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Abstract: The recent advances in nucleic acid therapeutics demonstrate the potential to treat hered-
itary neurological disorders by targeting their causative genes. Spinal and bulbar muscular at-
rophy (SBMA) is an X-linked and adult-onset neurodegenerative disorder caused by the expan-
sion of trinucleotide cytosine-adenine-guanine repeats, which encodes a polyglutamine tract in the
androgen receptor gene. SBMA belongs to the family of polyglutamine diseases, in which the use of
nucleic acids for silencing a disease-causing gene, such as antisense oligonucleotides and small inter-
fering RNAs, has been intensively studied in animal models and clinical trials. A unique feature of
SBMA is that both motor neuron and skeletal muscle pathology contribute to disease manifestations,
including progressive muscle weakness and atrophy. As both motor neurons and skeletal muscles
can be therapeutic targets in SBMA, nucleic acid-based approaches for other motor neuron diseases
and myopathies may further lead to the development of a treatment for SBMA. Here, we review
studies of nucleic acid-based therapeutic approaches in SBMA and related neurological disorders
and discuss current limitations and perspectives to apply these approaches to patients with SBMA.

Keywords: nucleic acid therapeutics; spinal and bulbar muscular atrophy; polyglutamine disease;
motor neuron disease; antisense oligonucleotide; small interference RNA

1. Introduction

Spinal and bulbar muscular atrophy (SBMA) is an X-linked and adult-onset inherited
motor neuron disease caused by abnormal cytosine-adenine-guanine (CAG) repeat expan-
sions, which encode polyglutamine (polyQ) tracts in the androgen receptor (AR) gene [1,2].
Patients with SBMA develop progressive neurological symptoms, including muscle weak-
ness and atrophy, tremor, fasciculation, muscle cramping and dysphasia. A neuropatholog-
ical hallmark of SBMA is the degeneration of motor neurons in the brain stem and spinal
cord [3,4]. However, recent evidence strongly suggests that the disturbance of skeletal
muscle also contributes to disease pathogenesis [5–7].

SBMA shares its characteristics of three different types of neurological disorders.
First, SBMA belongs to polyQ diseases, characterized by intranuclear aggregates of polyQ-
expanded proteins in specific neuronal populations. Second, SBMA is one of several motor
neuron diseases, a group of disorders that selectively affect motor neurons in the central
nervous system (CNS). Third, SBMA also has characteristics typical of myopathies. The
remarkable development of nucleic acid therapeutics for these disorders indicates the
potential to treat SBMA with nucleic acid-based drugs. In this review, we summarize recent
studies of nucleic acid-based therapeutic approaches in SBMA and related neurological
disorders and discuss current limitations and perspectives for applying them to patients
with SBMA.
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2. Nucleic Acid-Based Therapeutic Approach for Neurological Disorders

Over the last decade, several nucleic acid therapeutics have been approved for the
treatment of genetically inherited disorders [8]. In the treatment of neurological disorders,
there are three types of nucleic acid-based therapeutic approaches: antisense oligonu-
cleotides (ASOs)-mediated gene suppression or splicing modulation, RNA interference
and adeno-associated virus (AAV) vector-mediated gene therapies [8–10] (Table 1). Be-
fore reviewing these approaches for SBMA, we provide a brief overview of them in the
related disorders, including polyQ diseases, motor neuron diseases and myopathies with
a particular emphasis on recent advances. In this review, the word “nucleic acid-based
therapeutic approach” includes all nucleic acid-based approaches that modulate gene
expression, such as ASOs, small interfering RNAs (siRNAs), microRNAs (miRNAs) and
AAV vector-mediated gene therapies.

Table 1. Approved nucleic acid therapeutics for neurological disorders.

Category Therapeutic Construct Disease Target Organ Administration Drug Name(s)

ASO
Splice-switching ASO

SMA CNS Intrathecal Nusinersen

DMD Skeletal muscle Intravenous Eteplirsen, golodirsen,
viltolarsen, casimersen

Gapmer ASO ATTR 1 Liver Subcutaneous Inotersen

RNA interference Liposome-delivered
siRNA ATTR Liver Intravenous Patisiran

Gene therapy Delivery of SMN SMA CNS Intravenous Onasemnogene
abepavovec

1 Hereditary transthyretin amyloidosis.

2.1. Polyglutamine Diseases

PolyQ diseases are inherited neurodegenerative disorders caused by abnormal ex-
pansions of CAG repeats in causative genes. These diseases include SBMA, Huntington’s
disease (HD), dentatorubral-pallidoluysian atrophy, and spinocerebellar ataxia (SCA) types
1, 2, 3, 6, 7, and 17 [11,12]. Patients with polyQ diseases develop progressive neurological
symptoms caused by the degeneration of specific neuronal populations.

