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ABSTRACT

Spinal and bulbar muscular atrophy (SBMA) is a hereditary neuromuscular disorder
caused by CAG trinucleotide expansion in the gene encoding the androgen receptor
(AR). In the central nervous system, lower motor neurons are selectively affected,
whereas pathology of patients and animal models also indicates involvement of
skeletal muscle including loss of fast-twitch type 2 fibers and increased slow-twitch
type 1 fibers, together with a glycolytic-to-oxidative metabolic switch. Evaluation of
muscle and fat using MRI, in addition to biochemical indices such as serum creatinine
level, are promising biomarkers to track the disease progression. The serum level of
creatinine starts to decrease before the onset of muscle weakness, followed by the
emergence of hand tremor, a prodromal sign of the disease. Androgen-dependent
nuclear accumulation of the polyglutamine-expanded AR is an essential step in the
pathogenesis, providing therapeutic opportunities via hormonal manipulation and gene
silencing with antisense oligonucleotides. Animal studies also suggest that
hyperactivation of Src, alteration of autophagy, and a mitochondrial deficit underlie the

neuromuscular degeneration in SBMA, and provide alternative therapeutic targets.
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Introduction

Spinal and bulbar muscular atrophy (SBMA) is a hereditary neuromuscular disorder
which has several facets from a mechanistic point of view. First, SBMA is one of
neurodegenerative disorders including Huntington’s disease, caused by exonic
trinucleotide repeat expansion, and it likely has pathophysiological overlap with other
repeat expansion diseases. Second, within the central nervous system the disease
primarily affects lower motor neurons, implying mechanistic commonalities with other
motor neuron diseases including amyotrophic lateral sclerosis (ALS). Third, increasing
evidence indicates involvement of both motor neuron and skeletal muscle in animal
models as well as in patients, suggesting degeneration of multiorgan network in SBMA.
Lastly, but not least, the monogenic and slowly progressive nature of the disease
provides a wide range of opportunities for developing disease-modifying and,
hopefully, preventive therapies. In this review, we summarize recent progress in
molecular and clinical researches on disease mechanism, biomarker, and therapies of
SBMA.

Clinical phenotype

SBMA is sex-linked and manifests in adult males with slow progression. The
prevalence is estimated to be 1-2 per 100,000, whereas some patients may have been
misdiagnosed with other neuromuscular diseases such as ALS.! The principal
symptoms are weakness and atrophy of bulbar and extremity muscles mainly
attributable to lower motor degeneration in the brainstem or spinal cord accompanied
by primary muscle involvement. Muscle weakness tends to be predominant in
proximal muscles, and about 70% of the patients first notice weakness in their lower
limbs (Fig. 1). Postural hand tremor usually occurs more than ten years before the
onset of muscle weakness. Deep tendon reflexes are diminished or absent with no
pathological reflexes. Sensory involvement is largely restricted to vibration sense,
which is affected distally in the legs. Contraction fasciculations, which likely result
from a remnant of large voluntary motor unit potentials, are especially noticeable in
face and tongue. Cerebellar symptoms are absent. Dysarthria is common, with
hypernasality due to incomplete lifting of soft palate. Patients sometimes experience

laryngospasm, a sudden sensation of dyspnea. Swallowing dysfunction is characterized
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by impaired tongue movement at the oral phase, and nasal penetration followed by
pharyngeal residue. At the advanced stage, swallowing dysfunction frequently results
in aspiration pneumonia. More than half of patients die from respiratory infectious
diseases.? In addition to the neurological dysfunction mentioned above, patients with
SBMA show androgen insensitivity including gynecomastia, testicular atrophy, erectile
dysfunction, and decreased fertility. Blood testing shows elevated serum levels of
creatine kinase (CK) and liver enzymes, decreased serum creatinine, and glucose

intolerance even before the neurological onset.

