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Abstract

Abnormal polyglutamine expansions in the androgaeptor (AR) cause a muscular condition,
known as Kennedy’s disease or spinal and bulbacutaisatrophy (SBMA). The disease is
transmitted in an X-linked fashion and is clinigatharacterized by weakness, atrophy and
fasciculations of the limb and bulbar muscles assalt of a toxic gain-of-function of the mutant
protein. Notably, affected males also show signsmafrogen insensitivity, such as gynaecomastia
and reduced fertility. The characterization of tla¢ural history of the disease, the increasing
understanding of the mechanism of pathogenesisrenelucidation of the functions of normal and
mutant AR have offered a momentum for developingt@nal therapeutic strategy for this disease.
In this special issue on androgens and AR functiweswill review the molecular, biochemical,
and cellular mechanisms underlying the pathogerméS8MA. We will discuss recent advances
on therapeutic approaches and opportunities fernyii incurable disease, ranging from androgen
deprivation, to gene silencing, to an expanding@rere of peripheral targets, including muscle.
With the advancement of these strategies intolthe cit can be reasonably anticipated that the
landscape of treatment options for SBMA and otleeramuscular conditions will change rapidly

in the near future.



Introduction

Spinal and bulbar muscular atrophy (SBMA), alsowna@s Kennedy’s disease, is caused
by expansions of a CAG tandem trinucleotide repmatpding glutamine, in the first exon of the
androgen receptoAR) gene (La Spada et al., 1991). SBMA is one outiloé neurological
disorders caused by expansions of CAG repeat®indting regions of specific genes. These
disorders are known as polyglutamine diseasesrarhgde Huntington’s disease, dentatorubral-
pallidoluysian atrophy, and spinocerebellar atayee 1, 2, 3, 6, 7, and 17 (Fan et al., 2014; Orr
and Zoghbi, 2007; Pennuto and Sambataro, 2010ygltdmine diseases are caused by CAG
repeat expansions in the coding regions of theggeoeing for huntingtin (Macdonald et al., 1993),
atrophin-1 (Koide et al., 1994; Nagafuchi et a@94), ataxin-1 (Orr et al., 1993), ataxin-2 (Imbert
et al., 1996), ataxin-3 (Kawaguchi et al., 1994)0CNA1A (Zhuchenko et al., 1997), ataxin-7
(David et al., 1997), and the TATA-binding protéirBP) (Nakamura et al., 2001).

Polyglutamine diseases are all inherited in ansaurt@l dominant fashion, except for
SBMA, which is X-linked. These diseases are pragvesand have typically a late onset exordium,
with a negative correlation between the lengtthef CAG repeat and the age at onset and a positive
correlation with disease severity. Consistent \htse features, polyglutamine diseases show the
phenomenon of genetic anticipation, with the nextegation more likely to inherit a longer
polyglutamine tract and present a more severe gigeacAlthough the polyglutamine-expanded
proteins are expressed in several tissues andnie sases, have housekeeping functions in the
cells, neurons are primary targets of polyglutar@rpanded proteins. Even more intriguingly,
specific populations of neurons degenerate in potggine diseases, resulting in different clinico-
pathological disease manifestations (Roselli ant@a2015; Saxena and Caroni, 2011). The
molecular basis of selective neuronal vulnerabii@myains obscure.

Polyglutamine diseases are caused by both toxicafdunction and loss of function
mechanisms. Generation of knock out, knock in aalsgenic animal models of polyglutamine
diseases has allowed to better appreciate the mischaf neurodegeneration in these disorders.
Knock out or knock down of polyglutamine proteirengrally is associated with phenotypes
different from those caused by the polyglutaminpagded proteins. For instance, loss of function
mutations of AR in humans as well as ablation of @&pression in mice result in a phenotype that
does not include a neuromuscular dysfunction, sujpypa toxic gain of function model for
SBMA. Moreover, overexpression of polyglutamine-axged proteins in the presence of the wild
type counterpart causes disease, indicating thaglpbamine diseases are not caused by pure loss

of function mechanisms. Nevertheless, polyglutaneixgansion also confers a loss of protein
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function to the mutant protein, which contributeslisease pathogenesis. Indeed, SBMA patients
present frequently with symptoms of partial androgesensitivity, such as gynecomastia, reduced
libido and impotence (Querin et al., 2015). Moregl@ss of endogenous AR has been shown to
aggravate the phenotype caused by mutant AR, thaeledlwing a contribution of the loss of AR
function in SBMA (Thomas et al., 2006).