Reducing polyQ-expanded protein levels is a promising therapeutic strategy in polyQ
diseases because toxic polyQ proteins play a central role in disease pathogenesis. The use
of ASOs and RNA interference for silencing a disease-causing gene has been intensively
studied, which has been reviewed previously [13–16]. We will briefly provide the recent
topics of treatment for HD in this section.

Clinical trials of ASOs targeting Huntingtin (HTT) mRNA in HD have attracted great
attention. A phase 1/2a clinical trial showed that repeated intrathecal administration of
an ASO-targeting HTT (tominersen) successfully reduced cerebrospinal fluid (CSF) levels
of mutant HTT protein [17]. However, a phase 3 trial of tominersen was halted because
it failed to show higher clinical efficacy than placebo (NCT03761849). The reason of the
failure is unclear; however, several potential explanations have been discussed [18,19].
First, concomitant silencing of wild-type HTT by the ASO might compromise the gene
function. Second, tominersen may not have efficiently reached the affected regions of the
brain. Another possibility is that the timing of the ASO administration was too late to
improve neurological symptoms. A mutant allele selective ASO targeting HTT SNP is
currently undergoing a clinical trial (NCT05032196).

Recently, other therapeutic candidates for the treatment of HD have been reported
in preclinical studies. AAV-delivered zinc finger protein transcription factors targeting
expanded CAG repeats selectively repressed mutant HTT mRNA expression [20]. The study
demonstrated intrastriatal injection of the AAV construct ameliorated disease phenotype
in three models of HD. A divalent siRNA, which is composed of two fully chemically
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modified siRNAs connected by a linker, is another new candidate. Intracerebroventricular
(ICV) administration of the siRNAs reached multiple brain regions and enabled sustained
silencing of HTT in mice and non-human primates for at least six and one month(s),
respectively [21]. These novel approaches can be therapeutic options, although safety and
effectiveness still should be carefully assessed.

2.2. Motor Neuron Diseases

Motor neuron diseases (MNDs) are a group of neurological disorders characterized
by the degeneration and loss of motor neurons. Patients with MNDs develop progres-
sive muscle weakness and respiratory failure. MNDs generally include SBMA, spinal
muscular atrophy (SMA) and amyotrophic lateral sclerosis (ALS). Here, we describe the
recent success of nucleic acid therapeutics in SMA and clinical trials in ALS related to
superoxide dismutase 1 (SOD1) mutations.

SMA is an autosomal recessive and, typically, childhood-onset MND caused by loss-
of-function mutations in the survival of motor neuron 1 (SMN1) gene. SMN1 mutations
result in SMN protein deficiency and cause motor neuron degeneration. There are two
innovative drugs approved for SMA: nusinersen and onasemnogene abeparvovec (Table 1).
Nusinersen is a fully chemically modified ASO, which targets SMN2 pre-mRNA. The
ASO modulates splicing of SMN2 to promote exon 7 inclusion and increases SMN protein
levels [22]. Two phase 3 clinical trials in infantile- and later-onset SMA demonstrated that
infants treated with intrathecal administration of nusinersen had a significantly reduced risk
of death or use of permanent ventilation and a better motor-milestone response [23]; treated
children with later-onset SMA also had significant and clinically meaningful improvements
in motor function [24].

Onasemnogene abeparvovec is an AAV9-mediated gene therapy that restores SMN
protein levels [25]. A phase 1 trial showed that, in patients with infantile-onset SMA, a
single intravenous injection of onasemnogene abeparvovec resulted in longer survival and
superior achievement of motor milestones in comparison with natural history [26]. Two
phase 3 clinical trials also showed safety and efficacy of commercial-grade onasemnogene
abeparvovec [27,28]; a recent study confirmed widespread induction of SMN protein
expression throughout the CNS and peripheral organs [29].