Currently, there is no definitely effective treatment for SBMA; however, some
disease-modifying drugs have been tested, based on the results of basic research to
elucidate the disease mechanism of SBMA (Table 1). A phase 2 randomised control
trial of leuprorelin acetate, a luteinising hormone-releasing hormone agonist, in which
a total of 50 patients were enrolled, showed decreased accumulation of mutant AR
protein in the scrotal skin and potential benefits for swallowing function.® Thirty-six
out of 50 subjects who participated in the phase 2 clinical trial continued to undergo
administration of leuprorelin acetate in a following open-label trial. Compared with the
natural history data obtained from 29 patients with SBMA who had never undergone
disease-specific treatment, the patients treated with leuprorelin acetate showed a
slower decline of motor functional scales such as the Revised Amyotrophic Lateral
Sclerosis Functional Rating Scale (ALSFRS-R). Event-free survival was better in the
treated group, suggesting the long-term disease modification of SBMA by leuprorelin
acetate.® However, the benefit of this therapy was not clearly shown in the subsequent
multicenter phase 3 trial in a total of 204 subjects.” Similarly, dutasteride, a 5-alpha
reductase inhibitor that decreases levels of dihydrotestosterone, failed to show an
effect on the primary outcome measure (quantitative muscle testing) in a phase 2
clinical trial, although there were secondary benefits on physical quality of life and the
frequency of falls.® As for other therapies, clenbuterol improved walking capacity, and
an IGF-1 mimetic increased muscle volume in phase 2 clinical trials, although their
efficacy has not been clearly shown in a large-scale trial.® 1° Possible reasons for
failure in clinical trials may include lack of established outcome measures, variety of

severity and progression, relatively long preclinical phase, and adverse effects of tested
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drugs.

Biomarkers

Biomarkers are biological properties or molecules that can be measured, and broadly
fall under three categories and purposes: a) diagnostic; b) prognostic; c) markers of
disease progression. The monogenic nature of SBMA and clear genetic diagnosis
currently make novel diagnostic markers not a strong priority. Conversely, as outlined
above, SBMA disease progression is variable, and therefore tools to predict disease
course would be beneficial for patient knowledge and also for stratification in clinical
trials - no such markers are currently available. In this review, we will focus on
biomarkers of disease progression. SBMA is a slowly progressive disease and markers
that are able to detect and quantify progression over 12 months are strongly needed in
order to allow for effective, brief and small clinical trials. Progression biomarkers
range from quantifying muscle function and force, to assessing the neuromuscular
status by neurophysiology and imaging, and finally to measuring molecules in blood to

assess disease activity and progression.

Function rating scales, a number of which were developed for other neuromuscular
conditions, are currently used in SBMA clinical practice and have been incorporated in
clinical trials.* Amongst these, is worth highlighting the SBMA Functional Rating
Scale (SBMAFRS), a 14-item scale specifically adapted to SBMA, which covers
bulbar, upper and lower limb, trunk, and respiratory aspects of disease.'? Function
rating scales are very simple tools, extremely useful to rapidly assess the degree of
disease impact, but lack the sensitivity and reliability to detect changes over 12 month

periods of time.

More time consuming, but also more sensitive than function rating scales, are
functional assessments. Video fluorography detects bulbar function changes over 12
months and was successfully used as a primary outcome measure in clinical trials.’
The six-minute walk test (6MWT) is a simple and effective measure of lower limb
function, and the adult myopathy assessment tool (AMAT) assesses limb and trunk

function, with a focus on repeat exercise and endurance — both 6MWT and AMAT
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have been used in clinical trials and shown to detect disease changes over 12 and 24
months, respectively, as mentioned above.®*® A limit of both tools is the inability to
capture changes in advanced patients, who are unable to undergo these assessments.
Muscle strength can be directly quantified through a range of myometry approaches,
where generally portability, cost and ease of measurement inversely correlate with
reproducibility. Limb myometries can detect changes over 18 months,*® whilst tongue
pressure has also been assessed and shown encouraging results by correlating with
bulbar function and the ability to detect changes before subjective awareness of

