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The workshop held in the Netherlands from October 20–22, 2023, united 27 scientists from academia, 

healthcare, and industry representing 11 countries, alongside four patient and charity representatives. 

Focused on Kennedy’s Disease (KD), also known as spinal and bulbar muscular atrophy (SBMA), the 

workshop aimed to consolidate knowledge, align on clinical trial designs, and promote participative 

medicine for effective treatments. Discussions emphasized KD’s molecular mechanisms, highlighting 

its status as a neuromuscular disorder with motor neuron degeneration. Strategies for therapeutic 

intervention, including AR activity modulation and targeting post-translational modifications, were 

proposed. The need for diagnostic, prognostic, and target engagement biomarkers was stressed. 

Challenges in patient stratification and clinical trial recruitment were acknowledged, with the 

International KD/SBMA Registry praised for its role. The workshop concluded with a patient-focused 

session, underscoring challenges in KD diagnosis and the vital support provided by patient associations. 
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. Introduction 

Between October 20th-22nd 2023, a group of 25 clinicians 

nd scientists, together with two pharma representatives and four 

atient advocates, from 11 Countries (Denmark, France, Germany, 

srael, Italy, Japan, Portugal, Spain, Switzerland, UK, and US), 

et in Hoofddorp, The Netherlands, for the 271th European 

euromuscular Centre (ENMC) International Workshop: Towards a 

nifying effort to fight Kennedy’s Disease. The focus of the meeting 

as the urgent need for the development of an effective disease- 

odifying therapy for patients suffering from KD. 

This workshop was a follow-up of two previous ENMC 

eetings, the first held in 2015 [1] , and the second in 2019 

2] . The 2023 ENMC workshop started with a welcome from 
∗ Corresponding author at: Department of Biomedical Sciences, University of 

adova, 35100 Padova, Italy. 
∗∗ Corresponding author at: Department of Neuromuscular Diseases, UCL Institute 

f Neurology, London, UK. 

E-mail addresses: maria.pennuto@unipd.it (M. Pennuto), l.greensmith@ucl.ac.uk 

L. Greensmith) . 
1 Members of the KD Consortium are listed under Participants at the end of this 

eport. 

g

(

T

w

C

f

c

t

ttps://doi.org/10.1016/j.nmd.2024.03.003 

960-8966 
he ENMC Workshop Coordinator (Wilma Hinloopen), followed by 

n overview of the topics to be discussed during the workshop 

y Maria Pennuto on the behalf of the workshop organizers, 

inda Greensmith, Pierre-Francois Pradat and Gianni Sorarù. The 

orkshop started with an introductory lecture from Kenneth 

ischbeck , who gave a broad overview of KD, starting from the 

linical description, following with the discovery of the KD-causing 

utation, and eventually describing to our current understanding 

f disease pathogenesis and emerging therapeutic approaches. 

KD is a rare and progressive neuromuscular disorder 

haracterized by the degeneration of specific MNs in the spinal 

ord and brainstem. Named after Dr. William R. Kennedy, who 

rst described the condition in 1968 [3] , KD predominantly affects 

ales and is associated with an abnormal exonic expansion of the 

lutamine (Q)-encoding trinucleotide cytosine-adenine-guanine 

CAG) tandem repeat in the androgen receptor ( AR ) gene [4] . 

his genetic abnormality leads to the synthesis of a mutant AR 

ith an aberrantly elongated polyQ tract (polyQ-expanded AR). 

linically, KD is characterized by muscle weakness and atrophy, 

asciculations, and bulbar dysfunction [ 5 , 6 ]. Whilst traditionally 

onsidered to be a form of MN disease, evidence emerging over 

he past few years suggests that KD is a multisystem disease in 

https://doi.org/10.1016/j.nmd.2024.03.003
http://www.ScienceDirect.com
http://www.elsevier.com/locate/nmd
mailto:maria.pennuto@unipd.it
mailto:l.greensmith@ucl.ac.uk
https://doi.org/10.1016/j.nmd.2024.03.003
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hich degeneration and dysfunction of several peripheral organs 

s observed, including liver, heart, androgen-dependent tissues 

ike gonads, and others, with skeletal muscle being a primary 

ite of pathology and dysfunction, due to cell-autonomous and 

on-cell-autonomous processes. 

KD uniquely exhibits androgen sensitivity, with symptoms often 

orsening in response to androgen exposure [7] . The AR is a 

ember of the nuclear hormone receptor superfamily, alongside 

estrogen, progesterone, glucocorticoid, and mineralocorticoid 

eceptors. As a prototypical member of nuclear receptors, the 

R is composed of three main domains, an amino-terminal 

omain (NTD), a DNA binding domain (DBD) formed by two zinc 

ngers, and a ligand-binding domain (LBD). Activated by male sex 

ormones, specifically testosterone and its more potent derivative 

ihydrotestosterone, the AR functions as a ligand-activated 

ranscription factor. Upon ligand binding, a cascade of events 

nsues, contributing to the pathogenesis of KD through both toxic 

ain-of-function (GOF) and loss-of-function (LOF) mechanisms. 

hese events encompass the dissociation of the AR from heat shock 

roteins (HSPs) in the cytosol, conformational changes associated 

ith post-translational modifications, homodimerization, nuclear 

ranslocation, interaction with transcription co-factors (both co- 

ctivators and co-repressors of gene transcription), and the 

ubsequent transactivation or repression of specific androgen- 

esponsive genes. The mechanisms of transcriptional dysregulation 

n KD and how they contribute to the disease remains unknown. 

o treatment is currently available for KD and, to date, KD remains 

 condition of high unmet clinical need. 

This workshop aimed to provide an in-depth exploration of the 

athogenesis, clinical manifestations, diagnostic approaches, and 

herapeutic strategies associated with KD contributing to an up- 

o-date, comprehensive understanding of this complex and under- 

ecognized neurodegenerative and neuromuscular disorder. The 

merging picture of the clinical presentation of KD shows that it is 

 multisystem disease, which therefore calls for a multidisciplinary 

pproach, not only in basic and preclinical research, but also 

n clinical intervention. Thus, this ENMC workshop had the 

ollowing aims: i) to provide an update on recent pre-clinical 

ndings that may have a clinical impact, including basic disease 

echanisms, the role of skeletal muscle, preclinical validation for 

herapy development, therapeutics targeting the motor unit and 

ene therapy; ii) by combining preclinical findings with clinical 

xperience, to assess new experimental and clinical biomarkers 

n KD, including preclinical biomarkers, clinical biomarkers, liquid 

iopsies; and iii) to discuss novel drug development, new clinical 

rials, tools for gene therapy and patient recruitment. 

. Overview of KD 

KD is a progressive X-linked neuromuscular disease 

haracterized by bulbar and extremity muscle weakness, atrophy, 

nd fasciculations. Affected males may show signs of androgen 

nsensitivity, such as breast enlargement and reduced fertility. KD 

s caused by expansion of a CAG repeat encoding a polyglutamine 

ract in the androgen receptor (AR). Although previous estimates 

f KD prevalence have been about 1/30,0 0 0, a recent study 

n a 74,0 0 0 population found about 30 0 0 males with repeat

xpansion in the pathogenic range, indicating reduced penetrance 

r underdiagnosis of the disease [8] . There is evidence of both 

N and muscle degeneration in KD. There are clinical features of 

enervation, with loss of MNs in the spinal cord and brainstem, 

nd also increased serum creatine kinase and histological 

ndings of muscle fibre degeneration. The AR polyglutamine 

xpansion causes both loss of receptor function and a toxic 

ain of function that leads to MN and muscle degeneration. As 

ith other expanded polyglutamine disease proteins, the mutant 
9

R aggregates with increasing repeat length and forms nuclear 

nclusions. The toxicity of mutant AR is dependent on ligand 

androgen) in cell culture and animal models. The ligand promotes 

uclear localization, leading to aberrant interactions with other 

uclear factors, altered histone acetylation, and transcriptional 

ysregulation, with adverse effects on signal transduction and 

itochondrial function, resulting in motor neuron and muscle 

egeneration. The mutant AR may induce a vicious cycle of altered 

istone acetylation, decreased expression of metabolic genes, and 

ecreased acetyl-CoA, leading to mitochondrial dysfunction and 

ecreased ATP [9] . 

More than 20 different therapeutic approaches have been 

eported to be effective in mouse models of KD, either by blocking 

he pathogenic effects of the mutant protein or by enhancing 

ellular protective mechanisms such as molecular chaperones 

heat shock proteins), proteolytic degradation (the ubiquitin 

roteasome system), and autophagy. Specific interventions that 

ave worked in KD mice include reducing androgen levels 

leuprorelin), altering post-translational modification of the AR 

rotein to make it less toxic (IGF-1), selective AR modulation 

ASC-JM17), and decreasing mutant AR transcript levels with 

iRNA and antisense oligonucleotides. Anti-androgen treatment 

locks disease onset and prevents the development of motor 

eficits in KD mice, but it has had relatively modest benefit 

n clinical trials [10–12] . The AR modulator ASC-JM17 (AJ201) 

ccelerates mutant androgen receptor degradation, activates 

ellular protective responses through Nrf1/Nrf2, and rescues the 

henotype in transgenic flies and mice [13] . Selective modulation 

f the androgen receptor AF2 domain rescues degeneration in 

D models. Co-regulator binding to the AF2 domain mediates 

R toxicity in flies [14] , and small molecules that modulate 

F2 binding have beneficial effects in fly and mouse models 

f KD [15] . It has recently been reported that gene therapy 

argeting AR co-regulators or with AR isoform 2 rescues the 

D phenotype in animals by modulating AR transcriptional 

ctivity [ 16 , 17 ]. AR-2, a truncated transcript more abundant than 

ull length AR-1 in the brain and spinal cord, regulates AR 

ranscriptional activity and mitigates AR toxicity in KD mice 

hen delivered by AAV9 [17] . Interventional studies in KD 

atients are currently in progress or under consideration by AnnJi 

harma (small molecule AJ201), Nido Biosciences (small molecule 

F2 modulator), Ionis Pharmaceuticals (oligonucleotide AR knock- 

own), and the University of Pennsylvania (AAV-mediated RNA 

nhibition). 

. Sessions of the meeting 

Session 1: From basic disease mechanisms to preclinical 

pproaches 

The first session of the meeting commenced with an insightful 

iscourse delving into recent mechanistic breakthroughs in the 

eld of KD. The discussion was particularly illuminating, shedding 

ight on the evolving landscape of our understanding of KD 

athology. Key advancements were highlighted, emphasizing the 

ntricate mechanisms underlying the disease. Of significant interest 

ere the emerging preclinical approaches aimed at targeting 

eripheral tissues, with a particular focus on skeletal muscle. Over 

he past decade, skeletal muscle has been increasingly recognised 

s a pivotal tissue in the context of KD. This shift in perspective 

rom KD being considered as primarily a neurodegenerative disease 

ffecting MNs to one in which skeletal muscle plays a critical role 

as led to a deeper exploration of the interplay between disease 

echanisms and peripheral tissues, paving the way for novel 

herapeutic avenues. The comprehensive discussion during this 

ession not only highlighted recent advances in our understanding 

f the complexity of KD, but also set the stage for a robust 
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xploration of innovative preclinical interventions designed to 

ddress the disease at its roots. 

Xavier Salvatella opened this session with a discussion of the 

ffects of polyQ expansions on AR phase separation. The expanded 

olyQ tract starts at position 58 of the AR and is therefore part of 

he NTD. Like the activation domains (AD) of essentially all human 

ranscription factors, the AR AD is intrinsically disordered, which 

as made it difficult to understand how it recruits the transcription 

achinery to transcribe the target genes. In the last few years, 

t has been proposed that ADs activate transcription partly due 

o their ability to co-phase with the intrinsically disordered 

omains of transcriptional co-activators and RNA polymerase II to 

orm heterotypic biomolecular condensates known as transcription 

ondensates. Salvatella’s team has investigated whether this new 

aradigm applies to the AR AD. They obtained evidence that its 

bility to form homotypic and hetorotypic condensates is mediated 

y its aromatic character and is, indeed, key for the activities 

f AR as a transcription factor [18] . The fact that active AR 

s phase-separated from the nucleoplasm has implications for 

nderstanding the molecular basis of KD: in addition to studying 

he effects that the mutation has on the conformation of a 

ingle protein molecule [19] , it is important to study how the 

utation affects the properties of the condensates themselves. In 

is presentation Xavier Salvatella discussed the preliminary in vitro 

nd in cellulo results obtained on the AR, which could contribute 

o explaining both the loss and gain of toxic function symptoms 

f KD. 