Polyglutamine expansion is associated with prat@sfolding, aggregation and inclusion
formation. Polyglutamine-expanded proteins aggeegdad detergent-insoluble amyloid-like fibrils
(Adegbuyiro et al., 2017). The length of the politgmine tract directly correlates with the
propensity to form amyloid fibrils. Biochemicallgicro-aggregates/oligomers can be detected as
high molecular weight species that accumulate énstacking gel by sodium dodecyl sulphate -
polyacrylamide gel electrophoresis (SDS-PAGE) apfliter retardation assay (Palazzolo et al.,
2009). In addition, polyglutamine proteins formligion bodies, larger structures composed of
fibrillar aggregates. These inclusions form in botitleus and cytosol, are a hallmark of disease,
yet their role is disease pathogenesis is far fnogherstood. While initially considered toxic
species whose formation correlated with diseasgrpssion, more recently inclusions have been
proposed to be protective species, and neurondleapbdepositing misfolded polyglutamine
proteins into inclusion bodies were shown to stevonger compared to neurons unable to form
such structures (Arrasate et al., 2004; Palazzah,2010). Rather, diffused misfolded proteins
and amyloid fibrils may be the toxic species thattanly grow inside the neurons, but that can also
be transmitted from one neuron to another in respon neuronal activity and by means of
extracellular vesicles (Pecho-Vrieseling et al1£20Ren et al., 2009).

An intriguing aspect of polyglutamine disease& the same mutation in different genes
causes the dysfunction and degeneration of spgmficilations of neurons in the central nervous
system. This indicates that expansion of polyglu@ntracts is necessary, but not sufficient to
dictate disease features. Rather, intrinsic prdeatures play a critical role in dictating the
initiation and progression to cellular dysfuncteomd degeneration (Graham et al., 2006; Katsuno et
al., 2002; Klement et al., 1998; Tsuda et al., 2083arge body of evidence shows that both the
structure and the native functions of polyglutarréx@anded proteins are important in the
neurodegenerative process. This is particularlgeaviin SBMA. Indeed, the sex-specificity of
SBMA indicates that the expanded polyglutaminettioot the only causative determinant of
motor neuron loss and skeletal muscle atrophy.d&agnotein domains outside the polyglutamine
tract are expected to play a key role in diseaigoganesis. Moreover, recent findings support the
idea that the native functions of polyglutamine-@xged proteins cause neurodegeneration through

gain and loss of function mechanisms involvingve&protein-protein interactions and alteration of
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the native functions of the disease proteins. ABisdeal model protein to appreciate the
contribution of protein structure and function isahse pathogenesis, as its structure and functions
are quite well characterized.

