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ABSTRACT

Machado-Joseph disease/spinocerebellar ataxia type 3 (MJD/SCA3) is a rare late-onset neurodegenerative
disorder, which is currently untreatable. In this polyglutamine (polyQ) disease, a CAG repeat expansion
located at the ATXN3 gene, is the causative mutation. As a progressive disorder, MJD is characterized by
different stages throughout its natural course, namely by a long preclinical period, during which molecular
and even clinical alterations could be starting, many years before the ataxia onset. MJD onset is partially
explained by the size of the CAG tract constituting its main trait biomarker. The incompleteness of this
explanation, however, implies the existence of genetic modifiers, which should provide additional trait
biomarkers. The identification of molecular trait biomarkers of MJD will allow to: (1) improve the prediction
of age at onset and (2) empower interventional trials, by allowing genetic stratification of patients. The
characterization of MJD disease stages has so far been performed using mainly clinical scales or imaging
data, while few studies investigated molecular biomarkers. The identification of such molecular state
biomarkers would allow: (1) the prediction of age at pathological onset (age at which cell damage is already
present although a clinical phenotype is not yet evident), (2) monitoring different stages of disease
progression, and (3) detecting subtle therapeutic benefits, in emergent clinical trials. The main goal of the
present PhD project was to contribute to the development of molecular biomarkers for MJD. RNA and DNA,
obtained from blood samples of preataxic subjects and MID patients of Azorean background, including
samples collected in two different moments, constituted the main resource used throughout the present
PhD project. Samples from population controls were also used. The determination of the number of CAG
repeats at the ATXN3 was performed for all MJD subjects studied. The homogeneous MID cluster
comprising a total of 88 patients was characterized. The average of the neurological examination score for
spinocerebellar ataxia (NESSCA) available for 69 patients was 12+5 (mean + standard deviation); 40% of the
variance explanation is provided by the number of the CAG repeats in the expanded allele and disease
duration. Ocular alterations, namely nystagmus, are clinical features commonly described in MID. The
evaluation of nystagmus in the early stages of the disease was undertaken using asymptomatic carriers and
non-carriers of ATXN3 mutation. The frequency of nystagmus in asymptomatic carriers (17%) and its
absence in non-carriers of the mutation suggests that nystagmus may appear before gait disturbance and

can thus be considered an early sign of MJD. A candidate gene approach was used in this work to pursuit
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modifiers of the MJD onset. The CAG repeat number in loci associated with polyQ disorders, namely
spinocerebellar ataxias (SCA) types 1, 2, 6, 7, 17, Huntington disease (HD), and dentato-rubro-pallydoluysian
atrophy (DRPLA) was investigated as modulators of the age at onset in the Azorean MJD cohort; a negative
correlation was found between the longer allele at ATXN1 and disease onset, significantly increasing by 1.5%
the explanation of onset variance. Furthermore, and because a role of inflammation in MJD has been
postulated, promoter variants leading to alterations in cytokines expression were studied, and their impact
in the disease onset was analysed. Patients carrying the IL6*C allele had a significant earlier onset. A
complex net of mechanisms, which includes transcriptional regulation, ubiquitin-proteasome system,
autophagy, apoptosis as well as mitochondrial function, has been implicated in MJD pathogenesis. Results
from the transcriptome-wide gene expression analyses, followed by several steps of validation, showed that
even in a peripheral tissue, transcription dysregulation was detectable and that FCGR3B, P2RY13 and SELPLG
were dysregulated in patients. To further investigate dysregulated mRNA levels as a way to identify
candidate biomarkers, the expression patterns of nine candidate genes - HSPB1, DNAJB1, DNAJB12,
DNAJB14, BAX, BCL2, SOD2, IL1B and IL6 genes were quantified. Decreased levels of /L6 and BCL2 mRNA
were observed in preataxic subjects. Lower HSPB1 and BCL2 mRNA levels after the ataxia onset were,
furthermore, evidenced. A significant decrease of BCL2 mRNA levels during disease progression was
observed in all patients used in the exploratory longitudinal study. Mitochondrial DNA (mtDNA) damage
and depletion has been inconsistently reported in MID. In this work the mtDNA common deletion was
significantly more frequent in patients and preataxic carriers than in controls. In conclusion, although the
clinical and physiological phenotype of MID reflects mainly neuronal damage, novel peripheral molecular
alterations were described in the present dissertation. The confirmation of the link between peripheral
abnormalities and neurodegeneration offers a new window of opportunity for biomarker discovery. More
steps of validation will be crucial to develop a battery of molecular biomarkers able to describe disease
progression, as well as to be used as outcome measures in future preventive and/or disease-modifying
clinical trials. Data from molecular biomarkers should also be further correlated with imaging and clinical
measures. Efforts to test the promising molecular biomarkers in independent cohorts, as well as to

investigate their potential in longitudinal studies are warranted.
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RESUMO

A doenca de Machado-Joseph/ataxia espinocerebelosa do tipo 3 (DMJ/SCA3) é uma doenga
neurodegenerativa rara e de inicio tardio, que permanece sem tratamento. A semelhanca do que acontece
nas restantes doencas de poliglutamina (poliQ), a mutagéo na base da DMJ corresponde a expansdo de um
motivo CAG na regido codificante do respetivo gene causal, ATXN3. Sendo uma doenga progressiva, a DM)J
é caracterizada por varias fases, ao longo da sua progressao, nomeadamente por um longo periodo pré-
clinico; durante esse periodo deverdo ocorrer alteragées moleculares e até mesmo clinicas, as quais podem
surgir muitos anos antes da ataxia. A idade de inicio da ataxia, usualmente o primeiro sintoma da doencga,
€ maioritariamente explicada pelo tamanho do tracto CAG que constitui assim o principal biomarcador de
diagndstico molecular da DMJ. Genes modificadores deverdo, adicionalmente, contribuir para a explicagcdo
daidade de inicio da doenca; tais modificadores genéticos, podem também ser considerados biomarcadores
de diagndstico da DMJ. A identificagdo deste tipo de biomarcadores permitira: (1) melhorar a previsdo da
idade de inicio da doenga e (2) aumentar o poder estatistico em ensaios clinicos, permitindo a estratificagdo
dos doentes usando informacdo proveniente dos modificadores genéticos. As diferentes fases da DMJ sdo
atualmente caracterizadas recorrendo a utilizagdo de informacao clinica (principalmente de escalas clinicas)
ou de dados obtidos a partir de estudos de imagem, sendo o conhecimento acerca das alteragbes
moleculares que deverdo ocorrer ao longo da doengca muito incipiente, o que se reflete na auséncia de
biomarcadores de monitorizagdo da doenga. A identificacdo deste tipo de biomarcadores permitird: (1) a
previsdo da idade de inicio patoldgica (idade a qual alteragcGes ao nivel celular ja estdo presentes, mas o
doente ainda ndo apresenta sintomas), (2) a monitorizacdo das diferentes fases da progressdo da doenca e
(3) a detecgdo de beneficios terapéuticos subtis, em futuros ensaios clinicos. O objetivo principal desta
dissertagdo foi contribuir para o desenvolvimento de biomarcadores moleculares da DMJ. RNA e DNA,
obtidos a partir de amostras de sangue de individuos pré-clinicos (portadores da mutagdo ATXN3, mas sem
sintomatologia) e doentes DMJ de origem acoriana, incluindo amostras colhidas em dois momentos
diferentes, constituiram o principal recurso para o desenvolvimento deste projeto de doutoramento. Foram
também utilizadas amostras de individuos saudaveis da mesma populagdo, que foram usados como
controlo. O nimero de repeticGes CAG no gene ATXN3 foi determinado para todos os individuos DMJ. A

coorte DMJ acgoriana, constituida por um total de 88 doentes, foi caracterizada. Para 69 dos doentes



avaliados, utilizando a escala clinica NESSCA (Neurological Examination Score for Spinocerebellar Ataxia), a
média da pontuacdo foi de 12 + 5 (média * desvio padrao); 40% da variancia desta pontuacdo é explicada
pelo nimero de repeticdes CAG no alelo expandido e pela duragdo da doenca. As alteragGes oculares,
nomeadamente a presenca de nistagmo, fazem parte do conjunto de caracteristicas clinicas habitualmente
descritas na DMJ. A avaliagdo do nistagmo em fases iniciais da doenga, nomeadamente na fase pré-clinica,
foi realizada em portadores assintomaticos e ndo-portadores da mutagdo ATXN3. A frequéncia do nistagmo
em portadores assintomaticos (17%) e sua auséncia em nao-portadores da mutagdo sugere que o nistagmo
pode preceder a ataxia e, portanto, ser considerado um sinal precoce da DMJ. Nesta dissertacdo, foi
utilizada uma abordagem de genes candidatos para identificar modificadores da idade de inicio da DMJ. O
numero de repetices CAG em loci de doengas polyQ, nomeadamente as ataxias espinocerebelosas (SCA)
dos tipos 1, 2, 6, 7, 17, a doenga de Huntington (HD) e a atrofia dentato-rubro-palido-luisiana (DRPLA) foi
investigado como potencial modificador da idade de inicio em doentes acgorianos; observou-se uma
correlagdo negativa entre o alelo normal maior no gene ATXN1 e a idade de inicio da doenga, sendo que a
presenca deste alelo aumentou significativamente em 1,5% a explicagdo da variancia da idade de inicio.
Adicionalmente, e por ter sido descrito na DMJ um papel da inflamacdo, foram estudadas, como
modificadores da idade de inicio, variantes alélicas na regido promotora de genes de citocinas, uma vez que
estas variagdes podem alterar os seus niveis de expressdo. Os doentes que possuiam o alelo IL6*C
apresentaram uma idade de inicio significativamente mais precoce. Um conjunto complexo de mecanismos,
que inclui a regulagdo da transcrigdo, o sistema ubiquitina-proteassoma, a autofagia, a apoptose e a fungao
mitocondrial, tem sido implicado na patogénese da DMJ. Os resultados de uma analise de expressao whole-
genome, seguida de varios passos de validacdo, mostraram que mesmo num tecido periférico, a
desregulacdo da transcricdo estava alterada e que os genes FCGR3B, P2RY13 e SELPLG estavam
desregulados em doentes. Utilizando a desregulagdo dos niveis de mRNA como argumento para identificar
novos candidatos a biomarcadores, foram analisados os padrGes de expressdo de nove genes - HSPBI,
DNAJB1, DNAJB12, DNAJB14, BAX, BCL2, SOD2, IL1B e IL6. Observou-se que em individuos pré-clinicos os
niveis de mRNA dos genes /L6 e BCL2 eram mais baixos relativamente aos controlos. Em individuos ja com
sintomatologia, foram observados niveis mais baixos de mRNA dos genes HSPB1 e BCL2, comparativamente
aos controlos. No estudo exploratdrio longitudinal foi observada uma diminuigdo significativa dos niveis de

MRNA do gene BCL2 durante a progressao da doenca. Resultados inconsistentes sobre o dano e a deplecgdo



do DNA mitocondrial (mtDNA) em doentes DMJ tém sido reportados. Neste trabalho, verificou-se que os
doentes e os portadores pré-clinicos apresentavam mais delecées do mtDNA (common deletion) do que os
controlos. Embora as caracteristicas clinicas e fisiologicas inerentes a DMJ reflitam principalmente
alteragbes do processo neurodegenerativo, alteracdes moleculares quantificadas em sangue foram
descritas nesta dissertacdo. A confirmacdo de uma relacdo entre as alteragbes periféricas e a
neurodegeneragao constitui uma nova oportunidade para o desenvolvimento de biomarcadores. Passos
adicionais de validagdo serdo cruciais para desenvolver um conjunto de biomarcadores moleculares capazes
de monitorizar a progressdo da doenca, bem como de detectar alteragdes terapéuticas subtis em futuros
ensaios clinicos, incluindo ensaios preventivos. Os biomarcadores moleculares devem também ser capazes
de se correlacionar com marcadores clinicos e de imagiologia. Todos os esforgos serdo realizados no sentido

de testar os biomarcadores moleculares aqui propostos em coortes independentes, bem como de investigar

o seu potencial em estudos longitudinais.
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INTRODUCTION

Worldwide, three in each 100,000 inhabitants are affected by an autosomal dominant

cerebellar ataxia (ADCA; [1]), which collectively constitute a group of progressive
neurodegenerative disorders. Within this group, forty subtypes of spinocerebellar ataxias (SCAs)
are currently known, although 12 of the respective disease-causing genes remain to be identified

(OMIM, https://www.ncbi.nlm.nih.gov/books/NBK1138/). Cerebellar ataxia, resulting mainly in

unsteady gait, is often the most common and initial symptom of SCAs; other neurological
manifestations, namely pyramidal or extrapyramidal signs, ocular alterations and cognitive
impairment have also been reported (reviewed in [2]). The first signs of SCAs disease are usually
reported during the third or fourth decade of life. The most frequently affected systems are the
cerebellum and brainstem, although other structures are also frequently damaged (reviewed in
[3]). SCAs can either be caused by unstable repeats expansions (in coding and non-coding regions
of the respective genes) or by conventional mutations. The most frequent and studied type of
ADCAs is caused by glutamine-encoding repeats, constituting the polyglutamine (polyQ) SCAs.
Similarities between SCA 1, 2, 3,6, 7 and 17 include, amongst others (1) the nature of the causative
mutation - a CAG repeat within the coding region of the respective gene; (2) the negative
correlation between age at onset and the number of CAG repeats in the expanded allele; and (3)
the formation of intracellular aggregates and inclusions (reviewed in [4]). On the other hand,
differences between polyQ SCAs are determined by (1) the vulnerability of specific populations of
brain cells in each disease; and (2) the inherent function of the disease-causing protein; both facts

result a substantial range of phenotypes.

e e Machado-Joseph disease (MJD)/Spinocerebellar ataxia type 3 (SCA3): an overview ® e

Machado-Joseph disease (MJD), also known as spinocerebellar ataxia type 3 (SCA3; MIM#109150;
ORPHA#98757) belongs to the group of polyQ disorders and its designation relates to the order
by which this SCA locus was discovered. The term of Machado-Joseph disease is also widely used,

representing the family names of the two Azorean ancestral families with extreme phenotypes,



INTRODUCTION

which were firstly described in United States of America in 1970s (reviewed in [5]). MID has also
been designated by several other terms, namely Machado disease, Joseph disease, nigro-
spinodentatal degeneration with nuclear ophthalmoplegia, autosomal dominant striatonigral

degeneration and Azorean disease of the nervous system (reviewed in [5]), amongst others.

Epidemiology

Globally, MJD is a rare disease showing a prevalence of 1.5 per 100,000 individuals
(http://www.orpha.net/orphacom/cahiers/docs/GB/Prevalence_of rare_diseases by alphabeti
cal_list.pdf). In Portugal, as well as in the majority of the countries for which the disease was
described, MJD is the most frequent SCA subtype, representing 56% of all cases of ADCA [1]. In
mainland Portugal, the prevalence reaches 3.1 per 100,000 individuals [1], being more than ten
times higher in the Azores archipelago (39 per 100,000 individuals according to [6]). In the Azores
, MJD families are originally from the islands of Flores, S3o Miguel, Terceira and Graciosa; the
highest worldwide prevalence of MJD occurs in Flores island, where 1 in each 158 individuals is
affected [6]. Currently, MID patients are living in seven of the nine islands of the Azores
archipelago (Figure 1). A tendency for the increase in prevalence during the last 35 years has been

reported by Araujo and colleagues [6].