Angelo Poletti presented data on the effects of modulation 

f the protein quality control (PCQ) system in KD. The toxicity 

f polyQ-expanded AR is at least in part associated with its 

endency to acquire aberrant conformations and to aggregate into 

ytoplasmic and nuclear inclusions. This process is triggered by 

ndrogenic (and some antiandrogenic) AR ligands, possibly because 

he occupancy of the C-terminal hydrophobic binding pocket 

nduces i) the dissociation of accessory proteins interacting with 

he AR NTD (e.g., HSP70), thus unmasking the polyQ tract, and ii) 

onformational changes required for AR activation, which might 

e prevented by the elongated polyQ tract. The PCQ system is 

he first line of defence against the accumulation of misfolded 

roteins, and PQC activation prevents protein aggregation and 

ventually their downstream aberrant effects on cell homeostasis. 

oletti’s group has identified a component of the PQC system, 

he small HSPB8, which in association with its co-chaperone 

AG3 interacts with the heterocomplex HSP70/CHIP forming a 

omplex capable to recognize misfolded substrates, including 

olyQ-expanded AR, thus enhancing its degradation via the 

haperone-assisted selective autophagy (CASA) pathway [20] . They 

dentified several compounds that can enhance HSPB8 expression. 

ne of these compounds, trehalose, not only acts on HSPB8, but 

t also induces autophagy in a TFEB-dependent manner, and this 

esults in a general improvement of polyQ-expanded AR clearance, 

hereby preventing its aggregation in cells [21] . In KD mice, 

rehalose treatment enhanced survival and ameliorated motor 

ehaviour especially in rotarod tests [22] . In addition, trehalose 

educed disease-associated apoptosis in muscle and ameliorated 

uscle pathology and mitochondrial deficits. Collectively, these 

ata shows that trehalose, formulated for human use with 

pecific pharmaceutic preparation aimed to enhance its stability 

nd bioavailability, may be considered as a candidate for future 

herapeutic approaches for KD. 

Carlo Rinaldi next spoke about AR transcriptional activity 

nd mechanisms of KD pathogenesis. The overarching aim 

f Rinaldi’s research programme is to advance the current 

nderstanding of the pathophysiology of KD, with the ultimate 

oal of developing an effective therapeutic approach for this yet 

ncurable condition. The objective is to identify the molecular 
10
nderpinnings of AR transcriptional activity in skeletal muscle 

nd to understand how dysregulation of such functions leads 

o muscle atrophy and weakness in KD. Rinaldi’s group has 

apped the AR transcriptional landscape in skeletal muscle 

y performing chromatin immunoprecipitation followed by deep 

equencing (ChIP-seq) in healthy and KD skeletal muscle, testing 

he working hypothesis that polyQ-expanded AR alters chromatin 

egions of AR occupancy in KD (unpublished data). By integrating 

hese results with the transcriptomic profiles of muscle biopsies 

rom KD individuals and age- and sex-matched controls and single 

olecule FISH, they have identified target genes directly under 

he control of AR [23] . To investigate mobility and patterns of 

hromatin binding of AR molecules in real-time and at single 

olecule resolution, they engineered human myoblast lines to 

xpress wild type, mutant or NTD-lacking (NTL) AR tagged with 

alo-Tag and subjected these cells to single-molecule tracking 

nalysis. The duration of AR tracks predicted to be in the bound 

tate and the frequency of these binding events in the tracks 

cross the different conditions were calculated, showing that 

oth polyQ-expanded AR and NTL AR display significantly longer 

esidence times and overall reduced number of DNA binding 

vents compared to wild type AR. Comparing wild type AR 

s polyQ-expanded AR chromatin-bound regions, they observed 

hat, while most genomic loci are shared, a few only occurs 

n KD and are directly associated with altered expression of 

arget genes in muscle (unpublished data). Additionally, single- 

olecule tracking dynamics have revealed that polyQ-expanded 

R is less efficient in searching and recognising its DNA targets, 

ut when bound, tends to stay bound for longer times. Overall, 

hese results support a mechanism of polyQ-expanded AR-driven 

ranscriptional hijacking and represent an advancement in the 

olecular understanding of a driving mechanism of pathogenesis 

n KD. 

Maria Pennuto presented her recent findings on the 

nvolvement of skeletal muscle in KD. It is now widely accepted 

hat skeletal muscle serves as a primary site for toxicity in KD. 

uscle contraction in the skeletal is initiated by the action 

otential in MNs through a process called excitation-contraction 

oupling (ECC). This process establishes a connection between the 

lectrical events occurring in the sarcolemma and the generation 

f force during myofiber contraction at specialized structures 

nown as triads. Triads consist of invaginations of the sarcolemma 

T tubules) facing the sarcoplasmic reticulum (SR). Efficient and 

ustained muscle contraction relies on the presence of calcium 

Ca2 + ) and adenosine triphosphate (ATP). Ca2 + is stored in 

he SR lumen, while ATP is generated by mitochondria located 

roximal to the T tubules. The interplay between Ca2 + and ATP 

erves as a critical link between muscle contraction and energy 

roduction. Utilizing transgenic and knock-in KD mice, along with 

uscle biopsies derived from KD patients, Pennuto presented 

vidence that KD mice manifest early respiratory defects at the 

resymptomatic stage, coinciding with impaired expression of 

enes associated with ECC, altered contraction dynamics, and 

eightened fatigue [ 24 , 25 ]. After these early events, there is a 

timulus-dependent accumulation of Ca2 + within mitochondria at 

he onset of the disease, accompanied by structural organization 

hanges in the muscle triad. The dysregulation of ECC gene 

xpression aligns with sexual maturity and an increase in 

ndrogen levels in the serum. In accordance with the androgen- 

ependent nature of these alterations, both surgical castration and 

ndrogen receptor silencing alleviate early and late pathological 

rocesses. These findings highlight that dysregulation of ECC and 

ontraction dynamics, along with compromised mitochondrial 

espiration, represent early yet reversible events, ultimately 

eading to altered muscle force, calcium dyshomeostasis, and triad 

tructure dismantling in KD skeletal muscle. 
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Moving from basic to preclinical approaches , Giuseppe Ronzitti 

ntroduced the topic of gene therapy approaches for rare diseases. 

he recent US Food and Drug Administration (FDA) approvals 

f Adeno-associated virus (AAV) gene therapies for rare diseases 

learly support the impact of gene therapy based on AAV 

ectors on patients’ lives. Despite these important successes, the 

linical application of AAV gene transfer still presents limitations, 

articularly for neuromuscular disorders [ 26 , 27 ]. The high doses 

f AAV needed to transduce such a large target as skeletal 

uscle, as well as the challenges of targeting MNs within the 

entral nervous system and in adult patients may be associated 

ith unwanted and potentially severe toxicities. Thus, new AAV 

apsids with improved biodistribution are required to achieve 

afety and efficacy in clinical trials for neuromuscular diseases. A 

onsiderable portion of the human population is seropositive to 

AV vectors, presenting neutralizing antibody levels that preclude 

AV administration [28] . Another important limitation of AAV 

ectors is related to immune responses, both humoral and cellular, 

ccurring after the administration of the vector. Transient immune 

uppressive treatment seems to be effective to reduce the impact 

f the cellular immune response, however, they are less efficient 

n the humoral counterpart and potentially also on the long-term 

nnate and adaptive cellular response. Ronzitti summarised some 

f the current work underway at Genethon to develop gene therapy 

reatments for rare genetic diseases and to overcome the existing 

imitations of AAV gene therapy [ 27 , 29 , 30 ]. Recent data obtained

n the context of an AAV gene therapy clinical trial for Crigler- 

ajjar syndrome clearly demonstrated the advantages of having 

lear endpoints to define efficacy and highlighted the therapeutic 

otential of AAV vectors for the treatment of rare diseases of 

enetic origin [31] . 

Linda Greensmith next presented early findings from a new 

ollaborative study with Pietro Fratta’s group, in which they 

im to target skeletal muscle as a therapeutic approach in KD. 

everal gene therapy strategies have previously been examined 

hat alter AR expression and have been shown to rescue disease 

henotypes in KD mouse models. Thus, reducing AR expression 

ith antisense oligonucleotides (ASOs) or altering AR activity by 

verexpression of alternative isoforms, have both been shown to 

meliorate disease in KD mouse models. However, to date, these 

trategies have not been limited to specific targeting of the AR 

n skeletal muscle, and may therefore result in unacceptable off- 

arget, loss-of-function (LOF) effects in non-neuromuscular tissue. 

he Greensmith/Fratta team is therefore developing a skeletal 

uscle-specific gene therapy approach for KD. This approach 

as two main objectives, firstly, to reduce AR expression and 

econdly, to do so specifically in skeletal muscle alone. They 

re using two gene silencing approaches to reduce the AR 

ranscript, targeting identical sequences matching both mouse and 

uman AR: 1) miRNA-embedded shRNA (shRNAmir): shRNAmir 

ave the advantages of small hairpin RNAs (shRNA), which are 

ighly efficacious and result in long-lasting silencing, but avoid 

he disadvantage of RNA polymerase III promoters used with 

hRNAs, which lack cell-specificity; shRNAmir permits the use of 

ol-II promoters, which enable tissue-specific gene silencing; 2) 

RISPR/Cas13: Cas13 is a CRISPR protein that targets and cuts RNA, 

ather than DNA, and can target a specific RNA sequence with 

he help of a guide RNA (gRNA) which can be designed to target 

he AR; this system can be used for efficient, multiplexable, and 

pecific RNA knockdown or RNA sequence editing in mammalian 

ells, which makes Cas13 a potentially significant therapeutic 

pproach for altering gene expression without altering genome 

equence. Their results to date have shown that a novel shRNAmir 

as able to significantly reduce AR expression in vitro , using 

hRNA sequence designs targeting exon 1. Similarly, they tested 

ifferent guide sequences and identified three novel Cas13d gRNA 
11
equences that significantly reduce AR expression in vitro, at 

oth the RNA and protein level. They have therefore identified 

wo gene silencing approaches that can effectively reduce AR 

xpression in vitro. Their second goal was to develop a strategy 

o specifically target skeletal muscle. AAV are widely used vectors 

hat differ in their tropisms, making them a useful system for long- 

erm transduction of specific tissues. Thus far, naturally occurring 

erotypes have been the most widely adopted in both pre-clinical 

nd clinical trials. AAV9 is one of these naturally occurring 

erotypes which has been shown to have tropism not only for 

uscle, but also for other tissues. More recently, an engineered 

AV, called MyoAAV, has been developed that preferentially targets 

keletal muscle [32] . The Greensmith/Fratta group has tested the 

elative efficacy and specificity of AAV9 and MyoAAV as well as 

wo different promoters, Cytomegalovirus (CMV) and the muscle 

pecific myosin heavy chain kinase 7 (MHCK7) promoter. The 

esults showed that the use of MyoAAV with the muscle specific 

HCK7 promoter resulted in a high transgene expression (green 

uorescent protein as a reporter) in skeletal muscle with reduced 

xpression in the liver compared to AAV9/CMV promoter. They are 

urrently examining the effects of reducing muscle AR expression 

ong-term in vivo in wildtype and KD mice. 

Manuela Basso presented findings using AR co-activator- 

argeting gene therapy to attenuate AR toxic gain-of-function (GOF) 

nd ameliorate KD phenotype. Basso presented the updates of a 

ollaborative project among members of the consortium dedicated 

o the preservation of the physiological functions of AR while 

nhibiting its detrimental effects caused by the polyglutamine 

xpansion. AR is a transcription factor interacting with numerous 

rotein modulators. Basso and colleagues identified two co- 

ctivators whose expression is aberrantly increased in the skeletal 

uscle of KD mouse models and patients’ muscle biopsies. These 

oactivators, namely lysine-specific demethylase 1 (LSD1) and 

rotein arginine methyl transferase 6 (PRMT6) [33] , are increased 

y polyglutamine-expanded AR itself in a feedforward event [16] . 

ccordingly, their silencing in KD flies abrogated the alterations 

n the eye phenotype (classical readout of a neurological defect) 

r their specific inhibition with artificial microRNAs via adeno- 

ssociated (AAV) injection in a KD transgenic mouse model [24] , 

esulting in an increased muscle strength and an amelioration of 

he deficits in locomotor activity [16] . Basso presented the ongoing 

ctivities focused on ameliorating the AAV delivery to the skeletal 

uscle, including the above described Genethon-developed AAV 

ectors with muscle tropism. 