Clinical features

SBMA is an X-linked neuromuscular condition wherdyomales are fully affected. Female
carriers are generally asymptomatic or may expeeeacurrent muscle cramps (Schmidt et al.,
2002). Disease onset ranges from about ages 18#64most patients presenting in the fourth or
fifth decade of life with tremor, cramping, proxih@nd distal weakness, and muscle atrophy,
secondary to the lower motor neuron degeneratidrpamary muscle atrophy (Rhodes et al.,
2009). Involvement of the bulbar muscles is a fesqudinding, accounting for dysarthria and
dysphagia, hypernasality, with decreased rangédi pnd loudness, and perioral fasciculations.
Weakness of the temporalis and masseter musclesselictive preservation of pterygoid muscles
causes fatigue when chewing and occasionally jap @8umner and Fischbeck, 2002).
Degeneration of the dorsal root ganglia often itesala loss of sensation in the lower extremities.
Signs of androgen insensitivity include gynaecormastigospermia and erectile dysfunction, as
well as reduced risk of androgenetic alopecia iMBHRSinclair et al., 2007). SBMA subjects also
often demonstrate metabolic alterations, includibgominal obesity, increased insulin resistance,
and dyslipidemia, likely as a result of decreasadf@gen signal (Rhodes et al., 2009; Hashizume et
al., 2012; Nakatsuiji et al., 2017)). Although mpatients have elevations in total testosterone, fre
testosterone and dihydrotestosterone, the levdleeftestosterone and dihydrotestosterone may be
reduced in some individuals. Low sensory nerve dogas, decreased compound motor action
potentials and evidence of diffuse denervatiortla@echaracteristic features on electromyography
and nerve conduction study. Motor unit nerve ediitna MUNE) is reduced to about half of
healthy control values (Lehky et al., 2009). A madmopsy may show evidence of neurogenic and
myogenic atrophy (Kennedy et al., 1968; Sorard.e2@08). Female carriers do not usually
develop weakness, although a minority may have rausamps (Ishihara et al., 2001).

Disease progression is relatively slow, particylarhen compared to other motor neuron
diseases, such as amyotrophic lateral sclerosiS)Akith muscle strength, as measured by
guantitative muscle assessment, declining by 2%eer (Fernandez-Rhodes et al., 2011). The
majority of individuals with SBMA have a normaldiexpectancy although affected subjects are at
risk of choking on food and aspiration pneumonieaise of weakness of the bulbar muscles
(Atsuta et al., 2006; Kennedy et al., 1968). Adhulsymptoms correlate with the length of the
CAG repeat and affect the prognosis (Atsuta e28D6), videofluorography-assessed by barium
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swallow has been suggested as a reliable and rtleuecome measure in SBMA clinical trials
(Fernandez-Rhodes et al., 2011; Katsuno et alQ)20iterestingly, a 29-year old patient with 68
CAG repeats —the largest reported so far- develsfgss and symptoms of autonomic dysfunction
and abnormal sexual development in addition taypieal clinical picture (Grunseich et al., 2014).
The diagnosis of SBMA is often delayed due to lediawareness; therefore the estimated
prevalence of 1-2 per 100,000 is likely to be adarastimation. Time to diagnosis after onset of
weakness averaged 5.5 years, and the time frotmfadical evaluation to diagnosis averaged more
than 3 years (Rhodes et al., 2009). SBMA patiergsreost often misdiagnosed with ALS,
myasthenia gravis, polymyositis, metabolic myopathg chronic inflammatory neuropathy. With
recognition of the characteristic clinical featusesl the availability of confirmatory genetic tesfi

a diagnosis can be relatively straightforward.

From the AR geneto protein

The AR gene lies on the X chromosome and is composemjlof exons that encode a
protein of about 110 kDa (about 920 amino acidseddmg on the length of several polymorphic
trinucleotide repeats, NM_000044). In additionte bpen reading frame, the 11 kb mRNA
contains 1.1 kb 5’ untranslated region (UTR), threglest among steroid receptors, and a 6.8 kb
3'UTR (Faber et al., 1991). AR is highly expresgedexual organs in males as well as in motor
neuron and muscle cells, which degenerate in SBlsktfepts. AR negatively regulates its own
expression by binding to the second intron ofARggene (Cai et al., 2011). The AR is a steroid
hormone receptor composed of three main domainsn Exencodes the amino-terminal domain
(amino-acids 1-555), exons 2 and 3 encode the DiNditg domain and the hinge region (amino-
acids 556-670), and exons 4-8 encode the ligandifrgrdomain (amino-acids 671-920). The AR is
a transcription factor activated by testosterorge dihydrotestosterone.