© Corvo Azores Archipelago
Western Group pelag
O Flores
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Figure 1. Geographical distribution of the 88 MJD patients alive and living in the Azores archipelago by the
end of September 2016 (see Chapter I).
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Clinical features

MID is characterized by a high degree of pleomorphism, which is mainly explained by the
degeneration of several central nervous systems (CNS); the cerebellar, pyramidal, extrapyramidal,
motor neuron and oculomotor are the systems predominantly affected [7]. Gait ataxia, dysarthria,
nystagmus, ophthalmoparesis are often observed; less frequent findings, namely dystonia and
bulging eyes as well as occasionally blepharospasm are also described [7]. Some exploratory
studies revealed correlations between neuroimaging data and cognitive as well as psychiatric
dysfunction, although studies with a large number of patients are needed to validate these
findings [8—11]. The clinical variability led to the classification of the disease into different clinical
types, namely types |, II, lll, IV and V, mainly distinguishable by differences in age at onset and
clinical presentation or specific features such as parkinsonism and spastic paraplegia without
cerebellar ataxia (reviewed in [5]). Usually the first symptom reported is gait ataxia, but diplopia
is also described although less frequently [12]. Several studies have evidenced the presence of
other clinical features preceding gait disturbances [13,14], which could compromise the definition
of age at onset usually accepted (described as the age of appearance of gait ataxia). In European
MIJD cohorts, the mean age at onset, ranged between 38 [15] and 44 years of age [16], although
extremes between 10 and 78 years have been reported [16]. The earliest reported onset belongs
to a homozygous Brazilian girl, whose homozygosity enhanced the severity of the clinical
phenotype [17]. Mean survival time after onset (ranging from 7 to 29 years) was estimated as 21

years in Portuguese as well as Brazilian patients [12,18].

The most frequent brain imaging-associated abnormality is the atrophy of the cerebellum and
brainstem [19]. The degree of brain atrophy, assessed by magnetic resonance imaging (MRI), is
correlated with clinical heterogeneity; more atrophy implies more symptomatology variability
[20-22]. Evidences for the involvement of the sensory nerves as well as the motor neurons were

found by nerve conduction velocity studies [23]. Degeneration is usually observed in the pons,
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substantia nigra, thalamus, anterior horn cells and Clarke's column in the spinal cord, vestibular

nucleus, many cranial motor nuclei, and other brainstem nuclei [24-26].

Molecular genetics and genotype-phenotype correlations

An unstable CAG repeat expansion localized at the ATXN3 gene, which was mapped to
chromosome 14 (14q32), is the mutation underlying MJD [27,28]. The number of CAG repeats in
the normal alleles range from 13 to 41 CAGs repeats [29]. Consensually, alleles with more than 52
CAG repeats are related with MJD phenotype. In European cohorts, the range of mutated alleles
varies from 47 to 79 CAG repeats [16]. An Indian subject with 45 CAG repeats was diagnosed with
SCA3 [30]; for instance, an allele with 51 CAG repeats found in a member of a MID Portuguese
family seems to be non-pathogenic [31]. Alleles ranging from 45 to 51 CAG repeats are, therefore,
intermediate alleles, which may or not be related with the MJD phenotype(s) and, currently, their
behaviour is poorly understood. A tendency of the expanded alleles to further increase in size
nearly in half of successive generations, particularly more evident upon male transmission, has
been described [32—-37]. Intergenerational instability provides, therefore, a molecular explanation
to anticipation, a phenomenon reflecting the exhibition of earlier age at onset and/or more severe
phenotypes in successive generations (reviewed in [38]). Instability of the CAG number in
expanded alleles is also observed during mitosis, which implies changes in the number of CAG

repeats in different cell types, a mechanism also known as somatic mosaicism [39,40].

The range of CAG repeats seems to be population-specific; in a Japanese cohort, described by
Tezenas du Montcell and colleagues, a mutated allele with 86 CAG repeats was found [16]; on the
other hand, in the Azorean cohort, the largest mutated allele described contained 79 CAG repeats

[15]. Recently, in a Brazilian cohort, a mutated allele with 91 CAG repeats was described [37].

In MID, a negative correlation between the size of the expanded allele and the age at onset has
been widely described, the value for the Azorean cohort being of r=-0.826 (p<0.001; [15]). The

explanation of the age at onset variance provided by the CAG length in expanded allele, can vary
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from 50% (European cohort) to 68% (Azorean cohort) [15,41], depending of the series of patients
studied. The lack of a complete explanation of the variability of the age at onset by the ATXN3
mutation implies the existence of other non-CAG factors contributing to the phenotype, namely
modifier genes (discussed with more detailed in chapter Il and IV). Correlations between a higher
number of CAG repeats in the expanded allele and some clinical features have been reported;
pyramidal and dystonic signs as well as spasticity and hyperreflexia have been reported as more

frequent in patients carrying a larger CAG tract [42,43].

The identification of the ATXN3 mutation enabled the development of a molecular test to confirm
the carrier/non-carrier status. Besides molecular diagnosis, predictive testing (PT) has been also
available for at-risk MJD members, allowing the identification of mutation carriers even before
the appearance of clinical manifestations. Prenatal Diagnosis (PND) as well as Preimplantation

Genetic Diagnosis (PGD) are also currently available (reviewed in [5]).

Origins of MJD mutation

Originally, MJD was described as a Portuguese/Azorean entity; one of the several designations of
the disease - Azorean disease of the nervous systems - was related with this hypothesis, which
was further dismissed by more recent studies. The global geographic origin of MJD mutation was
initially determined by the analysis of three intragenic single nucleotide polymorphisms (SNPs;
A%TG/GPTG, C®'GG/G*®GG, and TAAM8/TAC8) [44]; worldwide, two (ACA and GGC) of the
four possible haplotypes were found in 94% of the MJD families (72% sharing the ACA haplotype).
This finding suggested that two main founder mutations explained the global distribution of MJD
[44]. In Azores islands, haplotype distribution was in accordance with the island of origin of the
patient, namely the ACA haplotype was observed in families from Flores Island, while the GGC was
found in families from Sao Miguel Island [44]. Distribution of these two haplotypes by island of
origin confirmed the previous findings obtained by previous genealogical studies of MJD families

[45]. Martins and colleagues, latter performed a more extensive haplotype analysis (6 intragenic
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SNPs) using 264 MJD families from 20 different populations, revealing that the origin of the first
mutational event occurred in Asia (Japan); an estimated age of 5.774 + 1.116 years old was

calculated for the appearance of mutation [46].

Ataxin-3 and its biological role

Ataxin-3, encoded by the ATXN3 gene, is composed of 361 amino acid residues (the most common
isoform found in brain - Ensembl transcript ID ENST00000393287) and a variable number of
glutamine repeats, presenting an estimated molecular weight of 42 kDa in its native form [47]. A
N-terminal domain, named Josephin domain (JD) followed by a carboxyl (C)-terminal tail
constitutes ataxin-3 main structure [48]. The ID displays the catalytic triad of amino acids found
in cysteine proteases [49]; several ubiquitin (Ub)-interacting motifs (UIMs), which binds to
polyubiquitin chains plus the polyQ tract are located in the C-terminal region [50]. Despite the
selective neuronal degeneration found in the brain of MJD patients, normal and mutated ataxin-
3 are ubiquitously expressed, localizing in the cytoplasm and nucleus of several cell types [47,51—
54]. Several ataxin-3 isoforms, resulting mostly from alternative splicing, have been described; in
blood, 56 ATXN3 splice variants have been identified, although in silico analysis revealed that only
20 could potentially be translated into a functional ataxin-3 protein [55]. The pathological hallmark
of MJD is the formation of neuronal inclusions, both in the nucleus (neuronal nuclear inclusions —
NNIs) as well as in the cytoplasm (neuronal citoplasmatic inclusions — NCls) in affected and non-
affected brain areas (see, amongst others, [56,57]). Currently, it is though that neuronal inclusions
had a neuroprotective role since no correlations were found between the distribution of NNIs and

neurodegeneration [58].

Ataxin-3 is a deubiquitinating enzyme (DUB) playing a major role in ubiquitination (reviewed in
[59]). Several evidences suggest that ataxin-3 participates mostly in protein quality control
mechanisms such us the ubiquitin proteasome system (UPS) and helps regulate the formation of

aggresomes [60]. A role of ataxin-3 in the regulation of transcription, through different
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mechanisms, has also been debated; ataxin-3 is able to interact with several transcriptional

regulators (reviewed in [61]) and to target chromatin by directly binding DNA or histones [62].

The mutated polyQ repeat triggers conformational changes, which promote misfolding of the
protein, affecting its stability, degradation, subcellular localization as well as molecular
interactions with other proteins. Abnormal interactions of mutated ataxin-3 with its native
partners could leads in some cases to a gain of function or to a partial loss of normal ataxin-3
function (reviewed in [59,61]). Alongside with full length mutated ataxin-3, the mutated protein
can be also proteolytically cleaved, originating smaller fragments that are aggregation-prone; both
entities can form soluble monomers, oligomers or large insoluble aggregates, which are located
in the nucleus as well as in the cytoplasm (reviewed in [61]). Moreover, mutated ataxin-3 may also
disturb several physiological processes, namely cellular protein homeostasis (the heat-shock
response, the unfolded-protein response and autophagy), transcriptional regulation,
mitochondrial function and oxidative stress, amongst others (reviewed in [59,61,63]). Expression
levels of several molecular chaperones seems to be dysregulated in SCA3 models, showing,
furthermore, a disease progression-associated pattern; up-regulation of several chaperones was
observed in early stages of the disease, while during later stages expression levels of HSP70 and
HSP40 were down-regulated (reviewed in [59]). Autophagy impairment has been widely described
in mouse models [64-66] as well as MID patient’s fibroblasts [67]. Failure of protein clearance
pathways correlate with the accumulation of mutant ataxin-3 during disease progression,
pinpointing the chaperone system, the ubiquitin-proteasome system and autophagy potential
therapeutic targets (reviewed in [68]). Dysregulation of transcription contributes to MJD
pathogenesis by (1) abnormal interactions with transcription factors and coactivators and (2) the
sequestration of transcription factors to polyQ aggregates (reviewed in [61]; for more details see
Chapter V). Mitochondrial function and oxidative stress abnormalities has been widely reported
in cell and animal models as well as MJD patients. MJD cells are more susceptibility to oxidative

stress, namely reactive oxygen species, due to the reduced ability of mutated ataxin-3 to activate
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FOX04-mediated SOD2 transcription or the decreased levels of antioxidant molecules (reviewed
in [59];[69]). Several studies have shown that mitochondrial function is also compromise in MJD,
including a significant decrease in mitochondrial complex Il activity in cell and mouse MJD models
[70] and mitochondrial DNA (mtDNA) damage and depletion in cell and mouse MJD models as well

as in blood of MJD patients (for more details see Chapter VI).

MIJD clinical trials and its outcome measures

MIJD is currently untreatable although some pharmacological and non-pharmacological therapies
may be used to alleviate some clinical symptoms/signs. A limited number of interventional trials
aiming to modify the disease progression or to reduce disease manifestations have been
conducted (reviewed in [71]); results from such trials, however, have been either negative or non-
conclusive. The small number of patients, the inadequate study design as well as the short periods
of follow-up constitute some of the limitations pinpointed (reviewed in [72]). In 2012, results from
two randomized, double blind, placebo controlled trials have been published; the drugs tested
were varenicline [73] and lithium carbonate [74]. Both studies suggested that a larger number of
patients was needed to conclude about drug efficacy [73,74]. During this year, an improvement
of the SARA scores were observed in MJD patients treated with multi-doses of valproic acid [75].
Results are still pending for two interventional trials registered on clinicaltrials.gov: (1) a “single-
center, randomized, double-blind, parallel-group, dose-controlled study, to assess safety,
tolerability and efficacy of intravenous Cabaletta®” (NCT02147886); and (2) “the therapeutic
effect of dalfampridine on gait incoordination in SCAs - a randomized, double-blinded, placebo-
controlled, crossover clinical trial” (NCT01811706) is completed but no results have yet been

published (www.clinicaltrials.gov).

The two measures selected as primary endpoints in the most recent clinical trials were the scale
for the assessment and rating of ataxia (SARA) and the neurological examination score for the

assessment of spinocerebellar ataxia (NESSCA), for which its behaviour during the natural history
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of SCA3 was previously ascertained as expected [74,76—80]. SARA, an ataxia rating scale [80], is
now considered standard in clinical ataxia studies. Functional measures, namely the Composite
Cerebellar Functional Score (CCFS) and the SCA Functional Index (SCAFI) are thought to have
advantages over ataxia rating scales, since both have been developed to reliably detect small
clinical changes during short periods of time [81,82]. Notwithstanding, clinical rating scales if used
alone can be subjective and insensitive to subtle changes over short periods of time, therefore
requiring large sample sizes and longer and more expensive clinical trials. These limitations could
be overcome by the development of molecular biomarkers, which are currently unavailable. More
importantly, it is thought that future disease-targeted neuroprotective strategies will be more
effective if administered before symptomatology appears; therefore, as SCA3 involves long
preclinical stages, it will be crucial to detect molecular changes even before the clinical

manifestations.

eee Biomarkers in SCA3: state of the art eee

Definitions and validation steps

A biomarker is defined as “a characteristic that is objectively measured and evaluated as an
indicator of normal biological processes, pathogenic processes, or pharmacological responses to
a therapeutic intervention” [83]. Levels of RNA and evaluation of mitochondrial DNA (mtDNA),
presence/absence of mutations and/or polymorphisms, proteins, metabolites and brain
structures are examples of the characteristics prone to be measure. The Biomarker Definitions
Working Group (2001), specified that candidate markers should be easily and rapidly quantifiable
within accessible biological fluids or tissues by using standardized techniques, which can be
reliably reproduced at different study centers [83]. Additionally, markers must be independent
from unrelated comorbidities and not be subjected to wide variations in the general population.
Biomarkers should, furthermore, be associated with the pathogenic process and clinical

manifestations of the disease, change linearly (either positively or negatively) with disease
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progression, and should show a measurable response to treatments that modify the disease
course (Figure 2) [83]. For polyQ diseases, two types of biomarkers can be considered - trait or
state biomarkers. A trait biomarker informs about the presence or absence of a pathological
condition; on the other hand, if some characteristic is changeable during the course of the disease

and it is related with severity it would be considered as a state biomarker [84].

Neuronal dysfunction ;lﬁ “  Cell death

Accumulation of
abnormal proteins
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2
1]
=
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=
%)
Preclinical stage Early stage Advanced stage

Figure 2. The several stages of MJD progression and the rationale for use of biomarkers. The production and
accumulation of abnormal ataxin-3 triggers several downstream effects, which can be targets for
biomarkers discovery. If neuronal dysfunction starts many years before clinical diagnosis, disease
progression may be partially reversible in the preclinical stage (preventive therapies). Disease-modifying
therapies can be applied at early stages of the disease and symptoms relief during advanced stages. Adapted
from [85].

The pipeline for the development of biomarkers showing clinical utility involves several validation
steps, therefore providing high levels of confidence for its use. First evidences of disease
alterations should be described in cross-sectional studies. This phase (phase I) should allow the
identification of changes which relate with the presence of the pathological condition. The

markers previous identified in phase | should be further tested in longitudinal phase Il studies; a

phase Il will study how markers obtained in phase Il behave during an interventional trial. In phase
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| (cross-sectional studies) if the discovery technique is a genome-wide technology, commonly
chosen given that it is an easy and relatively inexpensive approach, a technical validation should

also be needed [86].

In the last years, several cross-sectional studies aiming to identify candidate MJD biomarkers have
been performed. Mainly for clinical assessments, a few longitudinal studies have been conducted.
Imaging data during progression, for example, has started to be investigated but sample size
remains limited. To our knowledge, only one prospective study concerning molecular alterations
has been described for MJD [87], which will be addressed ahead. Although cross-sectional
analyses allow an overview of the different disease stages, data is obtained at a specific time point,
therefore constituting a static measure; moreover, due to the MJD-inherited clinical variability,
the allocation of patients within different disease stages in the same study will imply difficulties in
detecting highly variable changes, thus delaying the identification of reliable biomarkers.
Therefore, longitudinal data should facilitate the development of realistic biomarkers to be used

ideally as endpoints in future interventional trials of SCA3.

Clinical biomarkers

Clinical biomarkers are rating scales or functional measures that evaluate progression of different
features of the MID phenotype, namely motor and/or non-motor manifestations. These non-
invasive measures can disclose the spectrum of phenotypic variability during the natural history
of MJD, and are the basis for correlations with other measures, namely those derived from
imaging and molecular data. Currently, clinical biomarkers are the most investigated measures in
MJD, being the target of several large observational as well as longitudinal studies (see amongst

others, [18,76-80,88]).