Emanuela Zuccaro next discussed her project aimed at 

ackling neuronal vulnerability in KD. Not all neurons are equally 

usceptible to the disease, so that within the same motor pool, 

istinct classes of alpha MNs ( αMNs), responsible for muscle 

ontraction, are differentially susceptible, with the fast-fatigable 

Ns (FF-MNs) degenerating first compared to fast fatigue-resistant 

FFR) and slow fatigue-resistant (SFR) MNs [ 34 , 35 ]. Several 

roups have investigated the underlying mechanisms of disease- 

ulnerability or resistance of MNs. However, our understanding of 

he mechanisms that underlie this differential vulnerability beyond 

he observation of a preferential susceptibility of FF-MNs remains 

oor, hampering therapy development. Building on a novel strategy 

he has developed enabling the isolation of specific neuronal 

lasses based on the expression of specific markers, rather than 

 need for gene reporter lines (patent submitted) [36] , Zuccaro is 

ow able to isolate and molecularly profile rare cell populations, 

uch as FF-MNs, at the single cell level. Bioinformatic analysis 

f the transcriptomic profile of different MN classes in health 

nd disease is aimed at revealing the molecular pathways driving 

elective vulnerability of FF-MNs. This knowledge is essential for 

he design of novel therapeutic strategies aimed at delaying, if 

ot halting, disease progression. Preliminary data on a different 
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eurodegenerative disease, namely amyotrophic lateral sclerosis 

ALS), have demonstrated the feasibility of the approach, which is 

eing translated to KD. 

Session 2: Biomarkers and therapeutic strategies 

Session 2 was dedicated to the exploration of preclinical 

dvances in the search for biomarkers for KD and emerging 

herapeutic strategies, including those under study in related 

isorders. It is widely recognised that the current KD landscape 

acks robust indicators to effectively assess the preclinical efficacy 

f novel therapeutic interventions. The absence of reliable 

iomarkers and the challenges associated with their validation in 

reclinical models represent significant hurdles in the evaluation 

f the effectiveness of emerging medications in clinical trials. This 

ssue becomes particularly significant in the context of KD, a 

hronic disease characterized by slow progression. The discussion 

uring this session focused on not only highlighting the critical gap 

n our current diagnostic toolkit, but also fostering collaborative 

ffort s to identify and validate reliable biomarkers. In addition, 

dvances in preclinical methodologies tailored to assess the 

nique characteristics of KD were discussed, thereby addressing 

he urgency of enhancing our ability to gauge the efficacy of 

otential therapeutic interventions in KD. The insights gained 

uring this session form part of the strategic groundwork required 

o accelerate progress of preclinical research and the subsequent 

ranslation of promising therapeutic strategies to clinical trials. 

Illana Gozes presented data on overlapping disease biomarkers 

n neurodegeneration and novel drug development. Previous 

ndings from Gozes and Pennuto showed that pituitary adenylate 

yclase activating peptide (PACAP) reduces phosphorylation and 

oxicity of the polyglutamine-expanded AR in KD [ 37 , 38 ]. A 

ritical target for PACAP regulation and muscle function is activity- 

ependent neuroprotective protein (ADNP), which in turn regulates 

ex steroid biosynthesis genes. ADNP deficiency/mutations lead 

o brain/muscle neurodegeneration, which are at least in part 

meliorated by PACAP treatment, as well as by the ADNP fragment, 

rug candidate, NAP (also known as davunetide, or CP201). 

 major target for ADNP/NAP protection are microtubules/Tau, 

ommonly disrupted in nerve-muscle diseases. Tau pathology is 

egulated by hyperphosphorylation, which in turn is controlled 

y testosterone [39] . Davunetide protection was therefore targeted 

n the pure tauopathy progressive supranuclear palsy (PSP), 

hich is characterized by rapidly developing brain and muscle 

eurodegeneration [39] . The results indicated unexpected sex 

ifferences in PSP, with a significantly faster deterioration in 

omen, suggesting a protective role of androgens. Further clinical 

valuation revealed efficacy for davunetide in women with slowed 

emale disease progression. Furthermore, treatment protected the 

ulbar and limb motor domains considered by the PSP rating 

cale, including speaking and swallowing difficulties caused by 

rain damage, and deterioration of fine motor skills. These results 

ndicate a path for davunetide development for women suffering 

rom PSP and beyond. 

Nadia Pilati discussed how targeting ion channels can be 

ursued as a therapy to treat neurodegenerative disorders 

ssociated with hyperexcitability. Kv3 channels are a subgroup 

ithin the broader voltage-gated potassium channel family, 

haracterized by their unique biophysical properties and distinct 

xpression patterns in the nervous system. Kv3 potassium channels 

lay a crucial role in the regulation of neuronal excitability 

y governing the repolarization phase of action potentials [40] . 

hese channels contribute to the precision of spike timing 

nd participate in the regulation of neurotransmitter release, 

hereby influencing synaptic transmission and network activity. 

he significance of Kv3 channels in neural function underscores 

heir importance as potential therapeutic targets for neurological 

isorders associated with aberrant excitability, such as epilepsy 
12
nd certain neurodegenerative conditions. Autifony is a company 

hat has developed a series of small molecules that can positively 

odulate the Kv3 channels. These modulators can increase 

v3 currents and therefore increase neuronal firing. There is 

vidence to suggest that Kv3 channels are expressed and may 

xert functional roles in skeletal muscle. However, the specific 

xpression pattern and roles of Kv3 channels in skeletal muscle 

s not as well documented as in neurons. The expression and 

ole of Kv3 channels in the skeletal muscle in physiological 

nd pathological conditions, such as KD, is therefore currently 

nder study. Understanding the intricate roles of Kv3 channels in 

keletal muscle might provide valuable insights and may pave the 

ay for the development of targeted interventions to modulate 

euromuscular dysfunction in KD. 

Bilal Malik presented work from the Greensmith lab where 

hey are studying the therapeutic potential of targeting skeletal 

uscle deficits, which recent findings from their lab and others 

ave suggested may be a viable and accessible target for 

herapeutic intervention in KD [41] . They used an integrated 

ranscriptomic analysis to identify disease pathways and genes 

42] , which may underly the muscle atrophy in tibialis anterior 

TA) muscle of the AR100 mouse model of KD, which carry 100 

athogenic CAG repeats in the human AR gene [ 43 , 44 ]. Pathway

nalysis of differentially expressed genes highlighted multiple 

ey pathways with involvement in: i) muscle regeneration, ii) 

uscle contraction and iii) muscle structure. Dysfunction in 

yogenesis was seen early in presymptomatic AR100 mice, with 

 significant decrease in markers of muscle regeneration, before 

ymptoms such as muscle atrophy and loss of muscle force 

anifest. Importantly, dysregulation of galectin-1 and galectin-3 

enes and proteins was also observed. Galectin-1 and galectin- 

 promote myogenesis, muscular vascularisation and improve 

uscle function of WT and Duchenne Muscular Dystrophy mice 

 45 , 46 ]. Treatment of differentiating AR100Q C2C12 muscle cells 

ith human recombinant galectin-1 increased myosin heavy chain 

rotein levels and improved/enhanced nuclear fusion index as well 

s myotube area. These in vitro results suggest that galectin-1 may 

e beneficial in KD. To test possibility in vivo , AAV vectors were 

ptimised to deliver transgenes to skeletal muscle. The recently 

eveloped MyoAAV [32] was tested and found to be more effective 

t targeting TA muscle than either AAV8 and AAV9. In vivo gene 

herapy experiments are currently underway to determine the 

ffectiveness of galectin-1 in alleviating muscle dysfunction in 

R100 mice. 

Masahisa Katsuno presented findings from a recent study 

hat aims to clarify the underlying mechanism of cold paresis 

ince patients with KD often experience muscle weakness under 

old exposure. The results showed that intramuscular levels of 

hloride voltage-gated channel 1 protein were decreased in both 

atients and mice, suggesting that excessive sodium current may 

ause motor symptoms including cold paresis [47] . Based on this 

vidence, they conducted a randomized controlled clinical trial 

o evaluate the efficacy and safety of mexiletine hydrochloride, a 

odium channel blocker, in KD (MEXPRESS trial). In the MEXPRESS 

rial, tongue pressure and 10-s grip and release test under 

old exposure were improved in the mexiletine group, although 

t did not restore cold exposure-induced prolongation of distal 

atency. Several studies have previously reported a potential 

enefit of exercise in KD, but the underlying mechanism has 

et to be elucidated. Katsuno’s group investigated the effect of 

unning exercise in KD mice carrying human AR with 97 CAGs 

AR97Q). Forced wheel-running during the early stage of the 

isease improved grip strength and rotarod performance and 

xtended survival of AR97Q mice. Nuclear accumulation of polyQ- 

xpanded AR in skeletal muscles and MNs was suppressed in the 

xercised mice compared to the sedentary mice due to activation 
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f 5′ -adenosine monophosphate-activated protein kinase (AMPK) 

ignalling [48] . 

Session 3: Translational Biomarkers for KD 

The third session of the workshop centred around the critical 

nd currently unmet need for reliable clinical biomarkers for 

D, the lack of which hinders optimal clinical management and 

elays therapy development for KD. Recognizing the urgency 

f this requirement, the session featured a series of engaging 

resentations by leaders in the field of biomarker development 

or KD, with speakers sharing insights, novel methodologies 

nd potential breakthroughs that could pave the way for 

nhanced diagnostic precision and therapeutic efficacy in KD. 

y focusing on translational biomarkers, this session sought to 

ridge the existing gap between basic research findings and their 

ractical application in clinical settings. The aim was to catalyse 

ollaborative effort s and innovative approaches that could lead to 

he identification and validation of biomarkers crucial for guiding 

oth clinical management decisions and the development of 

ffective therapeutic interventions for individuals affected by KD. 

Markus Weber opened this session with a presentation of the 

henotypic and neurophysiological changes that occur in KD. The 

ost characteristic clinical feature when KD patients come to 

iagnosis is ‘quivering of the chin’, which occurs when patients 

peak or smile. By this time, muscle weakness is also present, 

ypically in proximal muscles, more often and more prominent 

n legs than in the arms [ 7 , 49 , 50 ]. The pattern of weakness

ay be asymmetrical but usually affects both legs and/or arms. 

otor symptoms, which precede weakness by many years, include 

atigue, muscle cramps (above the knee) and fasciculations. This 

lso holds true for non-motor symptoms, especially gynecomastia 

nd postural tremor, which are other characteristic features of 

D. As disease progresses bulbar symptoms leading to dysphagia 

nd dysarthria also develop. Accordingly, the clinical findings at 

he time of diagnosis reveal a proximal pattern of weakness 

nd atrophy, fasciculations, tongue atrophy with dysarthria and 

ynecomastia. Typically, the deep tendon reflexes are diminished 

r absent, which distinguishes KD from other MN diseases, 

uch as ALS. In addition, vibration sense and light touch may 

e impaired also reflecting involvement of the sensory system. 

owever, KD patients rarely complain about sensory loss, which 

ight be explained by the fact that the disease evolves very slowly 

ver years. The neurophysiological hallmark on EMG testing are 

ery large motor unit potentials (MUPs), as observed in polio, 

hich are unstable along with a reduced recruitment pattern, 

ndicating slowly progressive MN loss allowing reinnervation 

hrough terminal sprouting. This feature has also been described 

n female carriers [ 51 , 52 ]. However, these prominent neurogenic 

hanges contrast with muscle biopsy findings showing myopathic 

hanges. This raises the question to what degree weakness 

nd atrophy is the result of a neuropathic versus a myopathic 

rocess, which has implications for the primary target in drug 

evelopment. In this context it is of note that the creatine kinase 

CK) is prominently elevated (most often in the thousands), which 

s not seen in other motor neuropathies. Consistently, sensory 

erve action potentials (SNAPs) are absent or reduced along with 

ormal compound muscle action potentials (CMAPs) compatible 

ith a motor-sensory neuronopathy. Involvement of small nerve 

bres and autonomic fibres may also be present. It has become 

bvious that beyond the discussed core features, KD is in fact 

 multisystem disorder not only affecting the peripheral nervous 

ystem and muscle but also the brain as well as the hormonal and 

etabolic systems giving rise to a multifaceted syndrome [ 53 , 54 ]. 