The amino-terminal domain of the AR is poorly canee throughout evolution and is the
less structured domain of the protein. This doneaimtains the polyglutamine tract whose
expansion causes SBMA. The length of the pathogaslyglutamine tract ranges between 5 and
36 residues in the normal population, with an ayedangth of about 21 glutamines. Expansions of
38-10-68 residues cause SBMA. The size of thisglabamine tract affects AR function, with
longer repeat tracts associated with lower AR @gti\Harada et al., 2010; Tut et al., 1997; Wang et
al., 2004). In SBMA, pathogenic expansions of tblyglutamine tract reduce AR activity and may
be responsible for partial loss of AR function. ABs two other short polyglutamine tracts, whose
length also negatively affects AR function (Haradal., 2010). AR has two more tandem repeats,

a polyglycine tract and a polyproline tract tha polymorphic in size. The length of the
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polyglycine tract does not correlate with seveotylisease (Bertolin et al., 2016). The role of the
polyproline tract in SBMA is not known. The amiterminal domain of the AR is critical for its
function. It contains two subdomains, namely a¢iingafunction 1 (AF-1) and AF-5, which span
amino acids 51-211 and 370-494, respectively. A¥fhasked by heat shock proteins (HSPs) and
functions in a ligand-dependent fashion. The reteeaof these functional domains in SBMA
pathogenesis remains to be elucidated.

The DNA binding domain of AR is composed of twoazfingers, of which the first one
dictates binding site specificity by contacting thajor grove of DNA, and the other one stabilizes
binding. The AR has a nuclear localization sigalrsing residues 617-634, which works in a
hormone-dependent fashion. This nuclear localinagignal is bipartite and is composed of two
clusters of conserved basic residues separate@ bynino acids (Simental et al., 1991). Nuclear
import of AR occurs through the importinand importing systems (Cutress et al., 2008). The
hinge region contains a sequence known as PESTréwhes proline, E glutamic acid, S serine, and
T threonine) (Sheflin et al., 2000), which targetsteins for degradation by the ubiquitin-
proteasome system (UPS) (Rechsteiner and Rogé¥8).19ormal and polyglutamine-expanded
AR are indeed rapidly and efficiently degraded rhyaihrough the UPS in a process regulated
through phosphorylation at the amino-terminal donaaid the ligand-binding domain (Lin et al.,
2001; Palazzolo et al., 2007).

The ligand-binding domain of AR is composed of Iggha-helices and 4 beta-strands
(Matias et al., 2000). Hormone binding results coaformational change that leads to formation of
a transactivation domain, namely AF-2. AF-2 reagi-regulators of transcription bearing the
LXXLL motif (where L is leucine and X any amino dgi In the AR, the AF-2 preferentially binds
to the FXXLF motif (where F is phenylalanine) ahé WXXLF motif (where W is tryptophan ) in
the amino-terminal domain of the protein (He et2000), resulting in an interaction between the
amino (N)-terminal domain and the carboxy (C)-terahidomain, which is known as the N/C
interaction (Langley et al., 1995; Langley et #4898). The N/C interaction can be intra-molecular
and inter-molecular, the first likely occurringtime cytosol and the other in the nucleus (Schaufele
et al., 2005).

Disease mechanisms

Since the discovery of polyglutamine expansionthagienetic cause of SBMA, a large
body of evidence has been obtained to explain hodifg of androgens to polyglutamine-
expanded AR triggers SBMA. In the unbound/inacstate, AR forms complexes with heat shock
proteins (HSPs) in the cytosdli§. 1). Binding to androgens results in dissociatiomfidSPs, a
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conformational change that results in N/C inteadi translocation to nucleus, DNA binding,
interaction with transcription co-factors and regign of gene expression (Parodi and Pennuto,
2011). All these post-translational events triggdsg hormone binding have been shown to play a
role in disease pathogenesis. Moreover, hormorgirigrinduces several post-translational
modifications that play a key role in SBMAif. 1). The relevance of post-translational
modifications in SBMA pathogenesis is discussedvetere (Pennuto et al., 2009; Sambataro and
Pennuto, 2017).