Quantitative/qualitative oculomotor data

The investigation of oculomotor abnormalities was described in several reports, although some of

them are of a preliminary nature. Supranuclear and upward gaze paresis were reported to be
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more evidenced with disease duration in a French and a Thai MJD cohort, respectively [89,90]. A
negative correlation between retinal nerve fibre layer (RNFL) thickness (measured by optical
coherence tomography - OCT), and SARA score was observed in MJD patients [91]. Vestibular
dysfunction in MJD patients has also been described [92-95]. Some oculomotor features were
also investigated in the preclinical stage; the frequency of gaze-evoked nystagmus was

significantly higher in carriers of ATXN3 mutation when compared to non-carriers [76].

Rating scales and functional measures

Three rating scales - SARA, NESSCA and International cooperative ataxia rating scale (ICARS) - have
been used in MJD prospective studies. Both scales are semi-quantitative and only NESSCA,
evaluates also non-ataxia features, SARA and ICARS being exclusively ataxia rating scales
(reviewed in [96]). The usefulness of ICARS in MJD and in other SCAs was firstly investigated in 158
European patients [97]. Although results for MJD were not analysed independently, some issues
compromising the utility of this scale in clinical trials were raised [97]. Thirty-four Brazilian patients
were evaluated with ICARS during two years [98]. Franga and colleagues observed an increase in
ICARS score of 5.1 points per year, which represents a change of 12% when compared to baseline
data [98]. One year later, in another Brazilian SCA3 cohort (N=105), an annual increase of the
NESSCA score of 1.26 points was obtained in a study performed by Jardim and colleagues [77];
these authors further reported that NESSCA score increased 0.15 points per year by each
additional CAG repeat unit, and decreased 0.03 points by each additional year of age at onset [77].
Disease progression data from three larger SCA3 cohorts have been reported using SARA, which
is currently the most used scale for SCA3. A progression score of 3+1.52, 1.14+0.04 and 1.56+0.08
points per year were calculated using 99 patients from Taiwan, 138 patients from USA and 122
patients from Europe, respectively [79,99,100]. In an USA cohort, other functional measures,
namely the abbreviated SCA Functional Index (SCAFI-AB, which does not include the PATA rate)

was also investigated; a score of -0.143 points per year was calculated [99]. SARA, INAS, SCAFI and
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CCFS were also tested in a prospective study of individuals at risk for SCA1, SCA2, SCA3, SCAS6,
SCA7 (RISCA), which included preataxic carriers of SCA1, 2, 3 and 6. No significant alterations,

however, were found in SCA3 preataxic subjects [76].

Imaging biomarkers

Structural and functional neuroimaging measures are appealing as biomarkers mainly because
they can allow to detect changes many years before the clinical diagnosis [84]. These measures,
however, could be invasive and expensive and, in addition, comparisons between different studies
may be challenging. Moreover, this technology could not be readily accessible in most of the
clinical centres. Both structural as well as functional imaging data are derived mainly from cross-

sectional studies and, to our knowledge, only one study collected data in a longitudinal setup.

Structural data

Brain macrostructures and microstructures abnormalities were widely investigated in cross-
sectional MJD studies; a significant atrophy of cerebellum and brainstem [22,101-104] as well as
of subcortical structures [11,105] was described. The relationship between brain structural
damage and genetic and clinical SCA3 features, namely the number of CAG repeats in expanded
allele, age at onset, disease duration and rating scales (SARA or ICARS) was not consensual
[11,22,102-106]. In a study by Reetz and colleagues [107], longitudinal atrophy patterns were
obtained after the followed-up of 19 SCA3 patients during two years. A time-dependent reduction
in the volume of brainstem, pons, putamen and caudate nucleus was found in SCA3 patients
compared to controls [107]. These structural abnormalities were also recently investigated in
preataxic carriers; volumetric analyses shown that the brainstem volumes of nine SCA3 preataxic

carriers were lower than the 33 pooled-non carriers [76].
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Functional data

The concentration of several neurometabolites have been widely investigated. Significant lower
ratios of the N-acetylaspartate and N-acetylaspartylglutamate (NAA)/choline (Cho) as well as
NAA/creatine (Cr) in the cerebellar hemispheres and vermis have been described; furthermore,
both ratios correlated with early stages of the disease (patients presenting SARA scores lower than
10 points) [108]. Lopes and colleagues observed lower concentrations of NAA and glutamate +
glutamine (GIx) in SCA3 patients [11]. These metabolites were further investigated in a recent
study performed by Adanyegnh and colleagues; they found, in the cerebellar vermis and pons of
23 SCA3 patients, low levels of N-acetylaspartate and N-acetylaspartylglutamate (NAA) and
glutamate (Glu) and high levels of myoinositol (myo-Ins) and creatine and phosphocreatine (tCr)
[109]. Moreover, in pons only, tCr and myo-Ins concentrations were found to be positively
correlated with SARA scores; also in pons, a negative correlation between SARA scores and NAA
concentrations was observed. The concentration of the neurometabolites was not associated

either with the number of CAG repeats in the expanded allele or with disease duration [109].

Abnormalities in the binding of decreased dopamine transporter (DAT) in SCA3 patients as well as
preataxic carriers have been described. DAT binding in putamen and caudate nucleus was found
in SCA3 patients, although this alteration was not correlated with the number of CAG repeats in
the expanded allele, age at onset or disease duration [110]. These findings were further confirmed
in an independent SCA3 cohort, including preataxic carriers; the reduction of DAT binding was

more pronounced in SCA3 patients than in preataxic carriers [111].

Dysfunction of glucose metabolism was also described in preataxic carriers, showing alterations
in the cerebellum and temporal and parietal cortices; these differences, moreover, were sufficient

to distinguished carriers from non-carriers of the ATXN3 mutation [112].

Maps of regional cerebral blood flow (rCBF), using arterial spin labelling — MRI were obtained for

22 SCA3 patients, 16 preataxic carriers and 27 controls. A significant decreased rCBF was observed
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in pons, cerebellar dentate nucleus and cerebellar cortex from SCA3 patients; in preataxic carriers

lower rCBF was found in cerebellar dentate nucleus and cerebellar cortex [113].

Duarte and colleagues recently reported the potential of functional MRI (fMRI) patterns to be
biomarkers of SCA3 in early stages [114]. Findings were based on parametric performance-level-
dependent signals and authors suggested that the functional reorganization of the motor

network, provided by the fMRI, could be used to monitor disease progression in SCA3 [114].

Molecular biomarkers

In the search for biomarkers of SCA3, the quantification of molecular changes from easily collected
biological fluids, namely blood, is of great appeal. Blood sampling could provide the identification
of downstream effects promoted by abnormalities from CNS occurring in the periphery. Studies
of serum or plasma are most frequent, but whole blood as well as other blood components such
as leucocytes have also been investigated in SCA3. Some alterations obtained from CSF studies
have also been described, although this procedure is more invasive, and therefore, samples are

more difficult to obtain compared with blood.

Trait biomarkers

The presence of the ATXN3 mutation is the primary trait biomarker of SCA3. However, as SCA3
phenotype is only partially explained by the number of CAG repeats in the expanded allele, other
minor trait biomarkers remain to be identified, as previously referred. The discovery of future trait
biomarkers will (1) improve the prediction of age at onset provided mostly by the size of the CAG
tract; (2) allow the stratification of participants in future interventional trials, therefore
empowering such trials; and (3) provide new insights into pathologically-associated SCA3

mechanisms.

Minor trait biomarkers can also be designated as genetic modifiers, which are one or more gene

variants able to modulate the phenotypic expression of a monogenic disease [115]. In MJD, the
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phenotypic variability which can be mostly modulated by other genes is the residual age at onset
after accounting for the contribution of the CAG number repeats. The several genetic modifiers
currently proposed for SCA3 are (1) the number of CAG repeats at several expansion loci [41,116];
(2) the allelic variants at the apolipoprotein E (APOE) [117,118] and at the glucosidase, beta, acid
(GBA) genes [119]; (3) the variation in the 3'UTR at the ATXN3 gene [120] and (4) the size of the
normal ATXN3 allele [121]. Recently, allelic variants of two DNA repair genes —the FANCD2/FANCI-
associated nuclease 1 (FAN1) and the PMS1 homolog 2, mismatch repair system component
(PMS2) were associated with age at onset if grouping all polyQ diseases in the analysis [122]. It is
expectable that each genetic modifier will have a modest contribution, and therefore, the
evaluation of the cumulative effect of a set of genes will be more useful to provide insights into
shared mechanisms involved in SCA3 pathogenesis as well as to allow a better prediction of the

appearance of clinical manifestations.

State biomarkers

Although realistic state biomarkers will probably only be provided by longitudinal studies, the
large majority of candidate biomarkers were derived from cross-sectional studies; for some of
them, correlations between molecular alterations and clinical and genetic features, namely
disease duration and the number of CAG repeats in expanded allele were also available. One
strategy to selected candidate molecular markers could be to investigate molecules (mRNA or
protein levels) which played a role in pathologically-associated SCA3 mechanisms, namely
transcriptional dysregulation, mitochondrial dysfunction and autophagy impairment. Moreover,
some of these pathways can be also potential targets of drug therapies, suggesting that molecules
previously identified as state biomarkers can be applied also as biomarkers of therapy response.
Several molecules playing a role in mitochondria or autophagy pathways have been described in

blood, CSF and fibroblasts of MJD patients.
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Using samples of cerebrospinal fluid (CSF) from seven SCA3 patients, Matsuishi and colleagues
found increased levels of lactate and lactate/pyruvate ratio as well as decreased pyruvate. These
results were not in agreement with those found by the same authors in blood of SCA3 patients
[123]. A case-control study, using seven SCA3 patients and seven paired healthy controls showed
lower levels of thiols (indirect measure of glutathione peroxidase levels) and higher levels of the
antioxidant enzyme catalase in SCA3 patients; these authors also found high levels of DNA damage

in SCA3 samples [69].

MtDNA content and damage (m.8470_13446del4977 deletion, also known as common deletion,
an age-related marker) previously investigated in several animal and cell SCA3 models (see
amongst others [124,125]), have also been studied in blood of SCA3 subjects. Liu and colleagues
analysed leucocytes from 61 SCA3 patients, reporting that mtDNA copy number/cell was lower in
patients compared with controls. Furthermore, they reported that mtDNA depletion may occur in
a CAG-dependent manner (r=—0.301; p=0.048). Low levels of mtDNA copy number/cell were also
described in preataxic subjects with polyQ disease [126]. mtDNA damage and depletion were
further confirmed in a limited number of SCA3 patients [127]. These findings were not further

replicated by Zeng and colleagues [128].

Beclin 1 is an autophagy related protein whose levels were diminished in the presence of mutated
ataxin-3. Overexpression of beclin-1 was found to ameliorate the phenotype of a SCA3 transgenic
mice [65,66]. As impairment of autophagy is related with SCA3 pathogenesis, and beclin-1 seems
to have an important role in this mechanism, Kazachkova and colleagues quantified the mRNA
levels of BECN1 (Kazachkova et al. submitted). BECN1 mRNA levels were found to be 1.4 times
higher in SCA3 patients compared to healthy controls (Kazachkova et al., submitted). SIRT1
protein, encoded by the SIRT1 (sirtuin 1) gene, is a NAD*-dependent deacetylase, which activity is
required in caloric restriction regimen. Its neuroprotection effect in polyQ diseases, namely in

SCA3, has been debated in a recent study by Cunha-Santos and colleagues [64]. They found that
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levels of SIRT1 increased the alleviation of motor impairments of a SCA3 transgenic mice.
Moreover, the authors reported that mRNA levels of SIRT1, as well as protein levels were severely

decreased in human fibroblasts of SCA3 patients in comparison with controls [64].

The peripheral insulin/insulin-like growth factor 1 (IGF1) system (l1S) profile (insulin, IGF1, IGFBP1
and 3) and its correlation with clinical, molecular, and neuroimaging findings were evaluated in a
case—control study, including 46 SCA3 patients and 42 healthy subjects [129]. Low levels of insulin
and IGFBP3 and high levels of insulin sensitivity (HOMA?2), free IGFI, and IGFBP1 where obtained
in SCA3 patients. Furthermore, patients who had higher number of CAG repeats in expanded allele
presented higher IGFBP1 levels; IGF1 levels were correlated with MRI data and an association

between insulin levels and sensitivity with age at onset was described [129].

Cytokines profile in SCA3 patients and preataxic carriers of the ATXN3 mutation has been recently
described [87]. Alterations in the cytokine patterns were not found after comparing either
patients with controls or patients with preataxic carriers or carriers with controls. A significantly
higher eotaxin (member of the chemokine subfamily) concentration was observed in preataxic
carriers after comparisons with patients and controls, although correlations of eotaxin with age,
disease duration, CAG expansion, NESSCA score, and SARA score were missed. In a subset of SCA3

patients selected for a longitudinal analysis, eotaxin levels decreased after 360 days [87].
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eee Pertinence and main goaleee

Although rare worldwide, MJD is highly prevalent in the Azores Archipelago [6]. Over 30 Azorean
MJD families were identified and their genealogical data was compiled [45,130], allowing to start
a comprehensive study of the disease. The Azorean MJD cohort, given its population context,
displays several characteristics of a population isolate, facilitating the identification of molecular
biomarkers, which can be further validate in independent cohorts. The development of trait
biomarkers will allow: (1) to improve the prediction of age at onset, mainly provided by the CAG
size in expanded allele, and (2) to empower interventional trials, by allowing genetic stratification
of patients. State biomarkers will permit: (1) to track disease progression even before the ataxia
onset, and (2) to detect subtle therapeutic benefits. The preclinical stage is of major importance,
since has been hypothesised that cell damage starts many years before ataxia onset (pathological
onset). The development of molecular biomarkers, complemented with imaging data will

therefore constitute the only measures available to use in this non-clinical period.

The main goal of the present PhD thesis is to contribute for the development of objective,
accessible and easily measured molecular biomarkers of MJD. Blood samples of preataxic subjects
and MIJD patients, including samples collected in two moments constitute the main resource to

be used to fulfil the several objectives of the present PhD project.

A description of the present dissertation structure is shown in Figure 3. The Azorean MJD cohort
can be considered a trial-ready cohort and its clinical and genetic characterization is described in
Chapter I. The presence of a specific clinical sign, namely nystagmus, was evaluated in at-risk
Azorean individuals - Chapter Il. In total, five chapters were devoted to the investigation of
molecular biomarkers, which were further divided as trait or state biomarkers. Chapter Ill and IV
investigate the potential of candidate genetic modifiers to improve age at onset prediction. The
remaining Chapters — V, VI and VII — describe the search for state biomarkers, based in the

investigation of mMRNA levels alterations and mitochondrial DNA (mtDNA) damage and depletion.
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Figure 3. Structure of the present dissertation: workflow.
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ABSTRACT

Interventional trials in Machado-Joseph disease (MJD), an untreatable neurodegenerative
disorder, are imminent. Genetic and clinical characterization of worldwide MID clusters will favour
several aspects of future interventional trials, such as allowing the stratification of patients by
presence/absence of particular genetic variants. Moreover, tracking the behaviour of clinical
features measured by a rating scale, during disease progression, is also valuable, since the trial-
associated endpoints currently in use are clinical scales. In the Azores, where the MJD prevalence
is the highest worldwide, a homogeneous MJD cluster comprising 88 patients has been genetically
and clinically characterized. For a subset of 69 MID subjects the score for the Neurological
Examination Score for Spinocerebellar Ataxia (NESSCA) was available at baseline; one or two years
after baseline, 23 MJD subjects were again evaluated. From the 88 SCA3 patients alive and living
in Azores by the end of September 2016, 54 preserve gait autonomy. The explanation of age at
onset variance by the CAG number in expanded allele is, to the best of our knowledge, the highest
described in European cohorts (59%). Average NESSCA score at baseline was 12+5 (mean *
standard deviation), for which 40% of variance explanation is provided by the CAG number in
expanded allele and disease duration. One year after baseline evaluation, the NESSCA score
increased in average 2.4 + 1.1 points (N=8, p=0.042); patients with 2 years of interval between
evaluations showed an increase in average of 3.4 + 0.8 points (N=15, p=0.002). The genetic and
clinical characterization of the Azorean MJD patients should promote the understanding of several

aspects of the disease and the establishment of a well-characterized trial-ready cohort.
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INTRODUCTION

Machado-Joseph disease (MJD; MIM #109150; ORPHA #98757), also known as spinocerebellar
ataxia type 3 (SCA3), is a late onset neurodegenerative disorder inherited as autosomal dominant.
Similarly to clinical entities with a major genetic determinant, MID is a rare disease; noteworthy,
it is the most frequent within its own group of disorders, the autosomal dominant spinocerebellar
ataxias (SCAs) [1]. Prevalence estimations for the Azores Archipelago (Portugal) have recently
been reported as 39/100,000; the disease clusters in the island of Flores, where 1 in each 158 is

affected [2].