Pietro Fratta next presented new data showing the value of 

keletal muscle MRI and fat fraction evaluation as a biomarker 

n KD. His-group, along with the Vissing group, have previously 

hown how fat infiltration is increased in KD muscle and this 
13
hanges and increases over an 18-month period [55–57] . New 

ata now shows that this increase in fat infiltration can already 

e detected at 12 months from initial assessment, which is 

mportant measurable change that may be relevant for future 

linical trials. Fratta also reviewed his group’s findings that unlike 

n ALS, neurofilament light chain levels do not increase in KD 

atient plasma, whereas in contrast, miR206 is increased [58] . 

astly, data on KD and ALS patient skeletal muscle transcriptomics 

as presented, which reveals that there are numerous KD-specific 

hanges occurring in KD skeletal muscle, including an alteration of 

mmune pathways. 

Patrick Weydt presentation focused on the potential of 

roponins as serum biomarkers in KD. Recent insights from 

LS research have unexpectedly pinpointed the cardiac serum 

iomarker troponin T as useful in MN and neuromuscular diseases. 

eydt’s group has found that in serum of KD patients, troponin 

 is usually elevated, while another cardiac marker, troponin I, 

s usually normal. This is in line with recent findings reported 

y Sorarù and colleagues [59] . Further research is necessary to 

etermine the source of these troponin T serum elevations in KD 

nd other MN diseases, but these observations have immediate 

linical implications. Because in conventional clinical practice 

erum troponin T is interpreted as a sign of myocardial injury, 

D patients are sometimes misdiagnosed and undergo unnecessary 

nd sometimes potentially harmful cardiac interventions aimed 

t identifying a suspected myocardial infarction. In the light of 

hese findings together with those of the Sorarù group, it should 

e emphasized that in KD patients, troponin T elevations should 

e interpreted with caution and are usually not an indicator 

f cardiac problems. One way to differentiate cardiac from 

oncardiac troponin T elevations is the simultaneous measurement 

f troponin I, which is much more cardiac-specific. 

Mamede de Carvalho followed up with a discussion 

bout neurophysiological biomarkers for KD. The slowly 

rogressive muscle weakness, with more severe involvement 

f proximal and bulbar innervated muscles, is mirrored on 

eedle electromyography, which typically shows large motor 

nit potentials of long duration and polyphasic, with mild or 

oderate instability. Interference pattern on full contraction is 

arkedly reduced in the most severely affected muscles, and 

otor unit potentials show an increased firing rate. Signs of 

ctive denervation are not usually observed, but large fasciculation 

otentials are common. Sensory action nerve potentials show 

educed amplitude, or are absent, derived from an associated 

anglionopathy. Needle EMG is not useful for following these 

hanges overtime since the disease progression is very slow. The 

ame holds true for the amplitude of the motor response on 

erve stimulation, or its derived neurophysiological index, because 

he slowly progressive loss of axons is partially compensated 

y the reinnervation process. However, motor unit estimation 

MUNE) could detect and quantify the slowly progressive loss of 

otor axons. Many MUNE methods have been investigated and 

pplied. Multiple point nerve stimulation is a reliable technique 

hat has been explored in ALS, which does not depend on patient 

ooperation but is time consuming [60] . The MUNIX technique has 

een standardized and is supported by several multicentre studies 

61] . It depends on patient cooperation, but it is a rather quick test 

nd is very well tolerated. Although it provides an index and does 

ot intend to give a real estimation of the number of functional 

otor units, it is reliable and offers information about the mean 

ize of the motor units (MUSIX). The CMAP scan technique, in 

hich the target muscle is stimulated from 0 to maximal intensity 

or vice-versa) to give a cloud of dots representing the different 

otor units, has been used for many years [62] . The number 

f dots gives information on the number of motor units and 

heir separation indicates their mean size. More recently, MScanFit 
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UNE has been proposed and investigated as a more sophisticated 

nd reliable method to determine the number of motor units using 

 CMAP scan approach [63] . Multicentre international studies 

upport their value and reliability in being applied as routine 

ethod in patients. It does not depend on patient cooperation, but 

ome patients may not accept the electrical stimulation protocol. 

ach method therefore has limitations and potentialities. In KD we 

ust consider that, whatever the method selected, the patients 

hould be monitored for a long period of time, certainly above 1 

ear, to detect significant changes in motor unit number, which 

ould be of statistical relevance in a potential clinical trial. 

Matteo Zanovello discussed surprising recent data from the 

ratta and Tucci labs which shows that the pathogenic AR CAG 

epeat expansion is underestimated in the population. Previous 

erspective prevalence surveys estimated KD prevalence at around 

:30,0 0 0 males, except for the Vasa region in Finland, with a 

revalence of around 1:70 0 0 males due to a founder effect. 

owever, the prevalence of the AR CAG repeat expansion in 

he general population is unknown. Thanks to the development 

f new large biorepositories and bioinformatics tools, it is now 

ossible to size repeat expansions from whole genome sequencing 

WGS) data. Therefore, the group developed a pipeline that 

xploits Expansion Hunter (Illumina) and visual inspection and 

enchmarked it against PCR, the gold standard diagnosis. The 

llele distribution of the AR CAG repeats peaks at 21 repeats 

8] , as previously reported [64] , with variations across different 

opulations. By applying a pipeline to 74,277 unrelated individuals 

rom four large WGS cohorts, they found the frequency of 

xpanded alleles to be 1:3182 X chromosomes, around ten times 

ore frequent than the reported disease prevalence. Disease 

revalence modelling using the novel mutation frequency led to 

n estimate of the disease prevalence at 1:6887 males, four times 

igher than that reported. This discrepancy may be due to an 

nderdiagnosis of KD, a reduced penetrance of the mutation, or 

he pleomorphic clinical manifestation of KD. Therefore, the team 

ow aims to screen the largest biomedical dataset, the UK Biobank, 

or the repeat expansion and then use its phenotypic data to 

haracterise the manifestation in carriers of the repeat. 

Session 4: Clinical trials 

This session placed a spotlight on ongoing and upcoming 

linical trials designed to address the needs of patients living with 

D. These trials, supported by several pharmaceutical companies, 

epresent a collective and multicentre effort, bringing together 

eurologists, genetic counsellors, and shared resources to propel 

dvancements in therapeutic interventions. The collaborative 

ature of these trials underscores the complexity of KD and 

he necessity for a unified approach to tackle this challenging 

enetic disorder. One notable aspect discussed during this 

ession was the rapid evolution of multicentre trials and their 

ncreasing prominence in the field. The acceleration of such trials 

nderscores the urgency and dedication invested in unravelling 

he complexities of KD. Importantly, this increase in clinical trial 

ctivity in KD prompts a critical consideration: the imperative need 

or a centralized patient registry specifically tailored for individuals 

ffected by rare genetic diseases such as KD. Such a registry would 

erve as a comprehensive repository of patient data, facilitating 

eamless collaboration, data sharing, and a holistic understanding 

f the disease across various trial initiatives. In essence, Session 

 not only discussed the ongoing and prospective clinical 

rials for KD patients but also underscored the collaborative, 

ultidisciplinary effort s required for their success. The overarching 

oal is to advance therapeutic possibilities, enhance patient care, 

nd collectively contribute to the evolving landscape of KD 

esearch and treatment strategies. 

Silvia Fenu started the session by discussing the difficulties in 

he recruitment of patients with rare diseases such as KD. This is 
14
 complex and challenging process that requires a comprehensive 

nowledge of the disease in order to design effective clinical 

rials. National and International collaboration is essential, as well 

s a comprehensive approach involving clinicians, researchers, 

nd patient associations. In this context, patient registries for 

are diseases are a valuable resource to better understand the 

isease, monitor its course, and facilitate the recruitment of 

atients into clinical trials [65] . The Italian Registry for KD has 

urrently recruited 169 subjects, 138 of whom have performed 

 baseline visit, 115 a first follow up visit, 72 a second follow 

p visit, and 24 subjects a third one. The evaluation protocol 

ncludes: a minimal dataset of clinical and genetic information, 

he disease-specific SBMA-Functional Rating Scale (SBMA-FRS), 

he Adult Myopathy Assessment Tool (AMAT), self-administered 

uestionnaires, International Prostatic Symptoms Score (IPSS), and 

nternational Index of Erectile Function (IIEF), blood tests and 

iological sample collection for a KD biorepository (DNA, serum, 

lasma, lymphocytes), EKG (including EKG specific for detecting 

rugada syndrome), and spirometry, and in a subgroup of subjects 

 quantitative muscular MRI of lower limbs to measure fat 

raction [2] . Collecting this data over several years allows accurate 

ssessment of disease progression and of outcome measures’ 

esponsiveness: the SBMA-FRS showed the best responsiveness 

mong all scales. Fenu and Pareyson are currently working on 

n international collaboration project for a retrospective study 

o merge the different databases from several specialised centres 

nd establish a multinational database of clinical information on 

 large series of KD patients (including up to 700 patients and 

ore) as a first step towards a common evaluation protocol 

o be shared internationally together with possibly a common 

egistry. 

Pierre-François Pradat’s talk focused on the challenges of 

eveloping standardized care of KD patients. The management 

f KD is fraught with challenges due to its rarity. Addressing 

hese challenges necessitates the establishment of a Standard 

f Care (SOC), particularly in the context of therapeutic trials. 

tandardization ensures uniformity and comparability in treatment 

pproaches, allowing for the objective evaluation of different 

herapeutic interventions. Patient safety takes centre stage, 

specially concerning emerging treatments like gene therapy. 

iverse treatment strategies may carry inherent risks, and KD often 

ntails systemic complications, such as endocrine, cardiomyopathy, 

nd metabolic disorders. Standardized care protocols serve as a 

rotective barrier, mitigating potential hazards and safeguarding 

atient well-being during therapeutic trials. Ethical considerations 

nderscore the critical need for SOC in therapeutic trials. Clinical 

rial participants deserve the highest possible care standards to 

nsure their well-being. Standardized care also streamlines data 

haring across different studies, provides essential guidance for 

ealthcare providers, and mandates the use of meaningful outcome 

easures. These measures are vital for obtaining robust research 

utcomes, crucial for advancing our understanding of KD and 

mproving patient care. The French guidelines for KD prioritize 

 multidisciplinary approach, involving healthcare experts and 

atient representatives [66] . They comprehensively address various 

spects of care, encompassing diagnosis, evaluation, screening for 

xtra-neurological complications, symptomatic management, and 

ffective dissemination of information. In conclusion, standardized 

are ensures treatment consistency, enhances patient safety, 

pholds ethical standards, and promotes rigorous research. 

mportantly, there is a need to generate certainty evidence for 

tronger recommendations and develop international guidelines 

ith experts and patient representatives. 

Giorgia Querin presented new trial designs to improve the 

tudy of innovative treatments in KD, discussing the potential 

tilization of new trial designs to accelerate research in finding 
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n effective treatment for KD. In recent years, significant 

rogress in preclinical research has enabled the identification 

f molecular targets for innovative treatments, and various 

reclinical approaches have already undergone testing in mouse 

odels of the disease [ 16 , 17 , 22 , 38 , 67–69 ]. In this context, there

s a pressing need to efficiently organize clinical trials to 

valuate these new therapeutic approaches. However, several 

hallenges exist, particularly given that KD is a rare disease. 

oreover, most clinical trials, especially gene therapy trials, 

equire careful selection of eligible patients to mitigate the 

isk of significant side effects. Effective strategies should be 

mplemented to enhance patient information and encourage 

articipation in clinical trials. Additionally, supporting patient 

articipation and retention should be facilitated through practical 

eans, such as organizing transportation and limiting the number 

f on-site visits. Simultaneously, specific designs tailored to 

are diseases can be proposed. Examples include the use of 

nternal controls, adaptive designs incorporating different phases 

ithin a single protocol, or the utilization of master protocols 

llowing the recruitment of patients into different study arms 

ver time, thereby reducing administrative and organizational 

urdens. Such designs have already proven successful in other rare 

eurological diseases like ALS, demonstrating their effectiveness in 

xpediting the inclusion of a large number of potential treatments 

70] . 