dysphagia.t*

In recent years, there has been increasing interest and excitement across neuromuscular
conditions for the use of skeletal muscle MRI to track disease changes in a sensitive,
quantitative and operator-independent manner.® Muscle MRI can indeed allow
assessment of muscle size, and also quantify muscle fat infiltration through Dixon
acquisition approaches. Similarly to what is observed both in myopathies and in
chronic denervation disorders, muscle fat infiltration is also a prominent feature in
SBMA, and occurs in both limb and bulbar muscles. Interestingly, initial MRI studies
have documented a specific stereotypical pattern of muscle involvement in SBMA,
with certain muscles, such as the tibialis anterior and posterior, and the sartorius being
relatively spared from degeneration. Most importantly, fat infiltration correlates with
disease functional involvement, and changes in fat infiltration over 18 months
demonstrated this technique is sensitive in detecting progression, making it a very
strong candidate to be used as an outcome measure.'® '° Future studies to determine
changes on shorter time periods and inter-centre reproducibility will be useful in

optimizing its use in clinical trials.

Neurophysiology approaches have also been applied in SBMA, and motor unit number
estimations (MUNE) were shown to correlate with function and detect disease
progression over 12 months.’® 17 Improvements in estimation of motor units have

emerged over the last decade, and need to be assessed in SBMA.

The measurement of molecules in biofluids can be effective in documenting disease
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activity, and the use of blood-derived biofluids is extremely appealing because of the
low invasiveness required, and the possibility of conducting multiple measurements
over time. A number of conventional metabolic and liver function markers are often
altered in SBMA, documenting the non-neurological involvement of disease, but we
will here focus on changes that can serve as biomarkers of the neuromuscular
component of disease. Neurofilament (NF), both light chain (NfL) and phosphorylated
heavy chain (pNfH), can be accurately measured in serum or plasma and have been
shown to increase across a number of neurological disorders ranging from the central
nervous system (CNS) acute and chronic diseases to slowly progressive peripheral
nervous system (PNS) diseases such as CMT, and also to correlate with disease
progression rate in ALS. Intriguingly, NF changes were not detected in SBMA patients
and mouse models of disease, owing possibly to a very slow degeneration of neurons
during disease.’® Future studies exploring PNS specific markers, such as peripherin,
will be important to try and establish markers of neuron degeneration in SBMA.

Muscle degeneration due to both a primary myopathic component and denervation is a
prominent feature of SBMA, and indeed CK, a marker of muscle damage, are elevated
in SBMA. Unfortunately, increased CK are variable when measured longitudinally and
are not very informative of disease progression and stage.'® Conversely, creatinine
levels reflect muscle mass and decrease with disease progression in a number of
neuromuscular conditions. Muscle uptake of creatinine has been shown to be impaired
in SBMA, making its reduction in plasma levels more accentuated. Importantly,
creatinine decrease does correlate with disease progression stages.'® '° Further markers
able to determine the level of neuronal and muscle disease activity will be beneficial
for SBMA, and potentially offer the opportunity to obtain early information on
treatment efficacy.

In summary, functional and muscle strength assessments, blood-based biomarkers and
skeletal muscle imaging do currently allow to monitor disease progression and should

be used in combination in clinical trials.

Genetics
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SBMA is caused by a CAG repeat expansion in the AR gene on the X chromosome at
g11-12, which leads to an expanded polyglutamine tract in the N-terminal domain of
the AR protein.?’ SBMA was the first of many neurological disorders now known to be
caused by repeat expansion, including at least nine that are caused by expanded
polyglutamine tracts.

In healthy individuals the repeat is polymorphic, with a range of about 11-36 CAGs,
and in SBMA patients it is expanded to 39-72 CAGs. Recently, repeat lengths up to 39
CAGs were reported in a population sample of over 14,000 individuals in northern
Europe at a frequency greater than the estimated disease prevalence, suggesting
underdiagnosis or mitigating factors leading to reduced penetrance.?* At the high end
of the disease range clinical features of abnormal genital development and dilated
cardiomyopathy have been reported.? 22 There is evidence of a founder effect in the
Japanese population, where the normal repeat length distribution is somewhat higher,

and clusters have also been reported in western Finland and northern Italy.

