, 76, 2066–2072. [CrossRef]

110. Kennedy, W.R.; Alter, M.; Sung, J.H. Progressive Proximal Spinal and Bulbar Muscular Atrophy of Late Onset: A Sex-linked
Recessive Trait. Neurology 1968, 18, 671. [CrossRef]

111. Banno, H.; Katsuno, M.; Suzuki, K.; Tanaka, F.; Sobue, G. Pathogenesis and Molecular Targeted Therapy of Spinal and Bulbar
Muscular Atrophy (SBMA). Cell Tissue Res. 2012, 349, 313–320. [CrossRef]

112. Guidetti, D.; Sabadini, R.; Ferlini, A.; Torrente, I. Epidemiological Survey of X-Linked Bulbar and Spinal Muscular Atrophy, or
Kennedy Disease, in the Province of Reggio Emilia, Italy. Eur. J. Epidemiol. 2001, 17, 587–591. [CrossRef] [PubMed]

113. Rhodes, L.E.; Freeman, B.K.; Auh, S.; Kokkinis, A.D.; La Pean, A.; Chen, C.; Lehky, T.J.; Shrader, J.A.; Levy, E.W.; Harris-Love, M.;
et al. Clinical Features of Spinal and Bulbar Muscular Atrophy. Brain 2009, 132 Pt 12, 3242–3251. [CrossRef] [PubMed]

114. Fernández-Rhodes, L.E.; Kokkinis, A.D.; White, M.J.; Watts, C.A.; Auh, S.; Jeffries, N.O.; Shrader, J.A.; Lehky, T.J.; Li, L.; Ryder, J.E.;
et al. Efficacy and Safety of Dutasteride in Patients with Spinal and Bulbar Muscular Atrophy: A Randomised Placebo-Controlled
Trial. Lancet Neurol. 2011, 10, 140–147. [CrossRef] [PubMed]

115. La Spada, A.R.; Wilson, E.M.; Lubahn, D.B.; Harding, A.E.; Fischbeck, K.H. Androgen Receptor Gene Mutations in X-Linked
Spinal and Bulbar Muscular Atrophy. Nature 1991, 352, 77–79. [CrossRef] [PubMed]

116. Watanabe, M.; Abe, K.; Aoki, M.; Yasuo, K.; Itoyama, Y.; Shoji, M.; Ikeda, Y.; Iizuka, T.; Ikeda, M.; Shizuka, M.; et al. Mitotic and
Meiotic Stability of the CAG Repeat in the X-Linked Spinal and Bulbar Muscular Atrophy Gene. Clin. Genet. 1996, 50, 133–137.
[CrossRef] [PubMed]

117. Craig, T.J.; Henley, J.M. Fighting Polyglutamine Disease by Wrestling with SUMO. J. Clin. Investig. 2015, 125, 498–500. [CrossRef]

https://doi.org/10.1093/hmg/ddt117
https://www.ncbi.nlm.nih.gov/pubmed/23474818
https://doi.org/10.1007/s00401-012-1043-z
https://doi.org/10.1038/s41591-021-01615-z
https://www.ncbi.nlm.nih.gov/pubmed/35075293
https://doi.org/10.1111/nan.12148
https://doi.org/10.4103/1673-5374.382233
https://www.ncbi.nlm.nih.gov/pubmed/37843214
https://doi.org/10.1038/nn.3230
https://doi.org/10.1038/nn.2779
https://doi.org/10.1016/j.brainres.2012.04.031
https://doi.org/10.1172/JCI44867
https://doi.org/10.1038/s41593-018-0300-4
https://www.ncbi.nlm.nih.gov/pubmed/30643292
https://doi.org/10.1016/j.celrep.2022.111001
https://doi.org/10.1126/science.abq5622
https://www.ncbi.nlm.nih.gov/pubmed/36927019
https://doi.org/10.1038/nature22044
https://doi.org/10.1038/nature22038
https://www.ncbi.nlm.nih.gov/pubmed/28405022
https://doi.org/10.1212/WNL.0b013e31821f445b
https://doi.org/10.1212/WNL.18.7.671
https://doi.org/10.1007/s00441-012-1377-9
https://doi.org/10.1023/a:1014580219761
https://www.ncbi.nlm.nih.gov/pubmed/11949733
https://doi.org/10.1093/brain/awp258
https://www.ncbi.nlm.nih.gov/pubmed/19846582
https://doi.org/10.1016/S1474-4422(10)70321-5
https://www.ncbi.nlm.nih.gov/pubmed/21216197
https://doi.org/10.1038/352077a0
https://www.ncbi.nlm.nih.gov/pubmed/2062380
https://doi.org/10.1111/j.1399-0004.1996.tb02367.x
https://www.ncbi.nlm.nih.gov/pubmed/8946111
https://doi.org/10.1172/JCI80278


Int. J. Mol. Sci. 2024, 25, 4809 25 of 25

118. Grunseich, C.; Fischbeck, K.H. Molecular Pathogenesis of Spinal Bulbar Muscular Atrophy (Kennedy’s Disease) and Avenues for
Treatment. Curr. Opin. Neurol. 2020, 33, 629–634. [CrossRef]