Kenneth Fischbeck presented a summary of recent clinical 

rials for KD. Randomized, double-blind, placebo-controlled trials 

f androgen reduction in KD patients have not shown a 

ignificant, clinically meaningful benefit [10–12] . A 7-year open- 

abel extension study showed better outcome in Japanese patients 

aking leuprorelin compared to natural history controls [71] , and 

his drug was approved for KD treatment in Japan in 2017. A 

tudy of insulin-like growth factor (IGF)−1 showed mitigation of 

utant AR toxicity in cell culture and mouse models of KD [72] . 

GF-1 was found to affect AR toxicity through post-translational 

odification by PI3-kinase-mediated activation of Akt. Native IGF-1 

as a very short half-life. An IGF-1 mimetic developed by Novartis, 

VS857, is much more stable, and it was well tolerated in a KD 

linical trial [73] , although with antibodies to endogenous IGF- 

. A short-term, randomized, placebo-controlled trial showed a 

ignificant effect on the primary outcome measure, thigh muscle 

olume by quantitative MRI, but because of the immunological 

ide-effects it was decided not to pursue it as a treatment for 

D patients, whose IGF-1 levels are already low. Reducing levels 

f toxic AR mRNA and protein has been beneficial in KD pre- 

linical studies. AAV9-mediated IV delivery of miR-298 targeting 

R 3′ UTR resulted in good distribution to muscle and spinal cord, 

eduction in mutant AR mRNA & protein levels, and mitigation of 

isease manifestations in KD mice [74] , and toxic AR suppression 

ith oligonucleotides was beneficial with either subcutaneous or 

ntraventricular delivery [ 75 , 76 ]. Natural history studies are key to 

he design of clinical trials, by identifying measures that can show 

eaningful change in a given number of participants in a specified 

ime frame. A KD natural history study in Denmark with 29 KD 

articipants followed for 18 months showed significant changes in 

uscle strength (hand grip and knee extension), activities of daily 

iving, 6-minute walk, stair climbing, and muscle fat content (see 

elow) [55] , suggesting these measures for determining efficacy 

n adequately powered interventional studies, perhaps in a larger 

umber of participants in a shorter period of time. Another natural 

istory study is currently underway at the National Institutes of 

ealth in the USA, with a 2-year follow-up of clinical measures, 

otal body MRI and ultrasound imaging, and biomarkers in 

lasma, CSF, and muscle. At least four studies are currently under 

onsideration or underway: oligonucleotide-induced AR knock- 

own (Ionis), AAV-mediated RNAi (University of Pennsylvania), 
15
mall molecule ASC-JM17/AJ201 (AnnJi), and a small molecule AF2 

odulator (Nido Biosciences). The AnnJi drug is currently being 

valuated in a phase 2 clinical trial at six sites in the US, with 

nrolment nearly complete and results expected in the next few 

onths. 

John Vissing’s presentation focused on clinical, biological, and 

agnetic resonance imaging (MRI) outcome measures for trials 

n KD, emphasising the need for defining appropriate outcome 

easures in KD. Although unspecific to the disease, plasma 

reatinine concentrations correlate inversely with the muscle fat 

raction and directly with the SBMA-FRS [56] . Muscle fat fraction 

ssessed by MRI is likely to be a good surrogate biomarker for 

uscle function as it correlates with muscle functional measures, 

uch as strength, 6 min walking test (6MWT) and SBMA-FRS [56] . 

owever, care should be taken where to assess fat fraction as 

t may differ according to distal or proximal assessment. Muscle 

ontractility in KD is another potential biomarker/endpoint as it 

s reduced in most muscle groups in KD and correlates with 

he fat fraction in the muscles [77] . A longitudinal study showed 

hat progression in muscle fat fraction is a sensitive biomarker of 

hange over 18 months, and interestingly, the changes were quite 

onsistent irrespective of duration of disease, baseline composite 

uscle fat fraction, CAG repeats, and baseline walking distance 

55] . This makes disease evolution predictable among patients 

t different disease stages, which is an important consideration 

or therapeutic trials. This finding was corroborated by assessing 

MWT and SBMA-FRS findings, which seemed to be the most 

onsistent significant change over time with a stable progression 

ine across five natural history studies in KD of which some are 

till unpublished [ 55 , 78 ]. 

Gianni Sorarù gave an overview of available symptomatic 

reatments for KD patients. In addition to motor dysfunction, 

D patients exhibit various systemic symptoms. Shared evidence- 

ased guidelines on the use of treatments for these symptoms, 

.e. symptomatic therapies, have not yet been established. Sorarù’s 

linical team collected information on co-morbidities, symptoms, 

nd drug treatments in the Padua (Italy) KD cohort, which includes 

12 patients. Cramps, lower limb neuropathic pain, and urinary 

nd sexual disturbances were among the most frequently reported 

ymptoms. Anti-convulsants (e.g., gabapentin or pregabalin) were 

he medications of choice for cramps and pain. Patients with 

rinary symptoms were mostly treated with alpha-blockers 

r 5-alpha-reductase inhibitors, although with poor clinical 

enefit in some cases. Indeed, the pathogenetic mechanisms 

nderlying urinary dysfunctions in KD remain a matter of debate. 

nly two patients with erectile dysfunction reported taking 

hosphodiesterase type 5 (PDE5) inhibitors, while many of them 

referred not to take these drugs due to a fear of possible side 

ffects. Two patients underwent surgery for gynecomastia, and in 

ne case, histopathology confirmed adenocarcinoma. Notably, in 

ost cases, gynecomastia was diagnosed through manual or visual 

nspection without additional investigations such as ultrasound 

xaminations. Metabolic disorders represented another frequent 

ssue. Hypercholesterolemia was treated with ezetimibe alone or 

n combination with low-dose statins to mitigate potential statin- 

elated muscle toxicity. Some patients with glucose metabolism 

bnormalities meeting the criteria for type 2 diabetes mellitus 

issed the recommended endocrinological assessments and, as a 

esult, were not receiving the appropriate therapy. All patients with 

lterations in bone mineralization, which in most cases consisted 

f osteopenia, were on vitamin D supplementation. Anxiety 

nd/or depression successfully benefited from the use of Selective 

erotonin Reuptake Inhibitors (SSRIs). Results from this survey 

oint to the need for greater awareness of systemic symptoms 

y neurologists caring for KD patients [66] . A multidisciplinary 

pproach to the disease, along with improvement in research 
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n mechanisms and therapy of non-neural symptoms in KD, is 

arranted. 

Alexandra Maclean , as representative of Avenue Therapeutics, 

eported on a phase 1/2 study in KD patients using a novel Nrf2 

ctivator (AJ201) to enhance degradation of polyQ-expanded AR 

 https://avenuetx.com/ ) [13] . 

Luca Zampedri discussed the need for more objective clinical 

utcome assessments in KD, with a focus on an important 

ymptom, namely fatigue. The concerted international effort to 

ollect a homogeneous set of data in KD has focused on identifying 

ovel biomarkers (e.g., muscle MRIs), as well as clinical outcome 

ssessments (COAs). The latter are classified in performance 

ssessments, observer reported, clinicians reported, and patient 

eported outcome (PRO) assessments. Biomarkers and performance 

ssessments such as the adult myopathy assessment tool, and 

he 6MWT are more sensitive at capturing the slow disease 

rogression typical of KD. Although less sensitive, the SBMA-FRS, 

 mixed clinician reported and patient reported assessments, 

s especially useful for people unable to undergo MRIs and/or 

emanding performance assessments. Recourse to patient centred 

easures and PRO assessments is endorsed by a variety of health 

overning bodies, including the FDA to support claims in approved 

edical product labelling [79] . The subjective experience of fatigue 

ollected via the fatigue severity scale (FSS) has several advantages 

ver other PRO-Assessments. Most importantly, fatigue is one of 

he commonest non-motor symptoms reported by people living 

ith KD [80] . In addition, when examined cross-sectionally, the 

verage FSS score significantly correlates with certain muscle 

iomarkers (e.g. creatinine), as well as with the performance 

ssessments listed above. It has however a major drawback, 

nsofar that FSS does not capture progression when examined 

ongitudinally. The concluding group discussion has centred on 

hether to select a more sensitive tool to capture the experience 

f fatigue and/or whether fatigue should be an important part 

f a multidimensional patient centred scale such as that being 

urrently developed by the team at the National Institute of 

ealth. A more frequent recourse to the use of digital health 

echnologies could also reduce the need for patient and physician 

eported assessments. 

.1. From patient representatives 

The patient group consisted of four patients from Italy, 

K and the USA, all representing their respective national 

atient organisations (The Italian Kennedy’s Disease Association 

A .I.M.A .K), Kennedy’s Disease UK (KDUK) and the Kennedy’s 

isease Association (KDA). The group started by stating how 

rateful they are for the focused research effort that is currently 

nderway into KD and the effort s to identify a cure or a disease-

odifying treatment. They felt that the KD patient community is 

ortunate to have such a committed group of researchers and feel 

hat the relationships between KD patients and the researchers 

s a special one – something that is beneficial for all of us. The 

atients highlighted their personal experience of living with 

D, and briefly summarised their symptoms and main problems 

ssociated with the disease such as general muscular weakness, 

ramps, tremors, sleep apnoea, speech and bulbar issues which 

ffect their daily lives. 

The patient group also believes that the most effective way 

o achieve the shared goal of finding a cure for this disease 

s to continue to foster the excellent international cooperation 

hat exists within the KD research and patient community, a 

ooperation which is dependent on good communication between 

atients and researchers especially regarding possible treatments 

nd cures. 
16
The patient group highlighted four areas that might benefit 

rom further work: i) Addressing the current lack of understanding 

nd knowledge of KD by clinicians and, more specifically, non- 

pecialist neurologists. The patient group is concerned that a 

reatment or cure will be of limited benefit if many of the people 

iving with the illness have not been diagnosed. In cases where 

here is no known familial history of KD genetic testing for the 

isease is often too slow. The patient group felt that the disease is 

ikely to be significantly under- and/or misdiagnosed. For example, 

ne of the patient group took 23 years from first symptoms 

o be diagnosed, despite many neurologist appointments and 

ests; ii) The adoption of an international protocol, perhaps with 

ountry specific variations, that people living with KD can share 

ith their neurologists and family doctors. It was acknowledged 

hat the creation and distribution of the French Protocol is an 

xcellent first step towards this and may help to resolve the 

roblem of the lack of awareness of KD and the resulting late 

nd misdiagnosis; iii) Addressing the difficulty that people living 

ith KD have in accessing regional support. Treatment at present 

s largely focused on the major research centres that many patients 

truggle to access. As diagnosis levels ramp up, regional treatment 

rotocols will need to be put in place; iv) Finding the right 

alance between research for a treatment or cure, and research 

nto creating clinically proven treatment pathways. There is some 

oncern that funding is almost entirely targeted on research into 

nding a cure, sometimes at the expense of developing treatments 

or patients that are living with the disease today. The patient 

roup acknowledged that it is important that KD patients recognise 

hat they also have a key role to play in finding a treatment for KD.

his includes, for example, participating in patient registries and 

linical trials. It was felt that researchers have an important role in 

ncouraging such participation. 

Finally, the group also highlighted the importance of the 

ational Kennedy Disease charities and Patient Associations who 

rovide vital support to people living KD and their families, in 

ddition to providing support for research programmes and to 

esearch trainees. It was also acknowledged that the charities and 

ssociations value the strength of the existing relationship they 

ave with the research community, and that it should continue to 

e nurtured. 

. Conclusions 

The workshop drew to a close with a dedicated pledge to 

ortify existing collaborations, underscoring the significance of 

ultidisciplinary approaches in addressing the complexities of KD. 

he roadmap for future international events involves strategic 

artnerships with patient associations, aiming to effectively 

ommunicate scientific discoveries to the KD community and 

ctively engage them in the ongoing research endeavours. 