Average onset of MJD has been reported as around 40 years of age, but initial disease
manifestations can occur within a considerably wide age interval, spanning from 4 [3] to 78 years
[4]; ataxia, progressive external ophtalmoplegia, pyramidal and extrapyramidal signs, dystonia
with rigidity and distal muscular atrophies constitute the main features of MJD’s clinical picture
[5]. Cerebellar alterations have been considered as the most relevant in MJD, gait ataxia being the
most frequent initial manifestation. Among the different neurological assessment tools that have
been proposed to measure the severity of the cerebellar component of MJD is the Scale for the
Assessment and Rating of Ataxia (SARA), currently considered as the worldwide standard, namely
in ataxia trials (www.clinicaltrials.gov). SARA, however, needs to be complemented with other
instruments that can cover non-ataxic features, such as the INAS (Inventory of Non-Ataxia Signs)
[6]. In alternative, a global and comprehensive inventory for the assessment of SCAs in general
and MJD in particular can be achieved with the use of the Neurological Examination Score for
Spinocerebellar Ataxia (NESSCA), which has been described and validated in MJD by Kieling and
colleagues [7]. This scale is based on a semiquantitative assessment of the standardized
neurological examination, allowing the evaluation of ataxic and non-ataxic features, therefore

providing a complete clinical profile of MJD patients. Longitudinal data obtained with NESSCA
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scale, should, moreover, be highly informative to measure disease progression, as demonstrated

by Jardim and colleagues [8].

The MJD gene, ATXN3, was mapped to 14g32.1 and the causative mutation identified as a coding
unstable CAG expansion [9,10]. At the ATXN3 locus normal alleles consensually range from 12 to
44 CAGs, whereas well-established limits for expanded alleles comprise from 61 to 87 repeats
[11]. Although the size of the CAG tract is established as the main factor in the explanation of age
at onset [12], the explanation of its variance is incomplete, indicating that other factors, namely
genetic, should play a role in MJD’s phenotype [13]. Genetic variants at several loci have been
proposed as modulators of the onset of the disease; the ability to detect the effect of such genetic
modifiers is dependent on the MJD cohort being analysed, since different population backgrounds

display their own allelic profiles (reviewed in [14]).

Despite the considerable amount of research targeting MJD, several aspects of this disease remain
challenging. Some of these interrogations are currently being addressed with the use of cell and/or
animal models (reviewed in [15]). Animal models, namely rodents, present the obvious advantage
of manipulation and their study remains the only facilitated way to access the affected tissues in
MJID (see, amongst others [16,17]). Insights from models, however, present their own set of
limitations (reviewed in [18]); therefore, for several important topics in MJD research the
availability of clinical and genetic data from cohorts of patients is of major importance. Moreover,
as potential treatments for spinocerebellar ataxias are being developed, the need for well-
characterized trial-ready cohorts has been widely acknowledged. Neurological assessments could
be of utility to create and improve instruments to be used in such interventional trials. On the
other hand, the knowledge of the allelic profile at the ATXN3 locus of each individual MJD cohort
is relevant, both for the design of studies aiming to identify genetic modifiers as well as in the

context of future interventional trials, being an important basis for patient’s stratification.



CHAPTER |

The goal of this work was to provide a general clinical and genetic characterization of the Azorean
MIJD cohort. Clinical features, namely disease stage, age at onset, disease duration and NESSCA
score are analysed. Longitudinal data for a subset of SCA3 patients is also provided. Moreover,
ATXN3 allelic profile and genotype-phenotype correlations were performed to characterize the

Azorean MID cohort.

SUBJECTS AND METHODS

Clinical and genetic data of MJD subjects

The Azorean MID cohort comprised, by the 30 of September 2016, 88 clinically and
molecularly confirmed patients, alive and living in the Azores archipelago. After informed
consent, sixty-nine of these patients were clinically evaluated, by the same neurologist (JV),
aiming to obtain the score for NESSCA at the baseline of the study. A subset of 23 SCA3
subjects was evaluated at a second visit, one or two years after baseline. After
pseudonymization, clinical data was retrieved from the information available in the MJD
subject’s individual files at the Department of Neurology, Hospital do Divino Espirito Santo

(HDES), Ponta Delgada, Azores.

Age at onset was defined as the age of the first complaints, usually gait ataxia and/or
diplopia. Disease duration was the time elapsed between age at onset and the age at
neurological evaluation. Using the median of disease duration, patients were further
divided in two groups: patients with short (<5 years) or long (6+ years) disease duration.
Disease stage was adapted from Klockgether and colleagues [19] and defined in this study
as: stage 1 - gait autonomy preserved; stage 2 — inability to walk without assistance; and

stage 3 —total loss of independent gait (wheelchair).
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Determination of the number of CAGs at the ATXN3 locus was performed as described by

Bettencourt and colleagues [20].

Statistical analysis

Normal distribution of continuous variables was tested using the one-sample Kolmogorov-
Smirnov test. Nonparametric tests were employed for variables which were not normally

distributed or whenever the sample size was small.

Linear relationship between age at evaluation, CAG number in expanded allele, age at onset,
disease duration and NESSCA score was tested using Pearson correlation coefficient or Spearman
rank correlation. If some covariate adjustment was needed, partial correlation test was used.
Variables for which significant correlations were obtained were further used as independent
variables to calculate the amount of explanation to the NESSCA score variance (linear regression).
For the subset of subjects with longitudinal data available (N=23), the distribution of NESSCA score
at baseline and at the second visit was compared, using the Wilcoxon signed-rank test. This test
was performed either with all patients or using patients divided by one or two years of interval
between evaluations. Baseline features of patients with one or two years of interval between
evaluations were compared using the Mann-Whitney U test. Correlations between the size of the
CAG size in the normal allele, the expanded allele, age at onset and disease duration were
performed. The explanation of the age at onset variance provided by the number of CAG repeats

in expanded allele was obtained using a linear regression.

Results were considered statistically significant if p-value was lower than 0.05. All statistical

procedures were performed in IBM SPSS statistics 22.
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RESULTS

General demographic, clinical and genetic characterization of the Azorean cohort is shown in
Figure 1. The same number of females and males was evaluated and the majority of the patients
are between 38 and 52 years of age. Fifty-one and 36 patients belong to families originally from
Sao Miguel and Flores Islands, respectively. From the 88 SCA3 patients alive and living in Azores
at the time of the study, 54 preserves gait autonomy — stage 1. The most frequent allele in the
normal range presents 23 CAG repeats, whereas the most common allele in the pathogenic
interval presents 71 repeats (Figure 1). Allelic size distribution of the normal allele as well as of
the expanded allele is slightly skewed to the left (-0.580+0.258 (skewness * standard error) and -
0.288+0.257, respectively). This finding indicates that 74% and 62% of the repeats size in normal
and expanded alleles, respectively, are equal or below the mode (which is of 23 repeats for the

normal allele and 71 repeats for the expanded allele).

The negative correlation between CAG number in expanded allele and age at onset was calculated
(r=-0.768, p<0.0005). In this cohort, 59% of the age at onset variance is explained by the CAG

number in expanded allele (Figure 2; r?=0.590, p<0.0005).

Baseline characterization of the 69 patients is shown in Table 1. The Azorean cohort data was

compared with data previously reported for two Brazilian cohorts [7,8].

Average NESSCA score for the Azorean SCA3 cohort was 1245 (mean + standard deviation). This
value was significantly lower when compared to the average of a Brazilian cohort | [7]. NESSCA
score significantly correlated with CAG number in expanded allele (Pearson correlation coefficient,

r=0.244, p=0.043), as well as with disease duration (Spearman rank correlation, r=0.581; p<0.01).
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Table 1. Azorean SCA3 patient characteristics at the baseline of the study. Data from two Brazilian cohorts
[7,8] were displayed for comparisons.

Azorean cohort,

Brazilian cohort |

Brazilian cohort Il

N=69 [7], N=99 [8], N=156
Gender (Female|Male) 36|33 50|49 85|71 ns
Age at evaluation, years 41| 43+12[17-85] 41 + 23 [9-75] 41 +13 p<0.05
CAGn in expanded allele 71| 71+4([61-78] 74 + 2 [69-79] 74 | [67-85] ns
Age at onset, years 35| 36+11[16-70] 34 +10 [7-57] 33+11 ns
Disease duration, years 5| 7 £ 6 [0-25] 8 | [0-26] 6 | [0-25]
NESSCA score 12| 12 £ 5 [0-24] 16 £ 6 [3-35] p<0.05

Continuous variables, if available, are shown as median | mean #* standard deviation [minimum-maximum];
Statistical tests were performed using the OpenEpi software, version 3.03 (Dean AG, Sullivan KM, Soe MM. OpenEpi:
Open Source Epidemiologic Statistics for Public Health. www.OpenEpi.com, updated in 2014/09/22). Comparisons
between two variables were performed using the T-test; ns = not significant.

The relationship between the CAG number in the expanded allele and the NESSCA score increased

after controlling for disease duration (partial correlation test; r=0.386, p=0.002). The CAG number

in the expanded allele and disease duration significantly explained 40% of NESSCA score variance

(r>=0.403, p<0.0005; CAG repeats - beta = 0.338, p=0.001 and disease duration (log transformed)

- beta=0.593, p<0.0005). The CAG number in the expanded allele explains 11% of the variance of

NESSCA score (part correlation coefficient=0.334), while disease duration contributes with 34%
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(part correlation coefficient=0.586) for the explanation. SCA3 patients with short disease duration
(9.55+0.68, mean * standard error) had lower NESSCA score compared to patients with long
disease duration (15.08+0.73), after controlling for CAG number in the expanded allele (70.6

repeats).

NESSCA scores for each of the 23 SCA3 patients evaluated in a second visit (one or two years after

baseline) are shown in Figure 3.
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Figure 3. NESSCA score at baseline and at a second visit. CAG number of expanded allele
| age at onset | disease duration is shown for each SCA3 subject under study (N=23).
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One year after baseline evaluation, NESSCA score increased, on average, 2.375 + 1.133 points
(N=8; Wilcoxon signed rank: z=-2.032, p=0.042); patients with 2 years of interval between
evaluations showed an increase, in average, of 3.400 + 0.779 points (N=15; Wilcoxon signed rank:
z=-3.076, p=0.002). The CAG number in the expanded allele, age at onset, disease duration and
NESSCA score of MID patients with one or two years of interval between evaluations were
compared at baseline; no significant differences were obtained (Table 2). Data from the 23
Azorean patients was compared with results from the Brazilian longitudinal study (Brazilian cohort

1) ([8]; Table 2); no significant differences were found.

Table 2. Description of demographic, genetic and clinical features, at baseline, of the subset of patients that
underwent into the longitudinal study (N=23). Data from the total number of patients as well as data from
patients which have been evaluated after 1 or 2 years of interval from baseline assessment were shown.
Data from a Brazilian longitudinal study are also described.

Azorean sub-cohort, N=23 Brazilian
cohort [8],
Total 1 Year, N=8 2 Years, N=15
N=105
Gender (Female|Male) 14|19 6|2 8|7 57149
38|39+11 37139+8 3840+13
Age at evaluation, years 41+ 14
[17-65] [32-57] [17-65]
73| 72+4 74| 73+2 71| 71+4
CAGh in expanded allele 74 | [67-82]
[64-78] [70-75] [64-78]
34|33+8 33|32+4 35]34+10
Age at onset, years 34+10
[16-48] [26-38] [16-48]
4]16+6 6| 7+6 4]6t6
Disease duration, years 11 | [3-28]
[0-19] [1-19] [0-18]
NESSCA score 131142503~ 12]14+5[8-22] 10| 10+5 [0-18] *
28]

Continuous variables, if available, are shown as median | mean + standard deviation [minimum-maximum];
*information not available.

DISCUSSION

Globally, MID is considered as a rare disorder, although regional clusters have been reported.
Homogeneous groups of patients, such as the Azorean cohort [21], described in this paper, are

expected to play an important role in the understanding of the disease, being particularly relevant
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in the response to emerging interventional trials, following reports of promising preclinical data

[22,23].

In the Azorean cohort, a clinical rating characterization with a validated scale was still lacking. The
analysis of NESSCA data indicates that predictors with higher impact on the NESSCA score are the
CAG size in the expanded allele and disease duration, which together explain 40% of the score
variance. NESSCA score was significantly higher in the Brazilian cohort | [7] compared to the
Azorean cohort. As CAG size in expanded alleles is one of the predictors of NESSCA score variance,
we can speculate that because Brazilian patients, in average, present longer CAG repeats in the
expanded allele (altough differences between CAG numbers from each cohort are not statistically
significant), it is expected that the NESSCA score should be higher (Table 1). Azorean MJD patients
presented an increase, in average, of two or three points after one or two years of interval
between evaluations, respectively. Clinical scores obtained can be further used for correlations

with data from molecular biomarkers studies, which are currently ongoing [24,25].

The age at onset variance explained by the number of CAG units in the expanded allele in the
Azorean MIJD cohort is the highest reported in Europe [4,26—28]. Differences in variance
explanation could have implications in the identification of genetic modifiers. Incompleteness in
age at onset explanation could be caused by the unconsistent report of age at onset by the patient
and/or caregiver. In fact, this aspect was discussed previously by Gloubas and colleagues, which
proposed instructions to better define age at onset [28]. In many cases, unreliable information
concerning age at onset may be solved studying homogeneous cohorts, such as the Azorean,

allowing prospective studies of disease onset.

As a rare disorder worldwide, the low number of MID patients available could compromise studies
concerning several aspects of the disease. This fact would be partially solved with the knowledge

of clinical and genetic features of specific MJD clusters which could allow: (1) the acquisition of
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longitudinal data, (2) a better understanding of disease pathogenesis, (3) the improvement of the

design of interventional trials, and (4) the validation of molecular biomarkers.
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ABSTRACT

Background: Machado-Joseph disease (MJD), also named spinocerebellar ataxia type 3 (SCA3) is
the most common autosomal dominant ataxia worldwide. Although nystagmus is one of the most
frequently reported ocular alterations in MJD patients its behaviour during the course of the
disease, namely in its early stages, has recently started to be investigated. The main goal of this
work was to characterize the frequency of nystagmus in symptomatic and presymptomatic

carriers of the MJD mutation, and investigate its usefulness as an early indicator of the disease.

Methods: We conducted an observational study of Azorean MJD family members, comprising a
total of 158 subjects which underwent neurological evaluation. Sixty-eight were clinically and
molecularly diagnosed with MJD, 48 were confirmed asymptomatic carriers and 42 were
confirmed non-carriers of the MJD mutation. The frequency of nystagmus was calculated for the

3 groups.

Results: Nystagmus was present in 88% of the MJD patients. Seventeen percent of the at-risk
subjects with a carrier result in the molecular test and none of the 42 individuals who received a
non-carrier test result displayed nystagmus (p<0.006). Although not reaching statistical
significance, symptomatic subjects showing nystagmus had a tendency for a higher length of the

CAG tract in the expanded allele, when compared to individuals who did not have nystagmus.