The interaction between polyglutamine-expanded ARthe HSPs has been extensively
investigated in several in vitro and in vivo modelSBMA. Overexpression of HSPs, such as
HSP40, HSP70, and HSP105alpha, in animal mod&8MA and other polyglutamine diseases
reduces the toxicity of polyglutamine proteins bgucing protein aggregation and inducing protein
degradation (Adachi et al., 2003; Adachi et al)Q2@Bailey et al., 2002; Howarth et al., 2007;
Ishihara et al., 2003; Kobayashi et al., 2000).6Rég, the heat shock protein B8 (HspB8), a
member of the small heat shock protein family, lbeesn shown to facilitate the clearance of
polyglutamine-expanded AR through autophagy (Rusatial., 2013). AR is a HSP90 client
protein that forms two types of complexes with ogffunctions, one containing HSP70 and Hop,
which drives proteins to degradation through th&Udhd the other containing Cdc37 and p23,
which stabilizes proteins. Compounds like 17-AA@tthromote the assembly of the
HSP90/Hop/AR complex have been shown to have tkeetappotential in SBMA (Waza et al.,
2005).

Binding of AR to androgens results in dissociafimm the HSPs, an event followed by a
change in conformation leading to intra- and imtertecular N/C interactions. Recent evidence has
emerged showing that the N/C interactions playitecat role in the pathogenesis of SBMA.
Disruption of the N/C interactions by mutation b&tFXXLF motif has been shown to reduce
mutant protein aggregation and toxicity in cell ralsdof SBMA (Orr et al., 2010). Since the N/C
interaction is needed for protein stabilizatiomesponse to hormone binding (He et al., 2001), the
beneficial effect derived from decreased N/C intBoms may be the result of increased turnover,
reduced protein accumulation and aggregation, meréased degradation by the UPS.

Hormone binding results in AR nuclear translocatioocalization of polyglutamine
proteins in the nucleus is a prerequisite for ndageneration (Bichelmeier et al., 2007; Klement et
al., 1998; Saudou et al., 1998). In the case of BBMiclear translocation is necessary, but not
sufficient for toxicity. Indeed, either deletion thfe nuclear localization signal (NLS) or additmin
a nuclear export signal (NES) reduce hormone-indumeelear translocation and attenuate

neurodegeneration, indicating that nuclear loctibras a key event in disease pathogenesis
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(Montie et al., 2009; Nedelsky et al., 2010; Takageet al., 2002). Consistent with these findings,
mutation of the acetylation motif, KXKK (where Kligsine), within the NLS reduces nuclear
translocation and attenuates neurodegeneratidyp mddels of SBMA (Nedelsky et al., 2010).
However, forced nuclear translocation of mutantiAfhe absence of hormone binding failed to
induce neurotoxicity, supporting the concept thatlear localization is needed for toxicity, but is
not sufficient to cause neuronal damage (Monted.eR009; Nedelsky et al., 2010). This evidence
implies that events occurring in the nucleus ankidd to AR biology and function are involved in
neuronal damage and muscle atrophy.

Within the nucleus, activated AR binds to speafguences, namely androgen-responsive
elements (ARES), to regulate the expression ofagyedr-responsive gendsig. 1). DNA binding is
therefore another androgen-induced post-transktewvent that is necessary for toxicity in SBMA.
Mutations preventing DNA binding suppress toxicttyereby indicating that DNA binding is a key
event in the cascade of modifications triggere@dibgrogen binding (Nedelsky et al., 2010).