Immediate objectives of the consortium encompass the 

einforcement of international data collection efforts and 

ollaboration with patients for the establishment of guidelines 

hat facilitate the streamlined execution of clinical trials. Looking 

urther ahead, aspirations revolve around a profound exploration of 

D’s pathology, aiming to significantly advance our understanding 

nd, in turn, to pave the way for the development of targeted and 

ffective treatments. The collective commitment at the conclusion 

f the workshop reflects a shared dedication to both immediate 

nd enduring goals, envisioning a future marked by increased 

ollaboration, enriched scientific insights, and improved prospects 

or individuals affected by KD. 

articipants 

Manuela Basso (University of Trento, Italy) 

https://avenuetx.com/


M. Pennuto, P.F. Pradat, G. Sorarù et al. Neuromuscular Disorders 38 (2024) 8–19

A

A

D

a

r

C

d

P

C

a

e

C

A

p

N

F

f

M

N

M

N

l

A

S

S

A

N

s

f

R

 

 

[

[

[

Marco Bertolotti (Associazione Italiana Malattia di Kennedy - 

IMAK, It aly) 

Mamede de Carvalho (University of Lisbon, Portugal) 

Gianni Fabris (Associazione Italiana Malattia di Kennedy - 

IMAK, It aly) 

Silvia Fenu (Istituto Neurologico Besta, Milan, Italy) 

Pietro Fratta (University College London, UK) 

Kenneth Fischbeck (National Institutes of Health, USA) 

Linda Greensmith (University College London, UK) 

Illana Gozes (Tel Aviv University, Israel) 

Masahisa Katsuno (Nagoia University, Japan) 

Bilal Malik (University College London, UK) 

Alexandra MacLean (Avenue Therapeutics, Florida, USA) 

Ed Meyertholen (Kennedy Disease Association-KDA, USA) 

Maria Pennuto (University of Padova, Italy) 

Nadia Pilati (Autifony, Padova, Italy) 

Pierre Francois Pradat (Pitié-Salpêtrière Hospital, Paris, France) 

Angelo Poletti (University of Milan, Italy) 

Giorgia Querin (Pitié-Salpêtrière Hospital, Paris, France) 

Carlo Rinaldi (University of Oxford, UK) 

Giuseppe Ronzitti (Genethon, Paris, France) 

Xavier Salvatella (ICREA and IRB, Barcelona, Spain) 

Kim Slowe (Kennedy Disease UK) 

Gianni Soraru (University of Padova, Italy) 

John Vissing (University of Copenhagen, Denmark) 

Markus Weber (University of Basel, Switzerland) 

Patrick Weydt (University Hospital Bonn, Germany) 

Luca Zampedri (Queen Square London, UK) 

Matteo Zanovello (University College London, UK) 

Emanuela Zuccaro (University of Padova, Italy). 

eclaration of competing interest 

All authors, Maria Pennuto, Linda Greensmith, Gianni Soraru, 

nd Pierre-Francois Pradat, have no conflict of interest to declare 

elated to the manuscript entitled. 

RediT authorship contribution statement 

M. Pennuto: Writing – review & editing, Writing – original 

raft, Supervision, Funding acquisition, Conceptualization. P.F. 

radat: Writing – original draft, Supervision, Funding acquisition, 

onceptualization. G. Sorarù: Writing – original draft, Funding 

cquisition, Conceptualization. L. Greensmith: Writing – review & 

diting, Writing – original draft, Supervision, Funding acquisition, 

onceptualization. 

cknowledgments 

The workshops and next generation program are made 

ossible thanks to the financial support of the European 

euromuscular Centre (ENMC) and its Full Partners: Association 

rançaise contre les Myopathies (France), Deutsche Gesellschaft 

ür Muskelkranke (Germany), Muscular Dystrophy Campaign (UK), 

uskelsvindfonden (Denmark), Prinses Beatrix Spierfonds (The 

etherlands), Schweizerische Stiftung für die Erforschung der 

uskelkrankheiten (Switzerland), Spierziekten Nederland (The 

etherlands), Telethon Foundation (Italy). In addition, we would 

ike to thank the Associated Partners: Finnish Neuromuscular 

ssociation (Finland), Österreichische Muskelforschung (Austria), 

MA Europe, World Duchenne Organisation and World Muscle 

ociety (WMS), and the members of the ENMC Company Forum: 

micus Therapeutics, Astellas, Biogen, Ionis Pharmaceuticals, Lupin 

euroscience, Novartis, Revvity, Roche, Sanofi and Santhera. With 

pecial thanks to Avenue Therapeutics for their generous support 

or this workshop. 
17
eferences 

[1] Pennuto M, Greensmith L, Pradat P-F, Sorarù G. 210th ENMC international 

workshop: research and clinical management of patients with spinal and 

bulbar muscular atrophy, 27–29 March 2015, Naarden, The Netherlands. 
Neuromusc. Disorders 2015;25:802–12. doi: 10.1016/j.nmd.2015.06.462 . 

[2] Greensmith L, Pradat PF, Sorarù G, Pennuto M. 241st ENMC international 
workshop: towards a European unifying lab for Kennedy’s disease. 15–

17th February 2019 Hoofddorp, The Netherlands. Neuromusc. Disorders 
2019;29:716–24. doi: 10.1016/j.nmd.2019.07.008 . 

[3] Kennedy WR, Alter M, Sung JH. Progressive proximal spinal and bulbar 

muscular atrophy of late onset. A sex-linked recessive trait. Neurology. 
1968;18:671–80. doi: 10.1212/wnl.18.7.671 . 

[4] La Spada AR, Wilson EM, Lubahn DB, Harding AE, Fischbeck KH. Androgen 
receptor gene mutations in X-linked spinal and bulbar muscular atrophy. 

Nature 1991;352:77–9. doi: 10.1038/352077a0 . 
[5] Breza M, Koutsis G. Kennedy’s disease (spinal and bulbar muscular atrophy): a 

clinically oriented review of a rare disease. J. Neurol. 2019;266:565–73. doi: 10. 
10 07/s0 0415- 018- 8968- 7 . 

[6] Hashizume A, Fischbeck KH, Pennuto M, Fratta P, Katsuno M. Disease 

mechanism, biomarker and therapeutics for spinal and bulbar muscular 
atrophy (SBMA). J. Neurol. Neurosurg. Psychiatry 2020;91:1085–91. doi: 10. 

1136/jnnp- 2020- 322949 . 
[7] Rhodes LE, Freeman BK, Auh S, Kokkinis AD, La Pean A, Chen C, et al. Clinical

features of spinal and bulbar muscular atrophy. Brain 2009;132:3242–51. 
doi: 10.1093/brain/awp258 . 

[8] Zanovello M, Ibáñez K, Brown A-L, Sivakumar P, Bombaci A, Santos L, et al. 

Unexpected frequency of the pathogenic AR CAG repeat expansion in the 
general population. Brain 2023;146:2723–9. doi: 10.1093/brain/awad050 . 

[9] Pourshafie N, Masati E, Bunker E, Nickolls AR, Thepmankorn P, Johnson K, et al. 
Linking epigenetic dysregulation, mitochondrial impairment, and metabolic 

dysfunction in SBMA motor neurons. JCI. Insight. 2020;5:e136539 136539. 
doi: 10.1172/jci.insight.136539 . 

[10] Banno H, Katsuno M, Suzuki K, Takeuchi Y, Kawashima M, Suga N, et al. Phase

2 trial of leuprorelin in patients with spinal and bulbar muscular atrophy. Ann. 
Neurol. 2009;65:140–50. doi: 10.1002/ana.21540 . 

[11] Katsuno M, Banno H, Suzuki K, Takeuchi Y, Kawashima M, Yabe I, et al. 
Efficacy and safety of leuprorelin in patients with spinal and bulbar muscular 

atrophy (JASMITT study): a multicentre, randomised, double-blind, placebo- 
controlled trial. Lancet Neurol. 2010;9:875–84. doi: 10.1016/S1474-4422(10) 

70182-4 . 

[12] Fernández-Rhodes LE, Kokkinis AD, White MJ, Watts CA, Auh S, Jeffries NO, 
et al. Efficacy and safety of dutasteride in patients with spinal and bulbar 

muscular atrophy: a randomised placebo-controlled trial. Lancet Neurol. 
2011;10:140–7. doi: 10.1016/S1474-4422(10)70321-5 . 

[13] Bott LC, Badders NM, Chen K-L, Harmison GG, Bautista E, Shih CC-Y, et al. 
A small-molecule Nrf1 and Nrf2 activator mitigates polyglutamine toxicity 

in spinal and bulbar muscular atrophy. Hum. Mol. Genet. 2016;25:1979–89. 

doi: 10.1093/hmg/ddw073 . 
[14] Nedelsky NB, Pennuto M, Smith RB, Palazzolo I, Moore J, Nie Z, et al. 

Native functions of the androgen receptor are essential to pathogenesis in a 
Drosophila model of spinobulbar muscular atrophy. Neuron 2010;67:936–52. 

doi: 10.1016/j.neuron.2010.08.034 . 
[15] Badders NM, Korff A, Miranda HC, Vuppala PK, Smith RB, Winborn BJ, 

et al. Selective modulation of the androgen receptor AF2 domain rescues 

degeneration in spinal bulbar muscular atrophy. Nat. Med. 2018;24:427–37. 
doi: 10.1038/nm.4500 . 

[16] Prakasam R, Bonadiman A, Andreotti R, Zuccaro E, Dalfovo D, Marchioretti C, 
et al. LSD1/PRMT6-targeting gene therapy to attenuate androgen receptor toxic 

gain-of-function ameliorates spinobulbar muscular atrophy phenotypes in flies 
and mice. Nat. Commun. 2023;14:603. doi: 10.1038/s41467- 023- 36186- 9 . 

[17] Lim WF, Forouhan M, Roberts TC, Dabney J, Ellerington R, Speciale AA, 
et al. Gene therapy with AR isoform 2 rescues spinal and bulbar muscular 

atrophy phenotype by modulating AR transcriptional activity. Sci. Adv. 

2021;7:eabi6 896. doi: 10.1126/sciadv.abi6 896 . 
[18] Basu S, Martínez-Cristóbal P, Frigolé-Vivas M, Pesarrodona M, Lewis M, 

Szulc E, et al. Rational optimization of a transcription factor activation 
domain inhibitor. Nat. Struct. Mol. Biol. 2023;30:1958–69. doi: 10.1038/ 

s41594- 023- 01159- 5 . 
[19] Escobedo A, Topal B, Kunze MBA, Aranda J, Chiesa G, Mungianu D, 

et al. Side chain to main chain hydrogen bonds stabilize a polyglutamine 

helix in a transcription factor. Nat. Commun. 2019;10:2034. doi: 10.1038/ 
s41467- 019- 09923- 2 . 

20] Tedesco B, Vendredy L, Timmerman V, Poletti A. The chaperone-assisted 
selective autophagy complex dynamics and dysfunctions. Autophagy. 

2023;19:1619–41. doi: 10.1080/15548627.2022.2160564 . 
[21] Rusmini P, Cortese K, Crippa V, Cristofani R, Cicardi ME, Ferrari V, et al. 

Trehalose induces autophagy via lysosomal-mediated TFEB activation in 

models of motoneuron degeneration. Autophagy. 2019;15:631–51. doi: 10. 
1080/15548627.2018.1535292 . 

22] Galbiati M, Meroni M, Boido M, Cescon M, Rusmini P, Crippa V, et al. 
Bicalutamide and trehalose ameliorate spinal and bulbar muscular atrophy 

pathology in mice. Neurotherapeutics. 2023. doi: 10.1007/s13311- 023- 01343- x . 
23] Forouhan M, Lim WF, Zanetti-Domingues LC, Tynan CJ, Roberts TC, Malik B, 

et al. AR cooperates with SMAD4 to maintain skeletal muscle homeostasis. 