Conclusions: The frequency of nystagmus in asymptomatic carriers and its absence in non-carriers
of the mutation, suggests that nystagmus may appear before gait disturbance and can thus be

considered an early sign of MID.
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BACKGROUND

Machado-Joseph disease (MJD; MIM #109150; ORPHA98757), also known as spinocerebellar
ataxia type 3 (SCA3), is the most frequent autosomal dominant ataxia worldwide [1]. The MJD
gene (ATXN3) was mapped to 14g32.1 and the causative mutation was identified as a coding
unstable CAG expansion [2,3]; normal alleles consensually range from 12 to 44 CAGs, whereas well

established limits for expanded alleles comprise from 61 to 87 repeats [4].

With an average onset in adulthood (around 40 years), MID is characterized by a wide range of
clinical manifestations, including ataxia, progressive external ophtalmoplegia, pyramidal and
extrapyramidal signs, dystonia with rigidity and distal muscular atrophies [5,6]. Gait ataxia is
reported as the initial complaint in the majority of MID patients [7]; in some of the cases, other
symptoms, such as diplopia have been reported as preceding gait instability [8]. Ocular alterations
are clinical features commonly described in SCAs, occurring as a consequence of cerebellar and
brainstem degeneration [9]. Amongst such alterations is nystagmus, a clinical sign associated with
vestibular nuclei, found to be damaged in MJD post-mortem brains [10]. Nystagmus is one of the
most frequently reported ocular alterations in MJD patients [7,11,12]; its behaviour during the

course of the disease, namely in its early stages, has recently started to be investigated [13].

The main goal of this work was to characterize the frequency of nystagmus in symptomatic and
presymptomatic carriers of the MJD mutation and investigate its usefulness as an early indicator
of the disease. The availability of molecular testing to detect asymptomatic carriers of the MJD
mutation, associated with biological and/or refined clinical markers of the disease process, would
enable an early intervention with prophylactic treatment, which should lead to prevention, or at
least delayed onset or slowed progression, by allowing intervention before the appearance of

motor symptoms [14].
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SUBJECTS AND METHODS

Subjects

From 1996 to 2011, 158 subjects belonging to 21 Azorean MJD families performed the molecular
test for MJD, either in the context of molecular diagnosis (N=68) or predictive testing (PT) (N=90).
Participants were asked for written informed consent to participate in research concerning the
analysis of the clinical variability of MJD. During this period the molecular tests have been

conducted by two distinct Portuguese genetic diagnosis laboratories.

Three main groups were defined for this study:

Group 1 - subjects with a clinical and molecular diagnosis of MJD (N=68). This group corresponds
to individuals that were already symptomatic at the time of their first observation, and for which
a molecular confirmation of MJD was subsequently obtained; Group 2 - subjects with a normal
neurological evaluation, who were confirmed as carriers of the ATXN3 mutation in the molecular
test (N=48). Group 2 was therefore formed by subjects that were submitted to a neurological
examination upon entering the PT program (before taking the molecular test) and were
asymptomatic at that time. Some of the subjects from this group developed motor symptoms
during the observational period of the study. For genotype-phenotype analysis these subjects
were clustered with patients from group 1, constituting the pool of “symptomatic subjects”
(N=87). Group 3 - subjects with a normal pre-test clinical evaluation and that subsequently

received a negative result in the molecular test (non-carriers of the ATXN3 mutation) (N=42).

This study is part of a larger project which was approved by the Ethics Committee of the Hospital

do Divino Espirito Santo (Sdo Miguel Island, Azores — Portugal).
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Clinical features

Neurological examination was performed by two experienced neurologists, following the protocol
established by Coutinho [7]. The examination included the evaluation of nystagmus, which
consists in small, horizontal, saccade-like movements that lead the eye away from the target
trajectory and, after a delay, bring it back onto the target [9,15]. The evaluation of nystagmus
followed the ICARS procedure [16]. The age at onset and the duration of disease were also
assessed. Onset corresponded to the age of appearance of the first symptoms (such as gait
disturbance) reported by the patient and/or a close relative. Disease duration was calculated as
the time elapsed between the age at onset and the last neurological evaluation available. Time
from onset was calculated as the difference between age at first neurological observation and

reported age at ataxia onset.

Statistical analysis

Differences in the frequency of nystagmus among the three study groups were measured by the
Fisher’s Exact Test. Unrelated subjects (N=46) from the pool of symptomatic subjects were
analysed for the following variables: CAG length of the normal and expanded allele, age at onset
and disease duration. Pearson correlation test was performed to evaluate the relationship
between the CAG repeat length of normal and expanded alleles and age at onset. Univariate and
multivariate linear regression were used to test the effect of several predictors on age at onset,
namely: the number of CAGs in expanded and normal alleles, gender, island of origin, molecular
diagnosis laboratory, and presence/absence of nystagmus. The best model was used to predict
the age at onset for all members of group 2. The results were accepted as statistically significant

whenever p<0.05. All analyses were performed with PASW Statistics 18 [17].
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RESULTS

Frequency of nystagmus in symptomatic and presymptomatic MJD carriers

For the 158 Azorean subjects included in the study, information on gender, age and size of the
CAG tract of MJD alleles is displayed in Table 1. Mean age is higher in group 1 (48415 years), than
in the other 2 studied groups (30+9 and 36+12, respectively). The number of CAG repeats in the
expanded allele is 714 (mean % standard deviation) in both group 1 and group 2 (Table 1).
Nystagmus was present in 88% of the MJD patients (group 1) and 17% of the at-risk subjects with
a carrier result in the molecular test (group 2). However, nystagmus was not observed in any of
the 42 individuals who received a non-carrier test result (group 3), which resulted in significant

differences between groups 2 and 3 (p=0.006).

Table 1. Characterization of the studied subjects according to group assignment.

N Group 1 N Group 2 N Group 3

Gender 68 | 339|350 | 48 | 299(193 | 42 269178
48+15 3049 36+12
Age 68 [16-82] 48 [18-59] 42 [18-60]
Normal 2045 2245 17+4 23+4
cAG | allele 00 1 13281 | M| 32 | | mz27n | @z
repeats Expanded 64 714 16 714

allele [61-80] [63-80]

All variables were presented as mean * standard deviation [range]. Gender was represented as Q for female and &
for male.

From the 68 patients in group 1, only eight (12%) failed to present nystagmus at the first
neurological examination; five out of these eight, however, presented nystagmus at the last
observation performed in the course of this study, increasing to 96% the number of patients who
presented nystagmus. The remaining three patients were lost from follow-up, therefore

preventing the verification of the presence of nystagmus at a later stage of the disease.

From the group of 48 asymptomatic carriers (group 2), 19 (40%) developed gait disturbance within
the period of this study. From these 19, five already presented nystagmus at PT evaluation and

developed gait ataxia during the follow-up period; the remaining three were not re-evaluated
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(Figure 1). Fourteen individuals from group 2 also developed gait ataxia during this period (Figure
1); for such subjects although, in the respective PT evaluation nystagmus was absent, it was
present at the latest observation performed. Individuals which presents nystagmus at PT
evaluation were closest to reported age at onset (median of 2 years) than individuals without

nystagmus (median of 3 years).

+ Age at onset + 60
57
® Predicted age at onset 54
Age at first observation : u 48
39, 38 3 a0
37, 37% 38% = 38 * 39 R e e
36 " £36 ¢35 437 aF
m32 *33 34 31 3% =32 o33 m 32
28+ 281 .28 = 30 * 30 30 =30
2 % 25 " 26 "2 1%
21 . s 21
18 » 20 18
Presence of nystagmus Absence of nystagmus

Figure 1. Age at onset, predicted age at onset and present age was displayed in individuals from group 2,
which during this study developed the disease, divided by presence (N=5) and absence of nystagmus (N=14).

Genotype-phenotype correlations

The 87 symptomatic carriers were clinically characterized, showing a mean value for age at onset
of 39112 years (mean * standard deviation) and disease duration of 1519 years. All subjects
displayed cerebellar signs; moreover, 65% presented mostly corticospinal dysfunction, followed

by mostly peripheral (26%) and extrapyramidal (6%) manifestations (Figure 2).

Using information on unrelated symptomatic subjects with available CAG data, a negative
correlation between the size of the expanded allele and the age at onset was observed (N=42, r=-
0.667, p<0.0005). The explanation of the age at onset variance provided by the CAG length in
expanded allele was 45% (t=-5.740, p<0.0005). An improvement of the model using additional
predictors (CAG repeat number in normal allele, gender, island of origin and genotyping

laboratory) raised the explanation of the age at onset to 48% (p<0.0005).
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Figure 2. Neurological features of MJD patients, such as age at onset (N=86), disease duration (N=81) and
symptomatology (N=68). Cerebellar dysfunction was observed in all patients and therefore they were
distinguished also by dysfunction in other systems: mostly corticospinal, mostly extrapyramidal or mostly
peripheral signs.

Individuals showing nystagmus had a tendency for a higher CAG length in expanded allele, when
compared to individuals who did not have nystagmus [71.54+0.67 and 69.71+0.97 (mean *
standard error), respectively]; this tendency, however, failed to reach significance. The
presence/absence of nystagmus did not improve significantly the prediction of the age at onset

when adding this variable to the number of CAG repeats in the expanded allele as well as the other

predictors previously mentioned.

DISCUSSION

The present study confirmed nystagmus as a very frequent sign in MJD patients (up to 96% of the
MJD patients from the studied series), which is in agreement with previous studies where this sign
has been reported with frequencies that vary between 55 and 92% [7,8,18,19]. Considering the
genotype-phenotype results, a long term follow-up study would be needed to understand if there
is a correlation between CAG repeat length in expanded allele and the age of appearance of

nystagmus.

The present study further shows that nystagmus is also observed in carriers of the MJD mutation,

before the manifestation of gait disturbance, indicating that it can be an early sign of the disease,
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which should be monitored in mutation carriers even before motor signs appear. Recently a higher
rate of horizontal gaze-evoked nystagmus in MJD carriers than non-carriers (ten [39%)] of 26 vs
one [5%] of 20; p=0.013) has been described [13]. From ataxia clinical scales currently being
applied, the complementary use of one that includes the evaluation of nystagmus, such as ICARS
[16] or NESSCA [20] is important, to avoid the under-estimation of this clinical sign and the failure
to detect early alterations. In other SCAs, early detection of impaired eye movements in
presymptomatic individuals has been a matter of study. Slowing of horizontal saccades was
observed in SCA1, 2, 6 and 7 [19,21-24] whereas a decrease in pursuit gain was found in SCA6
[25]. The present study is based in the qualitative analysis of nystagmus, i.e., presence or absence
of this clinical sign; although reasonable information about oculomotor movements might be
obtained with such qualitative measure, the use of semi-quantitative techniques such as
oculographic evaluations, should improve the characterization of nystagmus types as well as the
study of other ocular features, which might help to further understand the importance of eye

abnormalities in early stages of MID.

CONCLUSIONS

In summary, the presence of nystagmus in asymptomatic MJD carriers suggests that the detection
of nystagmus may be useful in the identification of early stages of MID, potentially facilitating the

enrolment of presymptomatic individuals in future preventive clinical trials.
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Sir,

We read with interest the paper by Tezenas du Montcel and colleagues [1], which identified
modifiers of the age at onset in spinocerebellar ataxias (SCAs). In polyglutamine (polyQ) SCAs, the
size of the CAG expansion is incompletely correlated with the age at onset of the disease,
suggesting the involvement of additional genetic factors. The identification of modifier genes for
polyQ SCAs should not only contribute to more precise onset predictions, of relevance for genetic
counseling, but also unveil aspects of the underlying pathogenesis, and pinpoint possible
therapeutic targets [2]. Proposed modifiers for SCAs have often failed to be validated in
independent studies, a fact that has been mostly attributed to the lack of statistical power (as
discussed, for example, in [3]). The report by Tezenas du Montcel and colleagues [1] represents
therefore an important contribution to the problematic of modifier genes in polyQ SCAs; this study
includes the largest cohorts of patients for SCA1, 2, 3, 6, 7, 17 and dentato-rubro-pallydoluysian
atrophy (DRPLA) analyzed so far, which were recruited under the scope of the European
Consortium on Spinocerebellar Ataxias (EUROSCA). Moreover, main findings from the EUROSCA
series were tested in four independent smaller cohorts (three Caucasian cohorts from the USA,

France and Italy, as well as one Asian from Japan).

SCA3, also named Machado-Joseph disease, is the most frequent polyQ SCA, reaching in the
Azores lIslands (Portugal), the highest value of prevalence worldwide [4]. This particular
epidemiological situation has allowed us to thoroughly follow a homogeneous SCA3 cohort,
currently constituted by 93 patients (Table 1) belonging to extensively studied Azorean pedigrees.
The Azorean population itself has been relatively isolated and is derived from a limited number of
founders, factors which have shaped its genetic landscape [5-9]. Moreover, these islands have a
centralized health system with a regional program specifically for SCA3, which has promoted the
follow up of all patients by the same neurologist, minimizing inter observational error, and

facilitating accurate annotation of clinical data, namely the age at onset.
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Table 1. Characterization of the Azorean SCA3 cohort, and comparisons with EUROSCA and replication
cohorts [1].

AZORES EUROSCA USA JAPAN FRANCE
N 93 403 110 126 44
(CAG)nlengthin  71+4 68+4 70+4 73+5 68+5
expanded allele [62-79] [47-77] [61-79] [60-86] [53-75]
- t=-6.520; p<0.001
5 ¢
g g t=-1.775; p=0.08
2
S :?Z t=3.170; p=0.002
MR t=-3.775; p<0.001
(CAG)nlengthin 2245 2115 2246 2147 2216
normal allele [14-29] [12-35] [14-36] [14-34] [14-37]
— w t=-1.738; p=0.08
S 3
£ g t=0; p=0.999
B
S g t=-1.233; p=0.220
MRS t=0; p=0.999
Age at onset, 38+12 40+12 40+11 41+15 44112
years [13-71] [10-78] [15-68] [12-84] [15-67]
— w t=1.822; p=0.07
s ¢
S S t=1.574; p=0.12
2
5 g t=1.874; p=0.05
MR t=3.029; p=0.003

AZORES cohort EUROSCA cohort

Model with expanded allele

-0.032+0.002 (y=3.810 - 0.032x) -0.024+0.001

i r=-0.826, p<0.001
Linear

r2=0.682, p<0.001 r2=0.504, p<0.001
adjusted r?=0.679 adjusted r?=0.503
+ Normal allele r?=0.687, p=0.272 p=0.437
-1.0x1073+0.1x10°3 (y=-0.699 + -1.4x103+0.1x10°3
0.096x — 0.001x?)
Quadratic r=-0.833, p<0.001
r2=0.694, p<0.001 r2=0.594, p<0.001
adjusted r?=0.687 adjusted r?=0.592

All quantitative variables were represented as mean =+ standard deviation [minimum-maximum]. An independent
t-test (2-tailed) was conducted to compare CAG repeats size in normal and expanded alleles, as well as age at onset
for the different cohorts. Statistical analysis was performed in OpenEpi software (Dean AG et al., 2014) and IBM
SPSS Statistics, version 22 (IBM Corp. Released 2013). A p-value lower than 0.05 was considered significant.

We tested the findings of Tezenas du Montcel and colleagues [1] relatively to SCA3. To do so,
molecularly confirmed Azorean SCA3 patients were genotyped for SCA1, 2, 6, 7, DRPLA and
Huntington disease (HD) loci (all patients were genotyped in the same laboratory; primers and

conditions are available upon request). In the Azorean cohort, we observe a higher mean number
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of CAGs in the expanded allele with an accordingly earlier age at onset, when compared to the
EUROSCA as well as to the French cohorts (Table 1). The opposite significant result is observed
when we compare Azorean and Japanese SCA3 patients, the last displaying a higher repeat length.
Although average CAG length is higher in the Japanese patients, the onset is significantly delayed
comparatively to ours (Table 1). In their study, Tezenas du Montcel and colleagues [1] found
significant quadratic effects when estimating the variance in the explanation of onset provided by
the expanded CAG tract size (improvement of 9% relatively to a linear model). Noteworthy, since
Azorean SCA3 patients have a higher mean number of CAGs in the expanded allele, and larger
alleles are more strongly correlated with onset than smaller expanded ones, we only obtain a
modest improvement of 1.2% (Table 1). All the previous observations indicate the presence of
differences on the profile and behavior of the expanded alleles in SCA3, which seem to be

population dependent.