DNA binding is followed by co-factor recruitmentrttugh the AF-2 surface (van Royen et
al., 2007). Disruption of the AF-2 surface reducedactor recruitment and attenuates the toxicity
of mutant AR (Nedelsky et al., 2010). One of thdfaxtors recruited through the AF-2 surface is
protein arginine methyltransferase 6 (PRMT6), activator of AR whose structural and functional
interaction with AR is enhanced by polyglutamin@axsion (Scaramuzzino et al., 2015).
Recruitment of co-factors through AF-2 aberrantih@nces mutant AR function, thereby
contributing to neurodegeneration. These obsemafwovide evidence to the concept that native
protein-protein interactions and functions of matAR are fundamental aspects in the
neurodegenerative process. Whether the AF-1 an@l ikRthe amino-terminal domain of AR play a
role in SBMA remains to be established.

As a transcription factor activated by androgeims AR regulates (activates and represses)
expression of androgen responsive genes in a tiasidetime-specific fashion. AR function is
altered in SBMA, and dysregulation of gene expmshias been reported in neuronal and
peripheral tissues, such as skeletal muscle (Lme@eret al., 2002; Rocchi et al., 2016). Changes in
gene expression can be primary, due to alteredrgrgite specificity of mutant AR, or secondary,
due to changes in the expression and functiont@rdtanscription factors and epigenetic
regulators of gene expression. In skeletal musslpression of polyglutamine-expanded AR results
in aberrant expression of hundreds of genes. Ngtableral independent studies carried out on
different rodent models of SBMA have led to ideingfion of genes that are upregulated and genes
whose expression is downregulated in SBMA muscler@@tti et al., 2016; Mo et al., 2010;

Rocchi et al., 2016). Gene ontology analysis reagkalterations in several pathways, including
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glycolysis, lipid metabolism, mitochondrial genesll adhesion, and of course muscle atrophy and
myogenesis. These gene expression analyses ineneselaled altered muscle energy balance and
metabolism and mitochondrial dysfunction as leadimgghanisms underlying SBMA skeletal
muscle atrophy.

Genes whose expression is altered in SBMA are gme proliferator-activated receptor
gamma coactivator-1 alpha (PG@jland genes encoding mitochondrial proteins (Boegial.,
2017b; Ranganathan et al., 2009; Rocchi et al §RFPIGC-Ir controls mitochondrial biogenesis
and function. Interestingly, mutant AR localizestdochondria and causes mitochondrial
membrane depolarization both in SBMA motor neuramd muscle cells (Borgia et al., 2017a;
Ranganathan et al., 2009). Amino-terminal fragmehtautant AR induce Bax-dependent
cytochrome c release and apoptosis in primaryaantieurons (Young et al., 2009), as well as
accumulation of reactive oxygen species, whichlmneduced by the antioxidants co-enzyme Q
and idebenone (Ranganathan et al., 2009). Importantiscle pathology is associated with
increased clearance of the damaged mitochondnmaitmphagy in SBMA patients (Borgia et al.,
2017a). This evidence supports the idea that polsigiine-expanded AR causes muscle atrophy by
altering the energy balance and mitochondrial fiomct

Another gene whose expression is dysregulated MAB dynactin 1, which is a central
regulator of axonal transport (Katsuno et al., J00utant AR has been shown to inhibit fast
axonal transport through activation of cJun N-terhkinase (JNK), which in turn phosphorylates
kinesin-1 heavy chains and inhibits its microtublileding activity (Morfini et al., 2006). Although
axonal transport defects were not detected in anamodel of SBMA (Malik et al., 2011),
defects in motoneuronal retrograde axonal transparé been described in knock in SBMA mice
and in mice overexpressing normal AR solely in steimuscle, suggesting that these alterations
are consequence of expression of mutant AR in rawsall occur in a non-cell-autonomous fashion
in the motor neuron (Halievski et al., 2016; Kenjalg 2011).