The repeat is modestly unstable, with expansions of contractions of a few CAGs with
transfer from one generation to the next, and there is a correlation of repeat length with
age of onset and disease severity, such that the longer the repeat the earlier the onset
and the more severe the disease manifestations.?’ There is also evidence of repeat
length variation in sperm but not somatic cells within individuals. The phenomenon of
anticipation, in which subsequent generations have an earlier onset and more severe

symptoms due to expansion of CAG repeat length, is not usually observed in SBMA.2*

The AR is a nuclear receptor, and the N-terminal domain is involved in interaction
with other nuclear proteins that regulate transcription of target genes. Although the
mutation causes some loss of normal AR function, as evidenced by the signs of andro-
gen insensitivity that occur in SBMA patients, the primary effect of the mutation is to
cause a toxic gain of function in the receptor protein, i.e., it alters the protein structure
such that the receptor becomes toxic to motor neurons and muscle. This is based on the
finding that other mutations that cause loss of AR function result in a different

phenotype, with feminization but not the progressive weakness and motor neuron loss
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of SBMA. Further support for a gain of function comes from the finding that the
mutant protein is toxic and reproduces features of the disease phenotype in cultured

cells and transgenic animals, as discussed below.

Androgen-dependent disease mechanism

The causative protein of SBMA, AR, is a nuclear receptor belongings to the
steroid/thyroid hormone receptor family. AR mediates the effects of androgens,
testosterone and dihydrotestosterone, through binding to an androgen response element

in the target genes and thereby facilitating their expression.

Nuclear accumulation of the polyglutamine-expanded AR is not only the cardinal
histopathological feature, but also an essential step in the degenerative process in
SBMA (Fig. 2). Without androgen stimulation, AR remains in the cytoplasm, being
kept inactive by heat shock proteins and other molecular chaperones. The receptor
requires ligand binding for dissociation from chaperones, interdomain NH2- and
carboxyl-terminal (N/C) interaction, translocation into the nucleus, dimerization,
binding to DNA, and transcriptional activation, as well as instigation of non-DNA
binding-dependent signaling.?® The ligand-dependent nuclear translocation of AR
appears to play an essential role in the disease mechanism of SBMA. The phenotypic
difference with gender, which is a specific feature of SBMA, has been recapitulated in
animal models. In a transgenic mouse model of SBMA expressing the full-length
human AR containing 97 CAGs (AR-97Q), neuromuscular symptoms are markedly
pronounced and accelerated in the male mice, and androgen deprivation through
surgical or chemical castration substantially improved the symptoms and
histopathological findings by suppressing nuclear accumulation of the
polyglutamine-expanded AR.%® This provides a theoretical basis for development of

ligand modulating therapies including leuprorelin acetate for SBMA.

In addition to nuclear translocation, ligand-dependent N/C interaction is requisite of
toxicity of the polyglutamine-expanded AR. Inhibition of the interdomain interaction
via genetic manipulation suppresses aggregation of the polyglutamine-expanded AR

and thereby mitigates motor deficits in a transgenic mouse model of SBMA.?” Similar

10
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beneficial effects on SBMA pathogenesis were also exerted by small molecules that
stabilize interaction between Hsp70 and N-terminal domain of AR.?® Furthermore, a
mutation that inhibits the binding of the polyglutamine-expanded AR to DNA without
affecting ligand binding abolishes neurodegeneration, indicating that DNA binding is
also necessary for the toxicity.?® The ligand-dependent interactions between the
carboxyl-terminal AF-2 domain of AR and co-regulators are also required for the
pathogenesis of SBMA.2° AF-2 modulators inhibit aggregation of the
polyglutamine-expanded AR, resulting in attenuation of neuromuscular degeneration
in a transgenic mouse model of SBMA in which the pathogenic AR is expressed at an
endogenous level.*® Post-translational modifications of AR including phosphorylation

have also been implicated in the neurotoxicity of the polyglutamine-expanded AR.!