In the EUROSCA cohort of SCA3, Tezenas du Montcel and colleagues [1] failed to observe an
association between onset and the size of the normal allele, which had previously been reported
in other large studies [12,13]; this lack of association was also evidenced in their replication
cohorts and is confirmed in ours. When testing additional effects of non-causative polymorphic
(CAG)n-containing genes using the EUROSCA cohort, Tezenas du Montcel and colleagues [1]
proposed associations between the size of the ATXN2 (SCA2) and ATN1 (DRPLA) alleles and the
age at onset of SCA3. These effects were not replicated in any of the alternative cohorts, or in our
Azorean SCA3 cohort. An association was also found between shorter HTT alleles and SCA3 onset;
this finding was not investigated in the replication cohorts and our Azorean SCA3 cohort does not
support this association. For ATXN2, whose intermediate alleles (frequency of 7%) had been
associated with an earlier SCA3 onset in the EUROSCA series, the lack of replication was
interpreted by Tezenas du Montcel and colleagues [1] as reflecting the rarity of ATXN2
intermediate alleles in the replication populations, a justification especially applicable to the

French and Japanese SCA3 patients, which lack this class of alleles. Notwithstanding in our cohort,
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where intermediate alleles reach 5% (Figure 1), patients with an intermediate ATXN2 allele also
show a tendency for earlier estimated onset (34+3 years, mean =+ standard error) when compared
with patients without an intermediate ATXN2 allele (381 years). This result shows how a
population-specific genetic profile at a candidate locus impacts the ability to confirm/dismiss a
modifier effect. In this sense, replication studies should be performed in populations where the
allelic profile for the candidate modifier locus/loci is similar; otherwise the “lack” of replication

becomes hard to interpret.
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Figure 1. Allelic distribution of CAG repeats in ATXN3, ATXN1, ATXN2, CACNA1A, ATXN7, ATN1 and
HTT loci in SCA3 Azorean patients. Polymorphic information content (PIC) and expected
heterozygosity (H) are shown for each candidate loci.

In the work of Tezenas du Montcel and colleagues [1], when the ATXN3 locus was analyzed as a
potential modifier of other SCAs, it was reported as displaying a low level of polymorphism. A
study of nearly 2000 Portuguese chromosomes determined the ATXN3 locus heterozygosity to be

85% [14]. The high level of polymorphism in the ATXN3 locus was also described in the Japanese
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population (polymorphic information content (PIC) = 0.78; [15]). Noteworthy, in our cohort, with
the exception of ATXN2, all analyzed candidate loci are highly polymorphic (Figure 1), with values
of PIC [16] ranging from 63% (ATXN7) to 82% (HTT). As a positive finding, not highlighted in the
EUROSCA series, we can further report is that in our series, the longer allele at the ATXN1 is
negatively correlated with onset, significantly increasing by 1.5% the explanation of SCA3 age at
onset variability (part correlation coefficient; r?=0.701, p=0.038). Noteworthy, when compared to

EUROSCA, we observe a higher frequency of longer normal ATXN1 alleles in our cohort.

In summary, we believe that large multicenter collaborative studies, such as the EUROSCA
initiative are crucial in the analysis of genetic modifiers for SCAs. The ability to replicate findings
from such large cohorts is, notwithstanding, dependent on how comparable the replications
cohorts are relatively to the discovery studies, both in the allelic profile of the causal mutation
(CAG tracts size in polyQ SCAs) as well as in the allelic frequencies of the candidate modifier

locus/loci.
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Promoter variation and expression levels of inflammatory genes IL1A, IL1B,
IL6 and TNF in blood of spinocerebellar ataxia type 3 (SCA3) patients.
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ABSTRACT

Age at onset in spinocerebellar ataxia type 3 (SCA3/MID) is incompletely explained by the size of
the CAG tract at the ATXN3 gene, implying the existence of genetic modifiers. A role of
inflammation in SCA3 has been postulated, involving altered cytokines levels; promoter variants
leading to alterations in cytokines expression could influence onset. Using blood from 86 SCA3
patients and 106 controls this work aimed to analyse promoter variation of four cytokines (/L1A,
IL1B, IL6 and TNF) and to investigate the association between variants detected and their
transcript levels, evaluated by quantitative PCR. Moreover, the effect of APOE isoforms, known to
modulate cytokines, was investigated. Correlations between cytokine variants and onset were
tested; the cumulative modifier effects of cytokines and APOE were analysed. Patients carrying
the IL6*C allele had a significant earlier onset (4 years in average) than patients carrying the G
allele, in agreement with lower mRNA levels produced by IL6*C carriers. The presence of APOE*€2
allele seems to anticipate onset in average 10 years in patients carrying the IL6*C allele; a larger
number of patients will be needed to confirm this result. These results highlight the pertinence of
conducting further research on the role of cytokines as SCA3 modulators, pointing to the presence

of shared mechanisms involving IL6 and APOE.
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INTRODUCTION

Spinocerebellar ataxia type 3 (SCA3/MID; MIM#109150; ORPHA98757) is the most common
spinocerebellar ataxia worldwide. The number of coding CAG repeats at the causative locus,
ATXN3, explains from 50% to 75% of the age at onset variance (reviewed in [1]) therefore implying
the existence of additional familial factors, namely genetic. Several genetic modifiers have been
proposed: the number of CAG repeats at several expansion loci [2,4,5]; allelic variants at the
apolipoprotein E (APOE) [6,7] and glucosidase, beta, acid (GBA) genes [8]; variation in the 3'UTR
atthe ATXN3 gene [9] as well as the size of the normal SCA3 allele [10]. In the ATXN3 gene a repeat
expansion above 50 triplets encodes an abnormally long polyglutamine (polyQ) stretch in the
ataxin-3 protein [11]; mutant ataxin-3 is prone to misfolding and aggregation, triggering a cascade
of pathological events [12]. The putative role of inflammation, namely the behaviour of
interleukine 1 alpha (IL1A), interleukine 1 beta (IL1B), interleukine 6 (IL6) and tumor necrosis
factor (TNF), has been investigated in polyQ diseases [13]. In SCA3 brain tissue, IL1B and IL6
staining was found to be enhanced, as compared to controls; activated microglia and reactive
astrocytes have also been observed [14—16]. Recently, eotaxin was found to be higher in serum of
SCA3 asymptomatic carriers and in patients [17]. IL1A ¢.-889C>T, IL1B c.-511C>T, IL6 c.-174G>C
and TNF c.-308G>A localized at the promoter of respective cytokine genes have been related in
vitro, ex and in vivo studies with differences in mRNA and/or protein levels of these cytokines [18—
21]. Moreover, a link between APOE and cytokines has been investigated, since APOE modulates
inflammatory and immune responses in an isoform-dependent manner [22]. We have previously
shown that the APOE*¢€2 allele was significantly associated with an earlier age at onset in a cohort

of SCA3 Azorean patients [6].

Given a possible role of inflammation in SCA3, we hypothesised that promoter variants leading to
alterations of expression levels of cytokines could influence disease manifestation, namely onset.

Using peripheral blood from a homogenous Azorean cohort of SCA3 patients the present work
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aimed to analyse variants in the promoter regions of four main cytokines: ILIA c.-889C>T
(rs1800587), IL1B c.-511C>T (rs16944), IL6 c.-174G>C (rs1800795) and TNF c.-308G>A
(rs1800629), and to investigate the association between these variants and the respective
transcript levels. Genotype-phenotype correlations were performed to test the loci previously
reported as potential modifiers of SCA3 onset. Moreover, the cumulative modifier effects of

cytokines loci and APOE were also tested.

SUBJECTS AND METHODS

Subjects

Eighty-six Azorean SCA3 patients, confirmed as carriers of the ATXN3 mutation and 106 apparently
healthy controls, were included in this study. Controls were selected taking into account the
ancestry, age and gender distribution of cases. The size of the (CAG)n tract was determined as
previously reported [23]. Age at onset, defined as the age of appearance of gait disturbance
and/or diplopia reported by the patient and/or a close relative, was recorded during clinical
assessments performed at the Department of Neurology (Hospital do Divino Espirito Santo - HDES,
Ponta Delgada). APOE genotypes from SCA3 patients were considered for statistical analysis;
genotyping was performed as in Bettencourt and colleagues [6]. All samples were collected after

informed consent. This study is a part of a project approved by the Ethics Committee of HDES.

DNA isolation and multiplex PCR-RFLP

DNA was extracted from all samples using standard procedures. A multiplex PCR— restriction
fragment length polymorphism (RFLP) was developed to analyse variants in the promoter of four
cytokines: IL1A c.-889C>T (rs1800587), IL1B c.-511C>T (rs16944), IL6 c.-174G>C (rs1800795) and

TNF c.-308G>A (rs1800629). The set of primers (0.2uM of each one per reaction) for each cytokine
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variant as well as multiplex PCR-RFLP reactions mixture and conditions are described in

supplementary Table 1.

RNA isolation and qPCR

A subset of 54 SCA3 patients were selected to measure cytokines mRNA levels. Signs of
inflammatory or infective conditions were annotated by accessing the clinical records of patients;
patients presented any of the abovementioned conditions were not included. mRNA cytokine
levels were also determined in 33 controls. Four pre-validated TagMan Gene Expression Assays
(Hs00174092_m1, Hs01555410_m1, Hs00985639_ml and Hs99999043_m1l from Applied
Biosystems) were used to measure cytokines mRNA levels. RNA isolation and quantification, cDNA
synthesis, quantitative Real-Time PCR (qPCR) conditions, as well as calculation of relative

expression values have been performed as described elsewhere [24].

Statistical analysis

Allele and genotype frequencies were estimated for all analysed loci and Hardy-Weinberg
equilibrium (HWE) was tested. Allelic/genotypic frequencies for controls (N=106) were compared
with available data for other European and non-European populations. An ANCOVA, using age at
sampling as covariate, was run to compare transcript levels between cytokine genotypes. The
effects of the CAG length in expanded allele on age at onset, as well as the presence/absence of
each cytokine allelic variant were assessed using a linear fitting model. Equality of variances
between groups was verified by the Levene’s test. An ANCOVA, using the CAG length in expanded
allele as covariate, was conducted to compare estimated age at onset between: (1) cytokine
genotypes; or (2) cytokine alleles; or (3) interaction of APOE*¢€2 allele and cytokine genotypes; or
(4) interaction of APOE*€2 allele and allelic variants. For two or more pairwise comparisons
(comparisons between cytokine genotypes), p-values were adjusted using the Bonferroni
procedure. Significant effects resulting from the ANCOVA comparisons, obtained only for IL6

allelic variants, were further tested. These correlations were confirmed: a) using a generalized
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estimating equation test, where kinship was used as repetitive measure within-subjects; and b)
using the subset of 38 unrelated SCA3 patients (patients who shared grand-parents were
considered related). All statistical analyses were performed in IBM SPSS Statistics 22 (IBM Corp.
Released 2013). A statistically significant result lower than 0.05 was considered for all tests

performed.

RESULTS

Gender and age at collection for the studied subjects are shown in Figure 1. Genotypes for the

ATXN3 locus (N=86) in patients, as well as relevant clinical data are displayed in Figure 1.
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Figure 1. Demographic data and clinical features for studied individuals.

Loci were in conformity with Hardy-Weinberg equilibrium expectations, with the exception of IL1A
and IL6 loci in SCA3 patients (supplementary Table 2). Pairwise differentiation exact test failed to
detect significant differences in allelic or genotypic IL1A, IL1B and TNF frequencies between SCA3
patients and population-matched controls. At the IL6 locus, a statistically significant difference
was obtained when comparing all patients with controls, which should reflect the excess of the C
allele in the patients group; no differences, however, were detected when considering only

unrelated patients (supplementary Table 2).
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In SCA3 patients, no significant differences were obtained when comparing mRNA levels by
genotypes (Figure 2). The effects of promoter allelic variants on mRNA levels were confirmed: the
ILLA*T allele, the IL1B*T allele, the IL6*G allele and the TNF*A allele were associated with higher
MRNA levels (Figure 2), in accordance with previous studies. The mRNA levels by cytokine

genotype varied similarly in controls (data not shown).
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Figure 2. Cytokines mRNA levels (shown as 22%) by genotypes in 54 SCA3 patients. Expression values were
adjusted for age at blood collection (50 years). In the comparisons performed by IL1A or IL6 genotype,
Bonferroni adjusted p-values were obtained by an ANCOVA procedure. /L1B and TNF mRNA levels were not
successfully quantified for one patient.

A negative correlation between the size of ATXN3 expanded allele of SCA3 patients and age at
onset was observed (N=86, r=—0.804, p<0.0005). The explanation of the age at onset variance
provided by the CAG length in expanded allele was 65% (F=154.1, p<0.0005). An improvement of
the previously model was observed only when the presence/absence of the IL6*C variant was
added, which significantly contributed to the variance of the age at onset, by additionally

explaining 1.9% (N=86, Part correlation coefficient=0.138, p<0.05).

Patients carrying the ILLA*T allele or the IL1B*T allele or the IL6*C allele all showed a tendency
for an earlier age at onset (adjusted for mean CAG length) compared to patients homozygous for
ILLA*C allele or the IL1B*C allele or the IL6*G allele (supplementary Table 3). Age at onset was
anticipated by 4 years in average in patients carrying the IL6*C (N=66) (F(1,83)=4.7, p=0.03). The
use of a generalized estimating equation test accounting for relatedness, and the earlier onset in

patients carrying the IL6*C allele confirmed that this result was not due to patient’s relatedness
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(Wald X% = 3.8; p=0.05); the same tendency was observed when analysing only unrelated patients
(N=38). In the present cohort (N=86), the presence of the APOE*¢2 allele explained 3.4% (p=0.003)
of variance in age at onset. The presence of APOE*€2 allele significantly anticipated onset in

average 10 years in patients carrying one or two copies of the IL6*C allele (p=0.005, Figure 3).

w45
3 43
>
= 41 £
a
39
: i
-~ 37
ED 35
33
31 «Zl,
29
22, _
Al 58 18 7 2
25
IL6*GC + IL6*GG IL6*GC + IL6*GG
IL6*CC IL6*CC
APOE*e2 absence APOE*e2 presence

Figure 3. Estimated age at onset was calculated taking in consideration the cumulative
effect of APOE*e2 allele and IL6 variation. *'The difference was in average of 4 years
(ANCOVA, p=0.03). *?The difference was in average of 10 years (t-test, p=0.005). T-test was
calculated using the OpenEpi, version 3.03 (Dean AG, Sullivan KM, Soe MM. OpenEpi: Open
Source Epidemiologic Statistics for Public Health. www.OpenEpi.com, updated in
2014/09/22). APOE genotype was not successfully obtained in one patient.

Fitting a linear model, estimated age at onset (F(3,81)=63.001, p<0.0005) using the APOE and IL6
loci alongside with the CAG size in expanded allele could be calculated applying the formula: age
atonset =230.117 — 2.686 x (CAG, in expanded allele) —3.272 x (presence/absence of IL6*C allele)

—6.911 x (presence/absence of APOE*<2 allele).