ALS is the most common adult-onset MND, characterized by the pathological involve-
ment of both upper and lower motor neurons. In contrast to SMA, ALS is a heterogeneous
disorder, in which genetic and environmental factors may contribute to disease pathogen-
esis. The most advanced nucleic acid-based approach is to target the SOD1 gene in ALS
due to SOD1 mutations, which account for up to 2% of all cases [30]. A phase 1–2 clinical
trial of intrathecal administration of an ASO targeting SOD1 mRNA (tofersen) showed a
36% reduction of SOD1 protein concentrations in CSF for the participants who received
the highest dose [31]. A recently-completed phase 3 clinical trial (NCT02623699) showed
that tofersen did not reach the primary endpoint (change in the Revised Amyotrophic
Lateral Sclerosis Functional Rating Scale), although favoring trends were seen in several
secondary endpoints and exploratory measures of clinical function, including respiratory
function, muscle strength and quality of life [32]. Currently, a phase 3 trial to evaluate the
efficacy of tofersen in presymptomatic carriers of an SOD1 mutation is being conducted
(NCT04856982). The effects of nucleic acid therapeutics targeting other genes have also
been investigated; phase 1 clinical trials of ASOs targeting C9orf72, ATXN2 and FUS have
been launched in ALS patients [33]. Furthermore, a recent study showed AAV-mediated
delivery of anti-SOD1 miRNA in two patients with familial ALS with SOD1 mutations [34].
Although additional studies with a larger number of patients are required, this study
showed that AAV-mediated miRNA delivery can be used as a potential treatment for ALS.

2.3. Myopathies

Splice-switching ASOs have been approved for the treatment of an inherited myopathy,
Duchenne muscular dystrophy (DMD) (Table 1). DMD is the most common type of
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muscle disorder caused by mutations in the dystrophin (DMD) gene. Patients with DMD
develop progressive muscle weakness between 1 and 6 years of age, accompanied by severe
muscle degeneration. Many of them die in their late teens if they are not mechanically
ventilated [35]. Splice-switching ASOs induce exon skipping of mutant DMD pre-mRNA,
restore the reading frame and allow for the production of partially functional, truncated
DMD protein [36]. However, clinical trials showed only limited efficacy, and evidence for
the clinical effectiveness of these drugs remains to be established [37,38].

Gene silencing nucleic acid therapies have not been approved for the treatment of
myopathies. In a mouse model of centronuclear myopathy, systemic administration of
ASOs that suppress dynamin2 expression successfully reversed muscle pathology and
extended life span [39]. Based on the success of this study, a phase 1/2 clinical trial of the
ASOs has been launched (NCT04743557). In a recent report, ASOs targeting the DUX4 gene
have been tested in a mouse model of facioscapulohumeral muscular dystrophy [40]. The
study showed intramuscular injection of the ASOs locally silenced DUX4 gene expression;
however, the effect of systemic administration of the ASOs has not yet been demonstrated.

Gene replacement therapy is potentially an improved strategy for the treatment of
myopathies. Currently, three types of AAV-mediated gene therapies are under clinical trials
in DMD patients [41]. To pack the large DMD gene in AAV vectors that are limited to an
insert size of less than 5 kb, miniaturized transgenes of DMD have been developed [42]. A
phase 1/2a clinical trial of intravenous administration of SRP-9001, which delivers micro
DMD proteins using an AAV serotype rh74 carrying the tissue specific MHCK7 promoter,
showed acceptable tolerability and improvements in serum creatine kinase levels and
functional scores [43]. A phase 3 clinical trial of SRP-9001 is currently being conducted
(NCT05096221). The other two types of gene therapies, which use different transgenes and
AAV serotypes, are also undergoing assessment of safety and efficacy in clinical trials [41].

X-linked myotubular myopathy (XLMTM) is a severe congenital myopathy caused
by pathogenic variants in the myotubularin 1 (MTM1) gene [44,45]. AAV-mediated gene
therapies have been developed in XLMTM [41]; a phase 1/2 clinical trial of intravenous
administration of AT132, which delivers MTM1 proteins using an AAV8 vector, has been
conducted (NCT03199469). Unfortunately, four patients treated with AT132 died, and
the trial is now on clinical hold. Three patients treated with the higher dose died of
complications resulting from liver failure [46]. The cause of death in a patient treated with
the lower dose is under investigation [47].

3. Nucleic Acid-Based Therapeutic Approach for SBMA

Preclinical studies of nucleic acid-based therapeutic approaches for SBMA are sum-
marized in Table 2, and their targets are described in Figure 1. We will describe details of
these studies in this section. To date, no clinical trials of nucleic acid therapeutics have been
conducted for SBMA.

3.1. ASO

ASOs targeting AR (AR-ASOs) were first reported in AR113Q knock-in and bacterial
artificial chromosome (BAC) transgenic mice (BAC fxAR121) [49]. AR-ASOs are gapmer
ASOs that bind to AR mRNA and trigger RNase H cleavage and RNA degradation. Sub-
cutaneous administration of AR-ASOs suppressed mutant AR expression in the skeletal
muscle but not in the CNS. Peripheral suppression of the polyQ-expanded AR rescued
deficits in muscle weight, fiber size and grip strength, and extended the life span of both
mutant males. By contrast, ICV administration of AR-ASOs did not alter grip strength or
survival in BAC fxAR121 mice, despite lowering mutant AR expression in the spinal cord.
However, it is argued that model-specific phenotypes in AR113Q and BAC fxAR121 mice,
such as marked skeletal muscle pathology, might be associated with the limited results in
this study.
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Table 2. Studies of nucleic acid-based therapeutic approaches in SBMA.