Inclusions of mutant AR are a histopathological hallmark of SBMA and found in both
the nucleus and the cytoplasm in different cells and tissues from SBMA patients and
animal models.®! It is also known that aggregation of the pathogenic AR occurs in a
ligand-dependent manner.2® There is, however, a limited knowledge about how
aggregated AR induces dysfunction and death of motor neuron and myocyte, but it has
been shown that the pathogenic AR induces similar changes of intracellular signaling
in both types of cells. For instance, the pathogenic AR with elongated polyglutamine
activates Src, a non-receptor protein tyrosine kinase, both in the spinal cord and
skeletal muscle of AR-97Q mouse.? An Src inhibitor ameliorates the neuromuscular
phenotype of SBMA by mitigating Src-dependent activation of p130Cas, without
suppressing the nuclear accumulation of the pathogenic AR. In addition, the
polyglutamine-expanded AR causes epigenetic dysregulation such as histone

deacetylation and DNA hyper methylation in neurons.®

Muscle pathogenesis

Dysfunctions of each component of the motor unit result in a plethora of pathological
conditions, from motor neuron diseases to peripheral neuropathies, myasthenia, and
myopathies. Because the motor neuron and the innervated muscle fibers are in a tight
structural and trophic relationship with each other, cell-autonomous degeneration of the

motor neuron may cause noncell-autonomous degeneration of the innervated fiber and

11
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vice-versa. This is the case of SBMA. SBMA muscle biopsy pathological analysis reveals
signs of denervation, with atrophic, grouped and angulated fibers, and myopathy,
including presence of fibers with central nuclei, fiber degeneration, necrosis, macrophage
infiltration, thus supporting that idea that cell-autonomous pathological processes occur
not only in motor neurons, but also in myofibers.3* 3> SBMA muscles show a fiber-type
switch with loss of fast-twitch type 2 fibers and increased number of slow-twitch type 1
fibers, together with a glycolytic-to-oxidative metabolic switch.®% 3" A key feature of
SBMA muscle pathology is the presence of hypertrophic fibers, which further suggest a
myopathic picture coexisting with neurogenic atrophy.34 % 38 Although not denervated,
neuromuscular junctions show morphologic abnormalities and instability, which may
hamper neurotransmission.3® Moreover, patients show reduced muscle contractility,
weakness and increased fat content.*® Although there is no doubt that SBMA is an
androgen-dependent disease, muscle strength positively correlates with serum androgen
levels, implying that this aspect of disease may be the result of diminished response to
circulating androgens.** Fiber atrophy and hypertrophy, type I1b-to-I1a/llx and
glycolytic-to-oxidative fiber-type switch are disease manifestations well recapitulated in
animal models of SBMA.3" In SBMA mice fast-twitch muscles are more severely
affected compared to slow-twitch muscles and most of the pathological manifestations
occur in muscle before spinal cord.®” Analysis of muscle pathology in presymptomatic
subjects may clarify whether myopathic signs precede neurogenic atrophy in patients also.
Another important finding that recently emerged from analysis of the phenotype of a new
conditional mouse model of SBMA is that expression of mutant AR starting at about 40
days of age is sufficient to induce muscle atrophy and motor dysfunction, but not the
fiber-type switch and metabolic alterations, thereby suggesting that expression of mutant
AR during development is important to elicit these aspects of muscle pathology, at least

in the mouse.*?

Mechanistically, pathological processes occurring in SBMA muscle involve
hyperactivation of protein kinase B (also known as Akt) and mammalian target of
rapamycin (mTOR) signaling, which leads to increased protein synthesis, and

concomitant activation of atrogenes and autophagy genes.®” Rapamycin treatment

12
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exacerbates the phenotype, supporting the idea that activation of Akt/mTOR signaling
is a compensatory pathway to protein breakdown. However, activation of anabolic
pathways is not sufficient to compensate activation of atrophy pathways and results in
decreased net protein content in muscle. Importantly, expression of several autophagy
genes is enhanced, a process that is likely to involve transcription factor EB (TFEB),
but accumulation of lipidated microtubule-associated protein 1A/1B-light chain 3
(LC3) and sequestosome 1 (Sgstm1, p62) and the presence of autophagosomes reveals
that the autophagy flux is altered in SBMA muscle 3" 42