Acta Neuropathol. 2022;143:713–31. doi: 10.10 07/s0 0401- 022- 02428- 1 . 

https://doi.org/10.1016/j.nmd.2015.06.462
https://doi.org/10.1016/j.nmd.2019.07.008
https://doi.org/10.1212/wnl.18.7.671
https://doi.org/10.1038/352077a0
https://doi.org/10.1007/s00415-018-8968-7
https://doi.org/10.1136/jnnp-2020-322949
https://doi.org/10.1093/brain/awp258
https://doi.org/10.1093/brain/awad050
https://doi.org/10.1172/jci.insight.136539
https://doi.org/10.1002/ana.21540
https://doi.org/10.1016/S1474-4422(10)70182-4
https://doi.org/10.1016/S1474-4422(10)70321-5
https://doi.org/10.1093/hmg/ddw073
https://doi.org/10.1016/j.neuron.2010.08.034
https://doi.org/10.1038/nm.4500
https://doi.org/10.1038/s41467-023-36186-9
https://doi.org/10.1126/sciadv.abi6896
https://doi.org/10.1038/s41594-023-01159-5
https://doi.org/10.1038/s41467-019-09923-2
https://doi.org/10.1080/15548627.2022.2160564
https://doi.org/10.1080/15548627.2018.1535292
https://doi.org/10.1007/s13311-023-01343-x
https://doi.org/10.1007/s00401-022-02428-1


M. Pennuto, P.F. Pradat, G. Sorarù et al. Neuromuscular Disorders 38 (2024) 8–19

[

[

[

[

[

[

[

[  

[

[  

[

[  

[

[  

[

[

[  

[

[

[

[  

[

[  

[

[

[

[  

[

[

[

[

[

[

[

[

[

[  

[

[  

[

[  

[

24] Chivet M, Marchioretti C, Pirazzini M, Piol D, Scaramuzzino C, Polanco MJ, 
et al. Polyglutamine-expanded androgen receptor alteration of skeletal muscle 

homeostasis and myonuclear aggregation are affected by sex, age and muscle 
metabolism. Cells 2020;9:325. doi: 10.3390/cells9020325 . 

25] Marchioretti C, Zanetti G, Pirazzini M, Gherardi G, Nogara L, Andreotti R, et al. 
Defective excitation-contraction coupling and mitochondrial respiration 

precede mitochondrial Ca2 + accumulation in spinobulbar muscular 
atrophy skeletal muscle. Nat. Commun. 2023;14:602. doi: 10.1038/s41467- 

023- 36185- w . 

26] Ronzitti G, Gross D-A, Mingozzi F. Human immune responses to adeno- 
associated virus (AAV) vectors. Front. Immunol. 2020;11:670. doi: 10.3389/ 

fimmu.2020.00670 . 
27] Gardin A, Ronzitti G. Current limitations of gene therapy for rare pediatric 

diseases: lessons learned from clinical experience with AAV vectors. 
Arch. Pediatr. 2023;30:8S46–48S52. doi: 10.1016/S0929-693X(23)00227- 

0 . 

28] Gross D-A, Tedesco N, Leborgne C, Ronzitti G. Overcoming the challenges 
imposed by humoral immunity to aav vectors to achieve safe and efficient 

gene transfer in seropositive patients. Front. Immunol. 2022;13:857276. 
doi: 10.3389/fimmu.2022.857276 . 

29] Gardin A, Rouillon J, Montalvo-Romeral V, Rossiaud L, Vidal P, Launay R, 
et al. A functional mini-GDE transgene corrects impairment in models of 

glycogen storage disease type III. J. Clin. Invest. 2024;134:e172018. doi: 10. 

1172/JCI172018 . 
30] Sellier P, Vidal P, Bertin B, Gicquel E, Bertil-Froidevaux E, Georger C, et al. 

Muscle-specific, liver-detargeted adeno-associated virus gene therapy rescues 
Pompe phenotype in adult and neonate Gaa-/- mice. J. Inherit. Metab. Dis. 

2024;47:119–34. doi: 10.1002/jimd.12625 . 
[31] D’Antiga L, Beuers U, Ronzitti G, Brunetti-Pierri N, Baumann U, Di Giorgio A, 

et al. Gene therapy in patients with the crigler-najjar syndrome. N. Engl. J. 

Med. 2023;389:620–31. doi: 10.1056/NEJMoa2214084 . 
32] Tabebordbar M, Lagerborg KA, Stanton A, King EM, Ye S, Tellez L, et al. Directed

evolution of a family of AAV capsid variants enabling potent muscle-directed 
gene delivery across species. Cell 2021;184:4 919–4 938.e22. doi: 10.1016/j.cell. 

2021.08.028 . 
33] Scaramuzzino C, Casci I, Parodi S, Lievens PMJ, Polanco MJ, Milioto C, 

et al. Protein arginine methyltransferase 6 enhances polyglutamine-expanded 

androgen receptor function and toxicity in spinal and bulbar muscular atrophy. 
Neuron 2015;85:88–100. doi: 10.1016/j.neuron.2014.12.031 . 

34] Frey D, Schneider C, Xu L, Borg J, Spooren W, Caroni P. Early and selective
loss of neuromuscular synapse subtypes with low sprouting competence in 

motoneuron diseases. J. Neurosci. 20 0 0;20:2534–42. doi: 10.1523/JNEUROSCI. 
20- 07- 02534.20 0 0 . 

35] Nijssen J, Comley LH, Hedlund E. Motor neuron vulnerability and resistance 

in amyotrophic lateral sclerosis. Acta Neuropathol. 2017;133:863–85. doi: 10. 
10 07/s0 0401-017-1708-8 . 

36] Amamoto R, Zuccaro E, Curry NC, Khurana S, Chen H-H, Cepko CL, et al. FIN-
Seq: transcriptional profiling of specific cell types from frozen archived tissue 

of the human central nervous system. Nucleic. Acids. Res. 2020;48:e4. doi: 10. 
1093/nar/gkz968 . 

37] Piol D, Tosatto L, Zuccaro E, Anderson EN, Falconieri A, Polanco MJ, et al. 
Antagonistic effect of cyclin-dependent kinases and a calcium-dependent 

phosphatase on polyglutamine-expanded androgen receptor toxic gain of 

function. Sci. Adv. 2023 . 
38] Polanco MJ, Parodi S, Piol D, Stack C, Chivet M, Contestabile A, et al. Adenylyl

cyclase activating polypeptide reduces phosphorylation and toxicity of the 
polyglutamine-expanded androgen receptor in spinobulbar muscular atrophy. 

Sci. Transl. Med. 2016;8. doi: 10.1126/scitranslmed.aaf9526 . 
39] Gozes I, Shapira G, Lobyntseva A, Shomron N. Unexpected gender differences 

in progressive supranuclear palsy reveal efficacy for davunetide in women. 

Transl. Psychiatry 2023;13:319. doi: 10.1038/s41398- 023- 02618- 9 . 
40] Rudy B, McBain CJ. Kv3 channels: voltage-gated K + channels designed for 

high-frequency repetitive firing. Trends. Neurosci. 2001;24:517–26. doi: 10. 
1016/s0166-2236(00)01892-0 . 

[41] Gray AL, Annan L, Dick JRT, La Spada AR, Hanna MG, Greensmith L, 
et al. Deterioration of muscle force and contractile characteristics are early 

pathological events in spinal and bulbar muscular atrophy mice. Dis. Model. 

Mech. 2020;13:dmm042424. doi: 10.1242/dmm.042424 . 
42] Malik B, Devine H, Patani R, La Spada AR, Hanna MG, Greensmith L. Gene

expression analysis reveals early dysregulation of disease pathways and links 
Chmp7 to pathogenesis of spinal and bulbar muscular atrophy. Sci. Rep. 

2019;9:3539. doi: 10.1038/s41598- 019- 40118- 3 . 
43] Malik B, Nirmalananthan N, Gray AL, La Spada AR, Hanna MG, Greensmith L. 

Co-induction of the heat shock response ameliorates disease progression in a 

mouse model of human spinal and bulbar muscular atrophy: implications for 
therapy. Brain 2013;136:926–43. doi: 10.1093/brain/aws343 . 

44] Sopher BL, Thomas PS, LaFevre-Bernt MA, Holm IE, Wilke SA, Ware CB, 
et al. Androgen receptor YAC transgenic mice recapitulate SBMA motor 

neuronopathy and implicate VEGF164 in the motor neuron degeneration. 
Neuron 2004;41:687–99. doi: 10.1016/s0896-6273(04)0 0 082-0 . 

45] Rancourt A, Dufresne SS, St-Pierre G, Lévesque J-C, Nakamura H, Kikuchi Y, 

et al. Galectin-3 and N-acetylglucosamine promote myogenesis and improve 
skeletal muscle function in the mdx model of Duchenne muscular dystrophy. 

FASEB J. 2018;32 fj201701151RRR. doi: 10.1096/fj.201701151RRR . 
46] Wuebbles RD, Cruz V, Van Ry P, Barraza-Flores P, Brewer PD, Jones P, et al.

Human galectin-1 improves sarcolemma stability and muscle vascularization 
18
in the mdx mouse model of duchenne muscular dystrophy. Mol. Ther. Methods 
Clin. Dev. 2019;13:145–53. doi: 10.1016/j.omtm.2019.01.004 . 

[47] Yamada S, Hashizume A, Hijikata Y, Inagaki T, Ito D, Kishimoto Y, et al. 
Mexiletine in spinal and bulbar muscular atrophy: a randomized controlled 

trial. Ann. Clin. Transl. Neurol. 2022;9:1702–14. doi: 10.1002/acn3.51667 . 
48] Hirunagi T, Nakatsuji H, Sahashi K, Yamamoto M, Iida M, Tohnai G, et al. 

Exercise attenuates polyglutamine-mediated neuromuscular degeneration in a 
mouse model of spinal and bulbar muscular atrophy. J. Cachexia Sarcopenia 

Muscle 2024;15:159–72. doi: 10.1002/jcsm.13344 . 

49] Millere E, Rots D, Glazere I, Taurina G, Kurjane N, Priedite V, et al. Clinical
phenotyping and biomarkers in spinal and bulbar muscular atrophy. Front. 

Neurol. 2020;11:586610. doi: 10.3389/fneur.2020.586610 . 
50] Weber M, Eisen A. Assessment of upper and lower motor neurons in Kennedy’s 

disease: implications for corticomotoneuronal PSTH studies. Muscle Nerve 
1999;22:299–306. doi: 10.1002/(sici)1097-4598(199903)22:3 〈 299::aid- mus2〉 3. 

0.co;2-d . 

[51] Müller KI, Nilssen Ø, Nebuchenykh M, Løseth S, Jonsrud C, Hoem G, et al. 
Kennedy disease in two sisters with biallelic CAG expansions of the androgen 

receptor gene. Neuromuscul. Disord. 2022;32:75–9. doi: 10.1016/j.nmd.2021.11. 
007 . 

52] Sobue G, Doyu M, Kachi T, Yasuda T, Mukai E, Kumagai T, et al. 
Subclinical phenotypic expressions in heterozygous females of X-linked 

recessive bulbospinal neuronopathy. J. Neurol. Sci. 1993;117:74–8. doi: 10.1016/ 

0022-510x(93)90157-t . 
53] Manzano R, Sorarú G, Grunseich C, Fratta P, Zuccaro E, Pennuto M, 

et al. Beyond motor neurons: expanding the clinical spectrum in Kennedy’s 
disease. J. Neurol. Neurosurg. Psychiatry 2018;89:808–12. doi: 10.1136/ 

jnnp- 2017- 316961 . 
54] Querin G, Bertolin C, Da Re E, Volpe M, Zara G, Pegoraro E, et al. Non-neural

phenotype of spinal and bulbar muscular atrophy: results from a large cohort 

of Italian patients. J. Neurol. Neurosurg. Psychiatry 2016;87:810–16. doi: 10. 
1136/jnnp- 2015- 311305 . 

55] Dahlqvist JR, Fornander F, de Stricker Borch J, Oestergaard ST, Poulsen NS, 
Vissing J. Disease progression and outcome measures in spinobulbar muscular 

atrophy. Ann. Neurol. 2018;84:754–65. doi: 10.1002/ana.25345 . 
56] Dahlqvist JR, Oestergaard ST, Poulsen NS, Thomsen C, Vissing J. Refining 

the spinobulbar muscular atrophy phenotype by quantitative MRI and 

clinical assessments. Neurology. 2019;92:e548–59. doi: 10.1212/WNL. 
0 0 0 0 0 0 0 0 0 0 0 06887 . 

57] Klickovic U, Zampedri L, Sinclair CDJ, Wastling SJ, Trimmel K, Howard RS, 
et al. Skeletal muscle MRI differentiates SBMA and ALS and correlates 

with disease severity. Neurology. 2019;93:e895–907. doi: 10.1212/WNL. 
0 0 0 0 0 0 0 0 0 0 0 080 09 . 

58] Lombardi V, Querin G, Ziff OJ, Zampedri L, Martinelli I, Heller C, et al. 