Polyglutamine expansion results in the accumulatiomutant AR in the forms of micro-
aggregates/oligomers and inclusion bodkgg.(1). Deposition of AR aggregates is increased in
tissues that degenerate in SBMA, such as spindlaad skeletal muscle (Katsuno et al., 2002;
Palazzolo et al., 2009). By atomic force microsggmlyglutamine expansion has been shown to
shift the deposition of AR from annular oligomeodibrillar oligomers, which may be toxic species
(Jochum et al., 2012). Notably, activation of sigrapathways that increase the propensity of
polyglutamine-expanded AR to form annular oligonmease been shown to exert beneficial effects
on the phenotype of knock in SBMA mice (Polancalet2016). Moreover, compounds that
enhance inclusion formation also suppress polygluta-expanded AR toxicity in vitro and in vivo
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(Palazzolo et al., 2010). Although the role ofifdband inclusions in SBMA remains to be fully
understood, it is possible that aggregates/fibeifgesent toxic species, whereas inclusion are
protective species, as established in other pdiggiine diseases (Arrasate et al., 2004).

Therapeutic per spectives

No disease-modifying treatment is currently avdddbr SBMA. During the last few years,

a number of potential therapeutic strategies favB8Bave emerged, some of which are already
starting to be tested in clinical trials, as a hestia deeper understanding of the mechanisms of
disease pathogenesksg. 1). Several studies in animal models have demoestitatat SBMA
pathogenesis depends on high circulating levelestbsterone in males, since surgical castration
(Chevalier-Larsen et al., 2004; Katsuno et al.,2@Mhd androgen deprivation (Katsuno et al.,
2003) are sufficient to reverse the phenotype icemThese findings have prompted researchers to
test anti-androgen therapies in clinical trialSBMA. Promising results in preclinical (Katsuno et
al., 2003) and phase 2 clinical trials (Banno gt24)09) using leuprorelin, a potent luteinizing
hormone-releasing hormone analogue that supprésseslease of gonadotropins, luteinizing
hormone and follicle-stimulating hormone, led te #stablishment of a larger, multicentre,
placebo-controlled phase 3 clinical trial of leupglon in SBMA, where the primary endpoint was
pharyngeal barium residue, measured by videoflvagy (Katsuno et al., 2010). A total of 199
SBMA male patients were assigned to receive elthgrorelin or placebo subcutaneous injections
every 3 months for 12 months. The treatment didshotv significant effects on swallowing
function in SBMA patients, unless treatment watiated in early-stage patients (disease
duration<10 years). A more recent placebo-contipldase 2 trial using dutasteride, a potent
inhibitor of the enzyme B-reductase, which mediates the conversion of testwse to DHT, also
failed to show a significant effect on the progresof muscle weakness (Fernandez-Rhodes et al.,
2011).

Increasing protein degradation represents anotioeniping attractive therapeutic strategy in
disorders such as SBMA, where protein aggregasi@nkiey pathological feature. Several
approaches have been undertaken by targeting gac@muponents of the proteostasis network to
enhance mutant AR clearance (Adachi et al., 200%; @& al., 2016; Katsuno et al., 2005; Rinaldi et
al., 2016; Tokui et al., 2009; Waza et al., 208&8cently, Wang et al. identified a small molecule
that allosterically promotes HSP70 binding to udéal substrates, alleviating toxicity in an SBMA
Drosophila model (Wang et al., 2013). Trehalosagtates autophagy and induces HSPB8
expression, suggesting therapeutic potential in 88Rusmini et al., 2013). Although several of

these strategies are effective in increasing H3iPession, non-specific upregulation of HSP levels
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can potentially have deleterious consequences. kawene agent that can upregulate HSP
expression yet avoid the potential problems of speeific elevation in HSPs, is arimoclomol, a co-
inducer of the heat shock response (HSR) onlyressed cells (Kieran et al., 2004) and that has
been shown to be effective in an SBMA mouse maddalik et al., 2013),.

Post-translational protein modifications, such lasgphorylation, methylation,
SUMOylation and acetylation, modulate AR toxicitydatherefore represent another promising
target for therapeutic intervention (Chua et @012 Montie et al., 2011; Palazzolo et al., 2007,
Palazzolo et al., 2009; Pennuto et al., 2009; Swazaino et al., 2015). Based on preclinical work
showing therapeutic potential of IGF1-mediated jphosylation of AR (Palazzolo et al., 2009;
Rinaldi et al., 2012), a phase 2 clinical trialngsan analogue of the insulin-like growth factor 1
(IGF-1) has been performed in a cohort of SBMA i€kl Trial.gov, Identification number:
NCT02024932); its results will be soon available.