Another important aspect of muscle pathology concerns the status of mitochondria.
Indeed, the expression of the oxidative phosphorylation enzymes is altered, and
mitochondria are depolarized in the muscle of SBMA mice.3" %2 Importantly, in muscle
biopsy specimens of SBMA patients, muscle fibers have central core-like features,
with reduced or absent mitochondria in the center of the fiber, and mitophagy.®
Interestingly, the polyglutamine-expanded AR is found in association with
mitochondria.®® 46 Reduced muscle contractility is associated with altered calcium
dynamics,*’” and aberrant expression of excitation-contraction coupling genes both in
mice and patients. Altered expression of these genes may be either an indirect
consequence of aberrant function of epigenetic reader and writer factors, or direct
binding of mutant AR to the promoters and enhancers of these genes, which indeed
have putative androgen-responsive elements in their core promoters and regulatory
regions. This observation implies a physiological role of AR in the control of genes
involved in muscle contraction and in the pathological processes occurring in SBMA.
Skeletal muscle represents a good therapeutic target tissue for several reasons. Skeletal
muscle is about 30-40% of our body weight and controls body metabolism. Therefore,
any pathological process leading to alteration of muscle metabolism is expected to
impact adipose tissue and liver, and whole-body metabolism. Consistent with the idea
that muscle is a primary target tissue for therapy development, genetic and
pharmacological inhibition of AR expression in muscle either prevented or ameliorated

the phenotype of several mouse models of disease.**->°

Therapy targeting the CNS

13
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Although there is considerable evidence of muscle involvement in SBMA, the disease
is primarily caused by motor neuron degeneration. Clinical manifestations include
muscle atrophy and fasciculations, which are signs of denervation and motor neuron
dysfunction. Electrophysiologic MUNE studies show loss of motor neurons.! 1’ As
mentioned above, SBMA patients are often initially diagnosed as having ALS, and
ALS registries and natural history studies have included SBMA patients by mistake.*
Autopsies have demonstrated loss of motor neurons in the anterior horn of the spinal
cord and in the brainstem.®® In cell culture and animal models, too, there is evidence of

neuronal vulnerability and motor neuron loss.

Probably the best therapeutic approach for SBMA is reducing levels of the toxic AR
protein, since this would prevent all its downstream deleterious effects. Reduction of
AR expression in the CNS and muscle with a miRNA targeting the AR mRNA resulted
in benefits in SBMA transgenic mice. Targeted antisense oligonucleotide (ASO)
therapy has been remarkably effective for spinal muscular atrophy, and clinical trials in
patients with familial ALS and Huntington’s disease are also showing promise. A
similar approach has shown preclinical efficacy for SBMA. In three different SBMA
mouse models ASO suppression of AR mRNA systemically or in the CNS has been
beneficial, with dose-responsive clearance of high molecular weight insoluble species,
sustained reduction in soluble AR, and clearance of mutant AR pathology.? 5 ASO
administration into the cerebral ventricles and target engagement in spinal cord has
beneficial effects on motor neuron and neuromuscular junction pathology.®® The
knock-in mouse model used for studies of peripheral suppression does not have the
motor neuron loss that occurs in SBMA patients, and the cause of death is urinary
retention (probably due to autonomic dysfunction), which is minimal in humans.
Reducing mutant AR in the CNS alone would avoid the anti-anabolic effects of
androgen reduction in peripheral tissue, which may have limited the benefits of
androgen ligand reduction in clinical trials. Importantly, there is a clear path forward
for intrathecal CNS ASO delivery, based on clinical trial results with other motor
neuron diseases, while delivery of currently available ASOs to muscle at adequate
levels in patients has been challenging. Thus, the rationale for CNS AR suppression

with a targeted ASO is strong.