DISCUSSION

A significant association between IL6 c.-174G>C variation and age at onset was, nevertheless,

identified; patients carrying the IL6*C allele presented, in average, an onset four years earlier than
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the one displayed by patients homozygous for the G allele. We further observed a tendency for
lower mRNA levels in patients carrying the IL6*C allele compared to GG homozygous, a result
which is in agreement with previous findings [18]. Fishman and colleagues had suggested that /L6
c.-174G>C variation is near to a glucocorticoid receptor (GR) binding site as well as G>C position
could potentiate the creation for a binding site for the transcription factor nuclear factor 1 (NF1),
implying, in both cases, the repression of transcription [18]. In our cohort, the low mRNA levels of
IL6 produced by the IL6*C carriers were associated with a premature SCA3 onset, suggesting that
in SCA3 patients’ cells, such low levels could negatively contribute to cellular dysfunction, leading
to the premature appearance of the first symptoms. Nishimura and colleagues [26] previously
reported an association between IL1B*C allele and SCA6 onset; however, this association was not
confirmed in our cohort of patients. In this study, an anticipation of onset (average of 10 years)
was observed in patients carrying the APOE*€2 allele and one or two copies of the IL6*C allele.
Although there is no published data for IL6, APOE is known to suppress the secretion of TNF and

IL1B, the APOE*€2 isoform being associated with the lowest levels of secretion [22].

Even considering the homogeneity features of our patient’s cohort, since sample size in this study
is limited, the genotype-phenotype associations described should be replicated in a larger Azorean
sample, when available, as well as in independent cohorts. Globally, results highlight the
pertinence of further research on the role of cytokines as modulators of SCA3 onset, pointing to

the presence of shared mechanisms involving /L6 and APOE.
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SUPPLEMENTARY MATERIAL

Supplementary Table 1. Multiplex PCR primers, size of amplified fragments, restriction enzymes, size of
restriction fragments as well as PCR-RFLP reactions mixture and conditions.

Multiplex PCR RFLP

Primers sequence 5’ -3’ Product size (bp)
IL1A c.-889C>T
IL1A-F! TGTTCTACCACCTGAACTAGGC 99 Ncol
IL1A-R? TTACATATGAGCCTTCCATG C->79+20 T->99
IL1B c.-511C>T
IL1B-F2 TGGCATTGATCTGGTTCATCCA 204 Aval
IL1B-R CCTGTCTGTATTGAGGGTG C—->190+54 T->244
IL6 c.-174G>C
IL6-F CAGAAGAACTCAGATGACTGGT 377 Ncol
IL6-R TGCAATGTGACGTCCTTTAC G > 351+26 Cc->377
TNF c.-308G>A
TNF-F3 GAGGCAATAGGTTTTGAGGGCCAT 147 Ncol
TNF-R3 GGGACACACAAGCATCAAG G—>126+21 A - 147

Reaction mixture
0.4mM each dNTP

1x NH4 Buffer 1X reaction buffer Tango (10X)

3mM MgCl2 solution 5U Ncol

1x HiSpec solution 5U Aval (Thermo Fisher Scientific)

2U BIOTAQ DNA polymerase (Bioline) 3ul PCR product

200ng genomic DNA

Total volume 25ul 10ul

Thermocycler/Thermoblock conditions
initial denaturation: 95°C, 5min 34

cycles Incubation: overnight, 37°C (the
denaturation: 95°C, 30s digested product run on a 14%
annealing: 58°C, 90s PAGE gel and was revealed using a
extension: 72°C, 45s silver nitrate standard protocol)

final extension: 72°C, 10min

_ mismatch primers (point mutation)

Primers pair: De Freitas NM, Imbronito A V., Neves AC, Nunes FD, Pustiglioni FE, Lotufo RFM. Analysis of IL-1A(-889)
and TNFA(-308) gene polymorphism in Brazilian patients with generalized aggressive periodontitis. Eur Cytokine
Netw. 2007;18(3):142-7; 2Primer forward: Brett PM, Zygogianni P, Griffiths GS, Tomaz M, Parkar M, D’Aiuto F, et al.
Functional Gene Polymorphisms in Aggressive and Chronic Periodontitis. J Dent Res. 2005 1;84(12):1149-53;
3Primers pair: Moorchung N, Srivastava AN, Gupta NK, Ghoshal UC, Achyut BR, Mittal B. Cytokine gene
polymorphisms and the pathology of chronic gastritis. Singapore Med J. 2007;48(5):447-54.

83



CHAPTER IV

Supplementary Table 2. Genotypic, allelic frequencies and p-values for the Hardy-Weinberg equilibrium
test for each cytokine loci studied in all and unrelated SCA3 patients and population-matched controls.
Differentiation exact test p-values are also shown.

SCA3 patients Differentiation test p-value”

Controls (C),

All Unrelated (U)
! ’ N=106 . . .
N=86 N=38 C. versus all C. versus U
IL1A c.-889C>T (rs1800587)
CcC 0.424 0.474 0.491
w | 5| cT 0.365 0.263 0.396 0139 0.200
P g . .
S & | TT 0.212 0.263 0.113
()
> 0.606 0.605 0.689
9] - . .
i = 0.394 0.395 0.311 0.099 0.153
Hardy-Weinberg equilibrium
0.038 0.006 0.495
IL1B c.-511C>T (rs16944)
g cC 0.558 0.500 0.462
g Z CT 0.419 0.474 0.481 0.136 0.523
% & T 0.023 0.026 0.061
> 0.767 0.737 0.703
o | 3 ) .
e = T 0.233 0.263 0.297 0.181 0.555
Hardy-Weinberg equilibrium
0.141 0.403 0.163
IL6 c.-174G>C (rs1800795)
o GG 0.232 0.395 0.452
4 % GC 0.628 0.447 0.462 0.002 0.253
§ & CcC 0.140 0.158 0.086
S| . 0.546 0.618 0.684 0,006 261
s e C 0.454 0.382 0.316 00 0.26
Hardy-Weinberg equilibrium
0.019 0.739 0.316
TNF c.-308G>A (rs1800629)
o GG 0.640 0.579 0.755
_§ é;. GA 0.337 0.421 0.226 0.121 0.122
g ® | AA 0.023 0 0.019
[
> . G 0.808 0.790 0.868
v ]
s = A 0.192 0.210 0.132 0.126 0.141
Hardy-Weinberg equilibrium
0.726 0.171 1.000

#p-value was calculated by exact G test in Genepop software (Raymond M. & Rousset F, 1995. GENEPOP (version
1.2): population genetics software for exact tests and ecumenicism. J. Heredity, 86:248-249

Rousset, F., 2008. Genepop'007: a complete reimplementation of the Genepop software for Windows and Linux.
Mol. Ecol. Resources 8: 103-106).

Pairwise differentiation exact test (Excoffier L, Laval G, Schneider S. Arlequin (version 3.0): an integrated software
package for population genetics data analysis. Evol Bioinform Online. 2005;1:47-50) for genotypic frequencies
between apparently healthy Azorean individuals versus individuals from:

(1) mainland Portugal — no significant differences for IL1B, IL6 and TNF loci, no data available for IL1A locus;

(2) Europe — differences significant for /L6 and TNF loci, not significant for IL1A and IL1B loci;

(3) Asia — differences significant for IL1A, IL1B and TNF loci, no data available for /L6 locus;

(4) Africa — differences significant for IL1A and IL1B loci, not significant for TNF locus, no data available for /L6 locus.
Genotypes from European, Asiatic and African samples were obtained in dbSNP, NCBI
(http://www.ncbi.nlm.nih.gov/snp/).
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Supplementary Table 3. Genetic and clinical features of the 86 SCA3 patients divided by cytokines alleles, as

well as presence/absence of APOE*¢2 allele.

CAG length
Alleles N Normal allele Expanded Age at Dlsea_se
allele onset* duration
C 37 22+4 7143 39+1 1248
IL1A c-889C>T T 48 2145 70+4 3741 1149
C 49 2245 71+4 38+1 1148
IL1B c.-511C>T T 37 2245 70+4 38+1 1149
G 20 2045 70+4 4142* 11+7
L6 c-174G>C C 66 2245 7143 3741% 1249
G 55 22+4 7143 3741 1249
TNF c-308G>A A 31 2045 70+4 3841 1047
Absent 76 2145 70+4 39+1* 1148
APOE €2 allele Present 9 2246 7043 3242* 13+12

CAG length in normal and expanded allele, as well as disease duration is represented as mean + standard deviation;
*Age at onset was adjusted for mean CAG length and are represented as mean + standard error; * p<0.05 was
considered statistically significant.
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ABSTRACT

Background: Machado-Joseph disease (or spinocerebellar ataxia type 3) is a late-onset
polyglutamine neurodegenerative disorder, caused by a mutation in the ATXN3 gene, which
encodes for the ubiquitously expressed protein ataxin-3. Previous studies on cell and animal
models have suggested that mutated ataxin-3 is involved in transcriptional dysregulation. Starting
with a whole-transcriptome profiling of peripheral blood samples from patients and controls, we
aimed to confirm abnormal expression profiles in Machado-Joseph disease and to identify

promising up-regulated genes as potential candidate biomarkers of disease status.

Methods: The Illumina Human V4-HT12 array was used to measure transcriptome-wide gene
expression in peripheral blood samples from 12 patients and 12 controls. Technical validation and

validation in an independent set of samples were performed by quantitative real-time PCR.

Results: Based on the results from the microarray, twenty-six genes, found to be up-regulated in
patients, were selected for technical validation by quantitative real-time PCR (validation rate of
81% for the up-regulation trend). Fourteen of these were further tested in an independent set of
42 patients and 35 controls; ten genes maintained the up-regulation trend (FCGR3B, CSR2RA, CLC,
TNFSF14, SLA, P2RY13, FPR2, SELPLG, YIPF6 and GPR96); FCGR3B, P2RY13 and SELPLG were

significantly up-regulated in patients when compared to controls.

Conclusions: Our findings support the hypothesis that mutated ataxin-3 is associated with
transcription dysregulation, detectable in peripheral blood cells. Furthermore, this is the first
report suggesting a pool of up-regulated genes in Machado-Joseph disease, which may have the

potential to be used for fine phenotyping of this disease.
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INTRODUCTION

Machado-Joseph disease (MJD; MIM #109150; ORPHA98757), also named spinocerebellar ataxia
type 3 (SCA3), is the most common autosomal dominant ataxia worldwide [1], and the second
most common polyglutamine (polyQ) disorder, following Huntington disease (HD) [2]. MID is a
clinically heterogeneous neurodegenerative disorder with an average onset around the fourth
decade of life [3,4]. It is characterized by a wide range of manifestations, including ataxia,
progressive external ophthalmoplegia, pyramidal and extrapyramidal signs, dystonia with rigidity
and distal muscular atrophy [3,4]. A widespread neuronal loss in the cerebellum, pons, medulla
oblongata, basal ganglia, thalamus, midbrain and cerebral cortex is also common in this disease
[5]. Effective treatment for MJD is still lacking, and only symptomatic therapeutics is available [6].
The MJD’s gene - ATXN3 - mapped to 14932.1 contains a (CAG)n tract at exon 10, which in mutant
allele is expanded, typically beyond 51 repeat units [7,8]. A negative correlation between the
number of CAG repeats in the expanded allele and the age at onset has been widely described,
with the size of the CAG tract accounting for nearly 50% to 75% of the variation in the age at onset
[6]. The ATXN3 gene encodes for ataxin-3, a polyQ protein ubiquitously expressed in neuronal and
non-neuronal tissues. Expansions of the polyQ tract above the pathological threshold initiates a
cascade of pathogenic events that are being extensively studied (e.g. [9,10]). Similarly to MID, it
is known that in other polyQ diseases the expanded repeat triggers conformational changes in the
corresponding proteins, leading to the formation of intracellular inclusions, considered the
hallmark of this group of disorders [11]. In MJD, however, the characteristic neuronal intranuclear
inclusions do not seem to be the main toxic entity (reviewed in [9]). Mutated ataxin-3 seems to
be involved in transcriptional regulation via two processes: 1) recruitment of transcription factors
to polyQ-rich inclusions [12-14]; and 2) altered interactions with transcription factors and co-
activators [15-19]. So far, patterns of transcriptional dysregulation due to mutated ataxin-3 have
been studied only in cellular and animal models. In such models, transcriptional alterations of

genes involved in inflammatory processes, cell signaling and cell-surface associated proteins has
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been described [17,20,21]. Studies of disease-modifying compounds, in the context of clinical
trials, have been recently initiated for MJD [22,23], but gross clinical evaluation alone might not
be sensitive enough to monitor disease progression and detect subtle therapeutic benefits; this is
particularly true in diseases of slow progression, such as MJD. The development of disease-related
biomarkers is therefore urgently needed. Gene expression profiling arrays, by identifying disease-
specific transcriptional changes in blood, an easily accessible tissue, can boost the identification
of potential biomarkers (reviewed in [24]). Thus far, these transcriptional changes have not been
investigated in MJD patients, and their potential as biomarkers of disease remains to be evaluated.
In this study we used microarrays to generate gene expression profiles in peripheral blood samples
of MJD patients, aiming to confirm the presence of altered gene expression patterns in MJD and

to identify up-regulated genes as potential candidate biomarkers of disease status.

METHODS

Subjects and sampling

Peripheral blood was collected from MJD Azorean patients and control individuals. A set of 12
patients and 12 controls was used for the gene expression microarray analysis and technical
validation (Table 1). To ensure a homogeneous group of subjects, patients with an age at onset
around the average (~40 years) in our series of cases, and presenting mainly cerebellar alterations,
were selected for this phase of the study. An independent set of 42 patients and 35 controls was
used for further validation (Table 1). All patients had a clinical and a molecular diagnosis of MJD
(confirmed carriers of the ATXN3 mutation). Patients were recruited through the Department of
Neurology - Hospital Divino Espirito Santo (HDES, Ponta Delgada, Azores, Portugal). This study was
approved by the Ethics Committee of the HDES, and all participants provided written informed

consent.
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Table 1. Characteristics of the MJD patients and controls according to the phases of the

study.
STUDY DESIGN
MJD PATIENTS
Microarray & Technical Independent set
validation validation
N 12 42
Female|Male 102 26|16
Age (years) 4246 [34-52] 47+15 [22-82]
Age at onset (years) 3416 [28-46] 37+13[12-70]
CAG repeats
Normal allele 2016 [14-29] 2145 [14-29]
Expanded allele 72+2 [69-75] 714 [62-79]
Disease duration (years) 8+3[6-17] 108 [0-30]
CONTROLS
N 12 35
Female|Male 6|6 23|12
Age (years) 37+13[19-61] 46112 [24-77]

All quantitative variables were presented as mean + standard deviation [range].

RNA isolation and gene expression microarrays

Whole-blood samples were collected in Tempus™ Blood RNA tubes (Applied Biosystems) and total
RNA was isolated using the Tempus™ Spin RNA Isolation Kit (Applied Biosystems), following the
manufacturer’s protocol. The integrity of total RNA samples was assessed using the RNA 6000

Nano Kit on a 2100 Bioanalyzer (Agilent Technologies).

RNA was amplified, biotin-labeled and hybridized on a transcriptome-wide expression Illumina
Human V4-HT12 array. Slides were scanned using lllumina BeadStation, and the signal was
extracted using the Illumina BeadStudio software. All arrays were performed in the same core

facility.

Technical validation of candidate blood-based biomarkers

As up-regulation is more reliably detected than down-regulation, since it is not dependent on the
lower detection limit of the quantification methods, for the next phases of the study, we ranked
and selected only those genes that in the gene expression microarray were up-regulated in

patients. Therefore, up-regulated genes with a Benjamini-Hochberg false discovery rate (FDR)
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adjusted p-value <0.05 and a log ratio > 1.2 were ranked. Consistency of the log ratio between
pairs and maximal values of expression levels were further evaluated as criteria for the ranking
procedure. Twenty-six genes fulfilled the previously described criteria were selected for
guantitative real-time PCR (qPCR) technical validation, using the same set of samples previously

used in the microarrays.