Muscle and not neuronal biomarkers correlate with severity in spinal and 
bulbar muscular atrophy. Neurology. 2019;92:e1205–11. doi: 10.1212/WNL. 

0 0 0 0 0 0 0 0 0 0 0 07097 . 
59] Musso G, Blasi L, Mion MM, Fortuna A, Sabbatini D, Zaninotto M, et al. 

Troponin T in spinal and bulbar muscular atrophy (SBMA). J. Neurol. Sci. 
2023;456:122816. doi: 10.1016/j.jns.2023.122816 . 

60] de Carvalho M, Barkhaus PE, Nandedkar SD, Swash M. Motor unit number 
estimation (MUNE): where are we now? Clin. Neurophysiol. 2018;129:1507–

16. doi: 10.1016/j.clinph.2018.04.748 . 

61] Neuwirth C, Barkhaus PE, Burkhardt C, Castro J, Czell D, de Carvalho M, 
et al. Tracking motor neuron loss in a set of six muscles in amyotrophic 

lateral sclerosis using the Motor Unit Number Index (MUNIX): a 15-month 
longitudinal multicentre trial. J. Neurol. Neurosurg. Psychiatry 2015;86:1172–

9. doi: 10.1136/jnnp-2015-310509 . 
62] Visser GH, Blok JH. The CMAP scan. Suppl. Clin. Neurophysiol. 2009;60:65–77. 

doi: 10.1016/s1567-424x(08)0 0 0 06-8 . 

63] Sørensen DM, Bostock H, Ballegaard M, Fuglsang-Frederiksen A, Graffe CC, 
Grötting A, et al. Assessing inter-rater reproducibility in MScanFit MUNE in a 

6-subject, 12-rater “Round Robin” setup. Neurophysiol. Clin. 2022;52:157–69. 
doi: 10.1016/j.neucli.2021.11.002 . 

64] Bruson A, Sambataro F, Querin G, D’Ascenzo C, Palmieri A, Agostini J, et al. CAG
repeat length in androgen receptor gene is not associated with amyotrophic 

lateral sclerosis: ALS is not associated with AR CAG repeats. Eur. J. Neurol. 

2012;19:1373–5. doi: 10.1111/j.1468-1331.2011.03646.x . 
65] Ambrosini A, Calabrese D, Avato FM, Catania F, Cavaletti G, Pera MC, et al. 

The Italian neuromuscular registry: a coordinated platform where patient 
organizations and clinicians collaborate for data collection and multiple usage. 

Orphanet. J. Rare Dis. 2018;13:176. doi: 10.1186/s13023- 018- 0918- z . 
66] Pradat P-F, Bernard E, Corcia P, Couratier P, Jublanc C, Querin G, et al. The

French national protocol for Kennedy’s disease (SBMA): consensus diagnostic 

and management recommendations. Orphanet. J. Rare Dis. 2020;15:90. doi: 10. 
1186/s13023- 020- 01366- z . 

67] Hirunagi T, Sahashi K, Meilleur KG, Katsuno M. Nucleic acid-based therapeutic 
approach for spinal and bulbar muscular atrophy and related neurological 

disorders. Genes. (Basel) 2022;13:109. doi: 10.3390/genes13010109 . 
68] Milioto C, Malena A, Maino E, Polanco MJ, Marchioretti C, Borgia D, et al. Beta-

agonist stimulation ameliorates the phenotype of spinal and bulbar muscular 

atrophy mice and patient-derived myotubes. Sci. Rep. 2017;7:41046. doi: 10. 
1038/srep41046 . 

69] Querin G, D’Ascenzo C, Peterle E, Ermani M, Bello L, Melacini P, et al. 
Pilot trial of clenbuterol in spinal and bulbar muscular atrophy. Neurology. 

2013;80:2095–8. doi: 10.1212/WNL.0b013e318295d766 . 

https://doi.org/10.3390/cells9020325
https://doi.org/10.1038/s41467-penalty -@M 023-36185-w
https://doi.org/10.3389/fimmu.2020.00670
https://doi.org/10.1016/S0929-693X(23)00227-penalty
-@M 0
https://doi.org/10.3389/fimmu.2022.857276
https://doi.org/10.1172/JCI172018
https://doi.org/10.1002/jimd.12625
https://doi.org/10.1056/NEJMoa2214084
https://doi.org/10.1016/j.cell.2021.08.028
https://doi.org/10.1016/j.neuron.2014.12.031
https://doi.org/10.1523/JNEUROSCI.20-07-02534.2000
https://doi.org/10.1007/s00401-017-1708-8
https://doi.org/10.1093/nar/gkz968
http://refhub.elsevier.com/S0960-8966(24)00056-7/sbref0037
https://doi.org/10.1126/scitranslmed.aaf9526
https://doi.org/10.1038/s41398-023-02618-9
https://doi.org/10.1016/s0166-2236(00)01892-0
https://doi.org/10.1242/dmm.042424
https://doi.org/10.1038/s41598-019-40118-3
https://doi.org/10.1093/brain/aws343
https://doi.org/10.1016/s0896-6273(04)00082-0
https://doi.org/10.1096/fj.201701151RRR
https://doi.org/10.1016/j.omtm.2019.01.004
https://doi.org/10.1002/acn3.51667
https://doi.org/10.1002/jcsm.13344
https://doi.org/10.3389/fneur.2020.586610
https://doi.org/10.1002/(sici)1097-4598(199903)22:3�egingroup
count@ "003Celax elax uccode `unhbox voidb@x �group let unhbox
voidb@x setbox @tempboxa hbox {count@ global mathchardef accent@spacefactor
spacefactor }accent 126 count@ egroup spacefactor accent@spacefactor
uppercase {gdef >{{LY1	extasciitilde }}}endgroup setbox 	hr@@
hbox {>}@tempdima wd 	hr@@ advance @tempdima ht 	hr@@ advance
@tempdima dp 	hr@@ >299::aid�egingroup count@ "2212elax elax
uccode `unhbox voidb@x �group let unhbox voidb@x setbox @tempboxa
hbox {count@ global mathchardef accent@spacefactor spacefactor
}accent 126 count@ egroup spacefactor accent@spacefactor uppercase
{gdef >{{LY1	extasciitilde }}}endgroup setbox 	hr@@ hbox {>}@tempdima
wd 	hr@@ advance @tempdima ht 	hr@@ advance @tempdima dp 	hr@@
>mus2�egingroup count@ "003Eelax elax uccode `unhbox voidb@x
�group let unhbox voidb@x setbox @tempboxa hbox {count@ global
mathchardef accent@spacefactor spacefactor }accent 126 count@
egroup spacefactor accent@spacefactor uppercase {gdef >{{LY1	extasciitilde
}}}endgroup setbox 	hr@@ hbox {>}@tempdima wd 	hr@@ advance
@tempdima ht 	hr@@ advance @tempdima dp 	hr@@ >3.0.co;2-d
https://doi.org/10.1016/j.nmd.2021.11.007
https://doi.org/10.1016/0022-510x(93)90157-t
https://doi.org/10.1136/jnnp-2017-316961
https://doi.org/10.1136/jnnp-2015-311305
https://doi.org/10.1002/ana.25345
https://doi.org/10.1212/WNL.0000000000006887
https://doi.org/10.1212/WNL.0000000000008009
https://doi.org/10.1212/WNL.0000000000007097
https://doi.org/10.1016/j.jns.2023.122816
https://doi.org/10.1016/j.clinph.2018.04.748
https://doi.org/10.1136/jnnp-2015-310509
https://doi.org/10.1016/s1567-424x(08)00006-8
https://doi.org/10.1016/j.neucli.2021.11.002
https://doi.org/10.1111/j.1468-1331.2011.03646.x
https://doi.org/10.1186/s13023-018-0918-z
https://doi.org/10.1186/s13023-020-01366-z
https://doi.org/10.3390/genes13010109
https://doi.org/10.1038/srep41046
https://doi.org/10.1212/WNL.0b013e318295d766


M. Pennuto, P.F. Pradat, G. Sorarù et al. Neuromuscular Disorders 38 (2024) 8–19

[

[

[  

[  

[

[

[

[

70] Paganoni S, Berry JD, Quintana M, Macklin E, Saville BR, Detry MA, et al. 
Adaptive platform trials to transform amyotrophic lateral sclerosis therapy 

development. Ann. Neurol. 2022;91:165–75. doi: 10.1002/ana.26285 . 
[71] Hashizume A, Katsuno M, Suzuki K, Hirakawa A, Hijikata Y, Yamada S, 

et al. Long-term treatment with leuprorelin for spinal and bulbar muscular 
atrophy: natural history-controlled study. J. Neurol. Neurosurg. Psychiatry 

2017;88:1026–32. doi: 10.1136/jnnp- 2017- 316015 . 
72] Palazzolo I, Stack C, Kong L, Musaro A, Adachi H, Katsuno M, et al. 

Overexpression of IGF-1 in muscle attenuates disease in a mouse model of 

spinal and bulbar muscular atrophy. Neuron 2009;63:316–28. doi: 10.1016/j. 
neuron.2009.07.019 . 

73] Grunseich C, Miller R, Swan T, Glass DJ, El Mouelhi M, Fornaro M, et al. Safety,
tolerability, and preliminary efficacy of an IGF-1 mimetic in patients with 

spinal and bulbar muscular atrophy: a randomised, placebo-controlled trial. 
Lancet Neurol. 2018;17:1043–52. doi: 10.1016/S1474- 4422(18)30320- X . 

[74] Pourshafie N, Lee PR, Chen K-L, Harmison GG, Bott LC, Katsuno M, 

et al. MiR-298 counteracts mutant androgen receptor toxicity in spinal and 
bulbar muscular atrophy. Mol. Ther. 2016;24:937–45. doi: 10.1038/mt.2016. 

13 . 
75] Lieberman AP, Yu Z, Murray S, Peralta R, Low A, Guo S, et al. Peripheral

androgen receptor gene suppression rescues disease in mouse models of spinal 
19
and bulbar muscular atrophy. Cell Rep. 2014;7:774–84. doi: 10.1016/j.celrep. 
2014.02.008 . 

[76] Sahashi K, Katsuno M, Hung G, Adachi H, Kondo N, Nakatsuji H, et al. 
Silencing neuronal mutant androgen receptor in a mouse model of spinal and 

bulbar muscular atrophy. Hum. Mol. Genet. 2015;24:5985–94. doi: 10.1093/ 
hmg/ddv300 . 

77] Dahlqvist JR, Oestergaard ST, Poulsen NS, Knak KL, Thomsen C, Vissing J. 
Muscle contractility in spinobulbar muscular atrophy. Sci. Rep. 2019;9:4680. 

doi: 10.1038/s41598- 019- 41240- y . 

78] Blasi L, Sabbatini D, Fortuna A, Querin G, Martinelli I, Vianello S, et al. 
The value of serum creatinine as biomarker of disease progression in spinal 

and bulbar muscular atrophy (SBMA). Sci. Rep. 2023;13:17311. doi: 10.1038/ 
s41598- 023- 4 4 419-6 . 

79] Benjamin K, Vernon MK, Patrick DL, Perfetto E, Nestler-Parr S, Burke L. Patient- 
reported outcome and observer-reported outcome assessment in rare disease 

clinical trials: an ISPOR COA emerging good practices task force report. Value 

Health 2017;20:838–55. doi: 10.1016/j.jval.2017.05.015 . 
80] Noto Y, Misawa S, Mori M, Kawaguchi N, Kanai K, Shibuya K, et al. 

Prominent fatigue in spinal muscular atrophy and spinal and bulbar muscular 
atrophy: evidence of activity-dependent conduction block. Clin. Neurophysiol. 

2013;124:1893–8. doi: 10.1016/j.clinph.2012.12.053 . 

https://doi.org/10.1002/ana.26285
https://doi.org/10.1136/jnnp-2017-316015
https://doi.org/10.1016/j.neuron.2009.07.019
https://doi.org/10.1016/S1474-4422(18)30320-X
https://doi.org/10.1038/mt.2016.penalty -@M 13
https://doi.org/10.1016/j.celrep.2014.02.008
https://doi.org/10.1093/hmg/ddv300
https://doi.org/10.1038/s41598-019-41240-y
https://doi.org/10.1038/s41598-023-44419-6
https://doi.org/10.1016/j.jval.2017.05.015
https://doi.org/10.1016/j.clinph.2012.12.053