14
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Other candidate therapies

At least 30 different therapeutic approaches have shown efficacy in SBMA mice. In
addition to RNA-based approaches such as ASO and RNA interference, viral delivery
of miR-196a, which enhances the decay of the AR mRNA by silencing CELF2, a
protein involved in regulation of AR mAR stability, decreases the protein level of the
mutant polyglutamine-expanded AR and thereby ameliorates motor function of a
mouse model of SBMA.>* Clearance of mutant AR by increased protein degradation or
manipulation of protein control system also represents an attractive therapeutic
strategy. The complex of Hsp90-client proteins, such as AR, is stabilized when it is
associated with p23, a co-chaperone interacting with Hsp90, whereas inhibition of
Hsp90 facilitates proteasomal degradation of its client proteins by altering the
components of the protein complex. Treatment with
17-allylamino-17-demethoxygeldanamycin (17-AAG), a potent Hsp90 inhibitor,
dissociates p23 from the Hsp90-AR complex, and thus facilitates proteasomal
degradation of mutant AR in cellular and mouse models of SBMA.%
Geranylgeranylacetone, an acyclic isoprenoid compound with a retinoid skeleton,
upregulates the levels of Hsp70 in the central nervous system and inhibits nuclear
accumulation of mutant AR protein, resulting in amelioration of the neuromuscular
phenotype of SBMA mice.>® Recent studies have also shown that alterations in the
normal properties of the mutant protein are determinant for the disease pathogenesis.
AR coregulators, such as ARA70, are alternative therapeutic targets, because they
control the function and cellular distribution of AR. Curcumin-related compound
5-hydroxy-1, 7-bis (3,4-dimethoxyphenyl)-1,4,6-heptarine-3-one (ASJ-J9) was found
to ameriolate the disease phenotype by disrupting the interaction between the AR and
its co-regulator ARA70.%7

Although there is no established therapy for SBMA, the experience of clinical trials
has provided important insights into trial design, including outcome measures,
biomarkers, and placebo effects in SBMA. Many compounds have shown efficacy in
preclinical studies in mice, and the next step is to translate these findings into safe and

effective treatment in patients. Well-designed clinical trials integrating validated
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biomarkers and international collaboration are key to the successful development of

disease-modifying therapies for SBMA.
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Figure Legends

Figure 1. Clinical course of SBMA

The onset of muscle weakness is between 30 and 60 years in most patients with SBMA.
Decrease in serum creatinine levels precedes the onset of subjective muscle weakness
by more than 15 years, followed by the emergence of hand tremor. Health checkup

data of patients also suggests that serum levels of liver enzymes, and possibly creatine
kinase (CK), begin to increase around 10 years before the onset of weakness. On the
other hand, subjective dysphagia starts around 10 years after the onset, eventually

resulting in aspiration pneumonia.

Figure 2. Molecular pathogenesis of SBMA

Upon ligand binding, the polyglutamine-expanded AR (androgen receptor) is
dissociated from molecular chaperones, undergoes N/C interaction, and translocates
into the nucleus. In the nucleus, the pathogenic AR dimerizes and forms aggregates
that require DNA binding and interaction with co-activators. The accumulated AR
instigates several abnormal events, such as protein hyperphosphorylation and
epigenetic dysregulation. NTD, N-terminal domain; DBD, DNA binding domain; LBD,

ligand binding domain.
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Table 1. Clinical trials of candidate drugs for SBMA

Number Interventions  Follow-up  Primary Principal secondary
of period outcomes outcomes
Subjects
Banno et 50 leuprorelin 48 weeks  ALSFRS-R Video fluorography
al., 2006 acetate Anti-polyglutamine
immunostaining of the
scrotal skin
Katsunoet 204 leuprorelin 48 weeks Pharyngeal Anti-polyglutamine
al., 2010 acetate barium residue immunostaining of the
in video scrotal skin
fluorography
Rhodes et 50 dutasteride 24 months QMA Serum creatine kinase
al., 2011 Muscle strength
Querin et 20 clenbuterol 12 months  6-minute MRC scale
al., 2013 walking distance ALSFRS-R
Grunseich 27 IGF-1 12 weeks  TMV AMAT
etal. 2018 mimetic
(BVS857)

ALSFRS-R; the Revised Amyotrophic Lateral Sclerosis Functional Rating Scale: QMA;
quantitative muscle assessment: MRC scale; Medical Research Council scale: TMV; thigh muscle

volume: AMAT; the Adult Myopathy Assessment Tool
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