Among all viable approaches, a RNA interferencategyy to target AR for suppression is
currently gaining increasing interest, particulanyight of recent clinical success in other
neuromuscular diseases (Finkel et al., 2016): temtuof polyglutamine-expanded AR expression
was recently achieved in a mouse model of SBMA@smRNAS targeting AR either directly
(Pourshafie et al., 2016) or indirectly (Miyazakia, 2012) delivered via recombinant adeno-
associated virus (rAAV), and an antisense oligosoftafle targeting AR exclusively in either the
periphery (Lieberman et al., 2014) or spinal caftér subcutaneous or intrathecal administration
(Sahashi et al., 2015). This option holds great il as a therapeutic strategy for SBMA and
other diseases caused by a mechanism of toxicajdimection, as it allow to reduce the expression
of the mutant protein before it can cause its deletis effects. Nevertheless, translation of this
approach into clinical setting may be hamperedleypiotential of exacerbation of signs and

symptoms of loss of androgen function, given tligtcéed patients only have one copy of the gene.

Outstanding questions and concluding remarks

Since the discovery of the causative gene in 18R@ch work has been done to unravel the
pathophysiology of SBMA. A tremendous advancememiniowledge has been achieved toward
understanding the molecular details of diseaseogatiesis. Today, we know that polyglutamine
expansion causes neuronal dysfunction becausadi k® protein misfolding and aggregation, and
it hampers several cellular processes occurrifjamucleus, cytosol, and neurites. Polyglutamine
expansion alters DNA, RNA and protein processitapiBzation, repair and function. Moreover,
we know that polyglutamine expansion confers adggiin of function to the mutant protein, which

involves amplification of native protein functioms well as a loss of protein function. Nevertheless
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despite these recent advancements, still a nuniloeitioal issues remain unsolved, which might at
least partially account for why therapeutic strasghat work well in preclinical models have not
quite yet been translated into a cure for patidfiése we have identified the following open
guestions in SBMA:

1. What are the molecular mechanisms underlyingissae-specific toxicity?

2. What are the relative contributions to the disgaathogenesis of the proteotoxic gain of function
and the intrinsically altered transcriptional attyivof mutant AR?

3. How solely targeting muscle for therapy canratége disease severity and improve motor neuron
pathology?

4. What are the non-neuromuscular features of SBMéwnhat is their burden on the disease
phenotype?

5. Are therapeutic strategies simply aimed at reduAR protein levels sufficient to treat the

disease in affected patients?

Answering those questions not only will advance undterstanding of the underlying
molecular mechanisms in SBMA and other diseaséiseomotor unit, but it may also improve our
ability to identify therapeutic targets with highthanslational potential. We are optimistic tha th
increasing knowledge about the molecular mechanafmslyglutamine disease pathogenesis will
lead to the development of new and effective thefappatients.
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Figure Legend

Fig.1. Disease mechanisms and therapeutic targetsfor SBMA. The current understanding of
disease pathogenesis has led to the identificafiéour main possible therapeutic strategies tattre
SBMA: i) Androgen deprivation, ii) Therapies aimadimproving the protein quality control
system in the cell, iii) Modulation of AR functide.g. by targeting disease-specific post
translational modifications or interaction with faetors), and iv) Gene silencing (e.g. via antisens

oligonucleotides or AAV-delivered miRNAS).
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Review highlights

e Polyglutamine expansions in the androgen receptor cause spinal and bulbar muscular atrophy, also
known as Kennedy’s disease

* Clinical features: genotype/phenotype correlation

e From gene to protein: Molecular pathways to neurodegeneration

e Development of novel therapeutic approaches