Therapeutic Construct Target Mouse Model Administration Phenotypic
Amelioration Reference

ASO
AR AR97Q ICV + [48]

AR AR113Q
BAC fxAR121

Subcutaneous,
ICV

AR113Q: subcutaneous
+, ICV NA

BAC fxAR121:
subcutaneous +, ICV −

[49]

LNP-delivered siRNA CAG
repeats

AR97Q
AR24Q
R6/2

ICV,
subcutaneous NA [50]

AAV-delivered miRNA
CELF2 AR97Q Intramuscular + [51]

AR AR97Q Intravenous + [52]

AAV-mediated delivery of
AR isoform 2 AR 1 AR100Q

BAC fxAR121 Intravenous AR100Q: +
BAC fxAR121: NA [53]

1 Modulating AR transcriptional activity.
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Figure 1. Targets of nucleic acid-based therapeutic strategy in SBMA. ASOs bind to AR mRNA
and trigger RNase H cleavage and RNA degradation. REPU910 targets expanded CAG repeats,
probably through decreasing mRNA stability and translation. Mir-196 silences the CELF2 gene,
which upregulates AR expression by enhancing the stability of AR mRNA. MiR-298 directly binds to
the 3′-untranslated region (UTR) of AR mRNA and downregulated the mRNA levels. AR isoform
2 restores transcriptional dysregulation caused by polyglutamine-expanded AR.
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We explored the therapeutic effect of ICV administration of AR-ASOs in a transgenic
model, AR97Q mice, which show SBMA-like neurogenic phenotype [48]. A single ICV
administration of the ASOs efficiently suppressed mutant AR expression in the CNS
but not in the skeletal muscle. The reduction in mutant AR in the CNS delayed the
onset and progression of motor dysfunction and extended survival with amelioration of
histopathology in spinal motor neurons, neuromuscular junctions and skeletal muscle.

These two studies suggest that both motor neuron and skeletal muscle can be thera-
peutic targets by AR-ASOs in SBMA.

3.2. LNP-Delivered siRNA Targeting CAG Expansions

Recently, we reported the therapeutic potential of lipid nanoparticle (LNP)-mediated
delivery of siRNA targeting CAG expansions for allele selective suppression of polyQ-
expanded proteins in the mouse CNS [50]. The siRNA that was fully complementary
to the CAG repeats did not show allele selectivity, whereas the siRNA with a central
mismatch and UNA substitutions (REPU910) achieved mutant-allele selective suppression
of polyQ-expanded proteins. Although the mechanism of the selectivity has not been
fully clarified, these modifications confer structural flexibility to the siRNA, which would
compromise AGO2-mediated cleavage of target mRNA and instead provide a mechanism
that mimics the action of miRNA, which decrease mRNA stability and translation [54]. ICV
administration of LNP delivery of REPU910 suppressed polyQ-expanded proteins in the
cerebral cortex of AR97Q mice and an R6/2 transgenic mouse model of HD; however, it
did not suppress the expression of wild-type AR with unexpanded CAG repeats in AR24Q
mice. In addition, its subcutaneous injection efficiently suppressed polyQ-expanded AR in
the skeletal muscle of AR97Q mice. Although the limited biodistribution of the LNP needs
to be overcome in future studies, REPU910 has the advantage of selective targeting of CAG
expansions, which can be broadly applicable to other polyQ diseases.

3.3. AAV-Delivered miRNA

We reported that AAV-mediated delivery of miR-196a ameliorated disease phenotypes
and extended survival in AR97Q mice [51]. MiR-196a that is upregulated in the spinal cord
of AR97Q mice, as well as SBMA patients, enhanced the decay of AR mRNA and reduced
the mRNA and protein levels by silencing the CELF2 gene. CELF2 is found to upregulate
AR mRNA expression by acting on CUG triplet-repeat sequences and by enhancing the
stability of AR mRNA.

AAV-delivered miR-298 also ameliorated disease phenotypes in AR97Q mice [52].
MiR-298 directly binds to the 3′-untranslated region of AR mRNA and downregulates the
AR mRNA and protein levels. Interestingly, endogenous miR-298 expression is particularly
enriched in the spinal cord, at lower levels in the skeletal muscle, and virtually absent in
other tissues.