119. Lieberman, A.P.; Yu, Z.; Murray, S.; Peralta, R.; Low, A.; Guo, S.; Yu, X.X.; Cortes, C.J.; Bennett, C.F.; Monia, B.P.; et al. Peripheral
Androgen Receptor Gene Suppression Rescues Disease in Mouse Models of Spinal and Bulbar Muscular Atrophy. Cell Rep. 2014,
7, 774–784. [CrossRef] [PubMed]

120. Sahashi, K.; Katsuno, M.; Hung, G.; Adachi, H.; Kondo, N.; Nakatsuji, H.; Tohnai, G.; Iida, M.; Bennett, C.F.; Sobue, G. Silencing
Neuronal Mutant Androgen Receptor in a Mouse Model of Spinal and Bulbar Muscular Atrophy. Hum. Mol. Genet. 2015, 24,
5985–5994. [CrossRef] [PubMed]

121. Wang, Y.; Pang, J.; Wang, Q.; Yan, L.; Wang, L.; Xing, Z.; Wang, C.; Zhang, J.; Dong, L. Delivering Antisense Oligonucleotides
across the Blood-Brain Barrier by Tumor Cell-Derived Small Apoptotic Bodies. Adv. Sci. 2021, 8, 2004929. [CrossRef]

122. Sun, Y.; Kong, J.; Ge, X.; Mao, M.; Yu, H.; Wang, Y. An Antisense Oligonucleotide-Loaded Blood–Brain Barrier Penetrable
Nanoparticle Mediating Recruitment of Endogenous Neural Stem Cells for the Treatment of Parkinson’s Disease. ACS Nano 2023,
17, 4414–4432. [CrossRef] [PubMed]

123. Sattler, R.; Traynor, B.J.; Robertson, J.; Van Den Bosch, L.; Barmada, S.J.; Svendsen, C.N.; Disney, M.D.; Gendron, T.F.; Wong,
P.C.; Turner, M.R.; et al. Roadmap for C9ORF72 in Frontotemporal Dementia and Amyotrophic Lateral Sclerosis: Report on the
C9ORF72 FTD/ALS Summit. Neurol. Ther. 2023, 12, 1821–1843. [CrossRef]

124. Van Daele, S.H.; Masrori, P.; Van Damme, P.; Van Den Bosch, L. The Sense of Antisense Therapies in ALS. Trends Mol. Med. 2024,
30, 252–262. [CrossRef] [PubMed]

125. Zhu, Q.; Jiang, J.; Gendron, T.F.; McAlonis-Downes, M.; Jiang, L.; Taylor, A.; Diaz Garcia, S.; Ghosh Dastidar, S.; Rodriguez, M.J.;
King, P.; et al. Reduced C9ORF72 Function Exacerbates Gain of Toxicity from ALS/FTD-Causing Repeat Expansion in C9orf72.
Nat. Neurosci. 2020, 23, 615–624. [CrossRef] [PubMed]

126. Backwell, L.; Marsh, J.A. Diverse Molecular Mechanisms Underlying Pathogenic Protein Mutations: Beyond the Loss-of-Function
Paradigm. Annu. Rev. Genom. Hum. Genet. 2022, 23, 475–498. [CrossRef] [PubMed]

127. Lauffer, M.C.; Van Roon-Mom, W.; Aartsma-Rus, A.; N = 1 Collaborative. Possibilities and Limitations of Antisense Oligonu-
cleotide Therapies for the Treatment of Monogenic Disorders. Commun. Med. 2024, 4, 6. [CrossRef] [PubMed]

128. Hauser, S.; Helm, J.; Kraft, M.; Korneck, M.; Hübener-Schmid, J.; Schöls, L. Allele-Specific Targeting of Mutant Ataxin-3 by
Antisense Oligonucleotides in SCA3-iPSC-Derived Neurons. Mol. Ther. Nucleic Acids 2022, 27, 99–108. [CrossRef] [PubMed]

129. Skotte, N.H.; Southwell, A.L.; Østergaard, M.E.; Carroll, J.B.; Warby, S.C.; Doty, C.N.; Petoukhov, E.; Vaid, K.; Kordasiewicz, H.;
Watt, A.T.; et al. Allele-Specific Suppression of Mutant Huntingtin Using Antisense Oligonucleotides: Providing a Therapeutic
Option for All Huntington Disease Patients. PLoS ONE 2014, 9, e107434. [CrossRef] [PubMed]

130. Farrimond, L.; Talbot, K. A Case of SOD1 Deficiency: Implications for Clinical Trials. Brain 2022, 145, 805–806. [CrossRef]
131. Linares, G.R.; Li, Y.; Chang, W.-H.; Rubin-Sigler, J.; Mendonca, S.; Hong, S.; Eoh, Y.; Guo, W.; Huang, Y.-H.; Chang, J.; et al. SYF2

Suppression Mitigates Neurodegeneration in Models of Diverse Forms of ALS. Cell Stem Cell 2023, 30, 171–187.e14. [CrossRef]
132. Sharma, S.; Parveen, R.; Chatterji, B.P. Toxicology of Nanoparticles in Drug Delivery. Curr. Pathobiol. Rep. 2021, 9, 133–144.

[CrossRef] [PubMed]
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