3.4. AAV-Mediated Delivery of AR Isoform 2

A recent study reported AAV9-mediated gene delivery of AR isoform 2, a naturally
processed variant encoding a truncated AR lacking the polyQ tract in mouse models of
SBMA [53]. Its intravenous administration of AAV9-delivered AR isoform 2 ameliorated
disease phenotypes and restored the pathogenic degeneration and transcriptional profile of
the skeletal muscle in an AR100Q transgenic mouse model. Furthermore, the treatment did
not induce detectable toxicity in BAC fxAR121 mice.

These studies support the therapeutic potential of AAV vector-mediated approaches in
SBMA although their effectiveness and potential toxicity, including vector immunogenicity,
should be further elucidated.

4. Current Limitations and Perspectives

We need to consider that two hurdles exist in applying nucleic acid-based therapeutic
approaches to SBMA patients. The first is the issue of drug distribution and duration of
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action in targeted tissues. AR-ASOs are currently one of the most promising candidates that
can be delivered to spinal motor neurons by intrathecal administration. However, gapmer
ASOs require repeated administration every few weeks to obtain sufficient, sustained
reduction of protein expression of target genes in CSF [17,31], raising concerns about the
burden and complications on patients. Systemic administration of AR-ASOs targeting
skeletal muscles is another therapeutic option and is less invasive than intrathecal adminis-
tration; however, it requires much higher doses to suppress mutant AR expression, which
would cause ASO chemistry-related hepatotoxicity [9]. The optimal dose and frequency
of intrathecal or systemic administration of the AR-ASOs remain to be determined for
clinical application. Furthermore, although SBMA pathology may be mainly due to gain-of-
function toxicity of polyQ-expanded AR [3], we cannot exclude the possibility that the loss
of native AR function under the ASO treatment may cause motor and sexual dysfunction.
As with AR-ASOs, LNP-delivered siRNAs and AAV vector-based approaches showed ther-
apeutic potential in the mouse models of SBMA. Especially, AAV9-mediated delivery of AR
isoform 2 has the advantage of restoring the transcriptional dysregulation without affecting
AR native functions. However, there is still limited evidence regarding their pharmacody-
namic properties, toxicities and effectiveness, which should be further investigated.

A second problem is how best to evaluate the effect of nucleic acid therapeutics in
SBMA patients. Unlike mutant HTT and SOD1 proteins, methods for direct measurement
of mutant AR protein have not been established. Reliable assays for detecting mutant
AR or other biomarkers in serum or CSF are required for clinical trials. Furthermore,
SBMA is relatively slowly progressive compared to HD and ALS, and thus it is difficult to
evaluate clinical efficacy of drugs in a short period of time, e.g., one year. Sensitive markers
correlated with disease severity, such as biomarkers, imaging and clinical scales, are also
necessary for accurate evaluation of the efficacy of the treatment during the timeframe of a
clinical trial.

Finally, we discuss the potential applicability of more recent technological advances
in SBMA treatment. When targeting mutant AR in motor neurons, newly developed
long-acting oligonucleotides, such as divalent siRNAs [21] (described in Section 2.1),
may be useful to reduce the frequency of intrathecal administration. A potential limi-
tation of these long-acting oligonucleotides is that unpredictable off-target and adverse
effects could persist for a long time in the CNS after a single administration. Bioconjuga-
tion strategies can overcome some limitations of ASOs and siRNAs by modulating their
pharmacokinetics [55]. A recent report showed DNA/RNA heteroduplex oligonucleotides
conjugated to cholesterol or α-tocopherol reached the CNS after systemic administration
and silenced target genes in both the CNS and peripheral tissues in rodents [56]. In the
skeletal muscle, antitransferrin antibody conjugated to siRNAs showed promise of im-
proved potency [57]. Conjugated oligonucleotides are attractive candidates for SBMA
treatment because both motor neurons and skeletal muscles are therapeutic targets. Fur-
thermore, gene-editing approaches, enabled by drug delivery systems using LNP and
AAV vector technology, also have the potential to treat neurodegenerative disorders [58].
In addition, repeat-structure-specific DNA ligands, which bind slipped-CAG DNA and
contract expanded CAG repeats [59], might be applicable to SBMA.

5. Conclusions

In conclusion, we have reviewed nucleic acid-based therapeutic approaches in SBMA
and related neurological disorders and discussed current limitations and perspectives to
apply these approaches to SBMA patients. Although there are several hurdles to overcome,
recent advances in nucleic acid-based technologies can lead to the development of new
treatments for SBMA.
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