One microgram of total RNA was used to synthesize cDNA using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems), according to the manufacturer’s protocol. The TagMan
Gene Expression Master Mix and pre-validated TagMan Gene Expression Assays (TagMan IDs are
described in Table 2) were used for gPCR (Applied Biosystems). TagMan gene expression assays
were designed, tested and optimized to address all MIQE guidelines [25]. More information on
these assays is given in the white paper by Life Technologies (available at:

https://tools.lifetechnologies.com/content/sfs/brochures/cms 088754.pdf. The PPIB (pepti-

dylpropyl isomerase B; Hs00168719 m1) gene was used as the reference gene for gPCR
validation. This reference gene is one of the most stably expressed genes in human blood, suitable
for normalization in gPCR studies [26]. Moreover, PPIB gene was identified as an appropriated
gene for expression normalization in blood of Huntington disease patients and R6/2 mice [27].
gPCR was performed in a 7900HT Fast Real-Time PCR System (Applied Biosystems). Each sample

was run in triplicate alongside with the reference gene.

Validation in an independent set of samples

From the list of 26 genes subject to the technical validation, the 14 genes showing a consistent
up-regulation trend in the technical validation phase, with the highest fold change and/or the
lowest p-values, were further investigated in an independent set of samples (42 patients and 35
controls). The gPCR methodology was as described above (technical validation of candidate blood-

based biomarkers subsection). Gene ontology (GO) annotations were performed in Qiagen’s
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interactive pathways analysis (IPA) software (QIAGEN Redwood City,

www.qgiagen.com/ingenuity).

Statistical analysis

Raw data obtained from the lllumina Human V4-HT12 arrays were analyzed with Bioconductor
packages, as previously described [28]. Briefly, quality assessment included inter-array Pearson
correlation and clustering based on top variant genes. Raw expression values were log2
transformed and normalized using quantiles. Batch effects were corrected using the ComBat
algorithm [29]. Differential expression analysis (patients vs. controls) was performed using the
limma package [28]. Up-regulated genes were considered for further analysis when FDR adjusted
p-value was lower than 0.05, and log ratio was higher than 1.2-fold. Since controls were hybridized
in separate batches an increased rate of false positives was expected. Therefore, to minimize this
issue we applied a batch-correction algorithm (see above), adopted a very conservative statistical

threshold (FDR <0.05), and verified all selected candidates by gqPCR.

In the qPCR validation phases of this study (technical validation and validation in an independent
set of samples), relative expression values were normalized to the reference gene (PPIB), and fold
change values were calculated using the 222 method [30]. A two-sample, two-tailed Student’s t-
test was used to compare the ACq(Cg, also named cycle threshold - Ct, is quantification cycle — Cq,
as suggested by MIQE guidelines [25]) values between the two biological groups (patients vs.
controls), and a p-value was calculated. All statistical procedures were performed using the

DataAssist v3.0 software (Applied Biosystems).

RESULTS

Microarray-based gene expression profiling was used to analyze global gene expression in

peripheral blood samples of MJD patients and controls. We identified a total of 5,523 up-regulated
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probes, whereas 6,232 were down-regulated (FDR adjusted p-value < 0.05) when comparing

patients to controls.

From the 26 top candidate biomarkers (Table 2) selected for technical validation by gPCR, we
confirmed an up-regulation trend in 21/26 genes (validation rate of 81%), although only ten were
statistically significant. From these 21 genes, fourteen (Table 2) were selected for validation by
gPCR in an independent set of MJD patients and controls. Given the fact that the gender ratio in
our first set of MID samples was skewed towards females, we choose a 1:1 male to female ratio
in our independent set of samples (both cases and controls) to ensure that the observed up-
regulation was not due to a gender effect. In this phase, a validation rate of 71% was obtained,
with 10/14 genes showing an up-regulation trend. In the new set of samples, the expression levels
of FCGR3B, CSF2RA, CLC, FPR2, SLA, GPR97, P2RY13, TNFSF14, SELPLG and YIPF6 were 1.11 to 2.60-
fold higher in patients when compared to controls (Figure 1; Table 2). Noteworthy, FCGR3B,
P2RY13 and SELPLG genes were significantly up-regulated (p-value<0.05). According to gene
ontology functional annotations, these genes are mostly related to the immune system response
(FCGR3B, CSF2RA, FPR2, TNFSF14, and SELPLG) and G-protein coupled receptor signaling (FPR2,

GPR97 and P2RY13).
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Figure 1. Fold change (FC) values for the 10 genes maintaining an up-regulation trend in an independent set
of MJD patients versus controls. Error bars were obtained by the standard error of mean (SEM) difference
of the ACq values, and presented as FC x (258V-1) as described elsewhere [37]. FC=1 implies the absence of
expression change. P-value was considered significant when lower than 0.05.
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Within the patients group (patients from technical and independent set validation), our data
shows a trend for higher expression levels in patients with shorter disease duration compared
with patients with longer disease duration, especially for FCGR3B and CLC, which were statistically
significant (Figure 2). The comparison between fold change values in patients grouped by CAG size

in expanded allele failed to produce significant results (data not shown).
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Figure 2. Fold change (FC) values of the 10 genes, previously validated as biomarkers of MJD status, in
controls, patients with 9 or less years elapsed since onset (short disease duration) and with more than 10
years elapsed since onset (long disease duration). Disease duration was defined as the number of years
elapsed from reported age at onset to the collection of blood samples for each patient. Error bars were
obtained by the standard error of mean (SEM) difference of the ACq values, and presented as (FC) x (25V1)
as described elsewhere [30]. FC=1 implies the absence of expression change. *the statistical difference is
significant (p-value used was <0.05).
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CHAPTER V

DISCUSSION

In this study we confirmed that transcriptional dysregulation can be detected in peripheral blood
samples of MJD patients. We report a set of 10 genes - FCGR3B, CSF2RA, CLC, FPR2, SLA, GPR97,
P2RY13, TNFSF14, SELPLG and YIPF6 - that consistently show an up-regulation trend in MJD
patients when compared to controls. Three of these genes - FCGR3B, P2RY13 and SELPLG - were
significantly up-regulated, and therefore should be considered in future studies as biomarkers of
disease status. Moreover, the significantly increased levels of FCGR3B and CLC mRNAs observed
in early MJD stages suggests that, even in a non-affected tissue (such as blood), a cellular response
closer to the disease onset is activated in the presence of mutated ataxin-3; with disease
progression (specifically more than 10 years after onset) expression levels of these genes fall to
levels closer to those found in healthy individuals. These findings suggest a potential of the
reported genes to monitor disease stages; further investigation is nevertheless, required. The
potential of molecular alterations in the fine phenotyping of a polyQ disease was shown by
Bjorkqvist and collaborators, which observed higher levels of interleukin (IL) 6 in plasma of
Huntington disease (HD) gene carriers, in average 16 years before the predicted onset of clinical
symptoms [31]. This study, also reported, that IL12 and granulocyte-macrophage colony-
stimulating factor (GM-CSF) levels significantly decreased from early to moderate stages of the

disease [31].

To our knowledge, from the abovementioned genes, only TNFSF14, CSF2RA and FPR2 have been
previously associated with neurodegenerative disorders. TNFSF14 has been associated with
amyotrophic lateral sclerosis (ALS) [32], and the latter two genes with Alzheimer’s disease (AD)
[33,34]. TNFS14, which is known to be expressed in immature dendrocytes, activated
lymphocytes, monocytes and natural killer cells, motor neurons and astrocytes, has been shown
to be up-regulated in the spinal cord of ALS patients [35]. This cytokine is known to be important

for both innate and adaptive immune processes, and also functions with interferon-y to induce a
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singular slow apoptotic death in tumour cells. Soluble TNFSF14 produced by astrocytes in ALS acts
as a death-inducing ligand in motor neurons [35]. The genetic ablation of the tnfsfi4 gene
(orthologue to human TNFSF14) in an ALS mouse model has been related to a slow disease
progression as well as an extended life expectancy, suggesting a possible modifier role for this

gene [32].

CSF2RA encodes the alpha subunit of the heterodimeric receptor for colony stimulating factor 2
(CSF2), a hematopoietic factor. In recent years, CSF2 has been shown to be an important
neurotrophic factor in the central nervous system via binding to its receptor. Both CSF2 and
CSF2RA are expressed in neurons throughout the CNS, astrocytes, ependymal cells, and choroid
plexus cells. In AD, expression of the protein encoded by CSF2RA has been found to be
dysregulated in the hippocampus of patients [34]. No further links to neurodegenerative diseases

have been established for this gene.

The formyl peptide receptor 2 (encoded by FPR2) is a G-protein-coupled receptor (GPCR) of
bacterial chemotactic peptides expressed in B cells, mononuclear phagocytes and microglia. In AD
models, the interaction between AP42 and FPR2 is clearly associated with microglial cell
activation. Moreover, a persistent internalization of AB42/FPR2 complexes, which culminates in
intracellular fibrillar formation and apoptotic death of the cells, suggests that FPR2 can be a
possible therapeutic target for AD [33]. Other members of the GPCR superfamily, which in our
study, includes two dysregulated genes (P2RY13 and GPR97), have been previously reported in
polyQ-associated neurodegeneration. In MJD models, the involvement of the adenosine A2a
receptor (A2aR), a GPCR subtype, has been reported [36]. It has been suggested that striatal
pathology associated with mutant ATXN3 overexpression in a lentiviral-based model can be
abolished by inactivation of A2aR, providing the first evidence that manipulation of a
neuromodulation system operated by A2aRs is effective in controlling the initial cascade of events

triggered by the pathogenic ataxin-3 protein (synaptotoxicity and gliosis) [36]. The P2Y5 gene, a

101



CHAPTER V

member of the same purinergic receptor family as P2RY13, has been validated as a candidate

biomarker in HD blood cells [37].

FCGR3B and SELPLG genes were significantly up-regulated in MJD patients. Fc fragment of I1gG,
low affinity lllb, receptor (FCGR3B) is an Fc gamma receptor (FcyR), which belong to a family of
immunoglobulin-like receptors that bind to the Fc portion of IgG, and mediate the response of
effector cells to immune complexes [38]. Activation of these receptors can result in a pro-
inflammatory response including the release of cytokines and other mediators. Evidences
concerning the ligation of specific FcyRs in the CNS by IgG and alternate ligands, which promote
neuroinflammation and/or enhance neurodegeneration, were previously reported [38]. Selectin
P ligand (SELPLG) gene encodes a glycoprotein that functions as a high affinity counter-receptor
for the cell adhesion molecules P-, E- and L- selectin expressed on myeloid cells and stimulated T
lymphocytes [39]. The selectin family mediates the tethering and rolling of leukocytes on the
vascular wall during the process of leukocyte migration into the tissues under physiological and
pathological conditions [40]. The role of selectins in leukocyte-endothelial interactions in the
pathogenesis of neurological diseases had been debated [40]. Rodrigues and collaborators
reported that depletion of ATXN3, using small-interference RNA in human and mouse cells, causes
a decrease in expression of important cell adhesion molecules, indicating that the extracellular

matrix—cell or cell—cell interconnection was compromised [41].

Five of the ten candidate biomarkers identified in the present study play a role in immune system
pathways. This is not surprising given the cellular source of the mRNA used in our analysis.
Noteworthy, this finding is in line with previous studies, which have shown that mutant ataxin-3
mediates up-regulation of several cytokines and cytokine-inducible transcription factors in cell
models and in brain tissue of MID patients [17,20,42], although none of the previously reported
genes were up-regulated in our study. Immune system alterations have also been reported in

peripheral blood of HD patients, inclusively before the manifestation of motor symptoms
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[31,43,44]. Globally, it seems that genes involved in immune system and GPCRs may constitute
good candidates for biomarkers in polyQ disorders, and should be considered in future studies of

MJD progression.

In summary, our results support the hypothesis that mutated ataxin-3 is associated with
transcription dysregulation in peripheral blood cells. Based on the transcriptional profile of MJD
patients, this study identified for the first time a pool of up-regulated genes in this disease. The
understanding of how the up-regulation of these genes relates to clinical-associated progressive
features during the natural history of MJD will be crucial in clinical trials measuring the

effectiveness of new drugs.
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ABSTRACT

The development of molecular biomarkers for spinocerebellar ataxia type 3 (SCA3), a currently
untreatable late-onset neurodegenerative disorder, is challenging. Transcriptional dysregulation,
recently confirmed in blood samples of SCA3 patients, prompted the investigation of dysregulated
MRNA levels as a way to identify candidate biomarkers. To pursuit this hypothesis, the expression
patterns of nine genes - HSPB1, DNAJB1, DNAJB12, DNAJB14, BAX, BCL2,50D2, IL1B and IL6 genes,
previously reported as dysregulated in SCA3, was investigated by quantitative real-time PCR. After
a cross-sectional analysis enrolling 16 preataxic subjects, 74 SCA3 patients and 36 community
controls, we retrieved the most relevant dysregulated genes and further evaluated their transcript
levels in a longitudinal analysis, using a subset of 14 SCA3 patients for which samples from two
visits were available. Decreased levels of /L6 and BCL2 mRNA were observed in preataxic subjects.
Lower HSPB1 and BCL2 mRNA levels after the ataxia onset were, furthermore, evidenced. HSPB1
MRNA levels evaluated in a longitudinal design tended to increase, although a larger cohort will
be need to confirm this finding. All 14 patients shown a significant decrease of BCL2 mRNA levels
during disease progression. Although several steps of validation, namely testing in other SCA3
cohorts and correlations with clinical rating scores, BCL2 can be considered a promising biomarker
of SCA3 progression. Such molecular markers will be mandatory to complement clinical and

imaging measures, already at use in interventional trials.
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INTRODUCTION

Despite the fact that polyglutamine (polyQ) disorders remain untreatable, interventional studies
have become a reality for a number of them. The success of clinical trials, however, is dependent
on the improvement of sensitivity and reliability of current clinical and imaging outcome
measures. In fact, limitations of these measures are widely acknowledged: imaging remains an
expensive and time-consuming approach, whereas clinical measures can be subjective, not being
suitable, moreover, for studies including preclinical subjects [1]. The identification of molecular
biomarkers is therefore of particular importance, since these should allow the fine tracking of
disease progression, starting from the preclinical stage, as well as enable the detection of subtle
therapeutic benefits. The spinocerebellar ataxias (SCAs) are a subgroup of polyQ diseases, from
which the most prevalent is the type 3 (SCA3; Machado-Joseph disease - MJD). SCA3 is a late-onset
degenerative disorder affecting mainly the cerebellum and brainstem [2]; this disorder is caused
by an instable CAG repeat motif in the ATXN3 gene [3,4], encoding for the ubiquitously expressed
protein ataxin-3 [5]. An expanded polyQ tract, consensually corresponding to more than 50
glutamines [6] results in a toxic gain of ataxin-3 function, leading to selective neuronal death [5].
A complex net of mechanisms, which includes transcriptional dysregulation, is implicated in SCA3
pathogenesis (reviewed in [7]). Alterations in transcription have been recently reported in blood
samples of SCA3 patients [8], further confirming that dysregulation in the presence of mutated
ataxin-3 is not limited to the central nervous system. In a microarray based cross-sectional study
we have previously identified three genes, FCGR3B (Fc fragment of 1gG, low-affinity Illb, receptor
(CD16b)), P2RY13 (Purinergic receptor P2Y, G-protein coupled, 13) and SELPLG (Selectin P ligand),
whose expression was significantly dysregulated in blood samples of SCA3 patients; moreover,
FCGR3B and CLC (Charcot-Leyden crystal protein) mRNA levels significantly correlated with

disease duration [8].
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To further improve our knowledge on gene expression alterations in SCA3 we searched in the
literature for molecules reported as being dysregulated in the presence of ataxin-3. In this study
a candidate-approach was used to investigate the expression patterns of nine genes - HSPB1 (heat
shock 27kDa protein 1), DNAJB1 (Dnal (Hsp40) homolog, subfamily B, member 1), DNAJB12 (Dnal
(Hsp40) homolog, subfamily B, member 12), DNAJB14 (Dnal (Hsp40) homolog, subfamily B,
member 14), BAX (BCL2-associated X protein), BCL2 (B-cell CLL/lymphoma 2), SOD2 (superoxide
dismutase 2, mitochondrial), IL1B (interleukin 1, beta) and /L6 (interleukin 6) genes. After a cross-
sectional analysis enrolling preataxic subjects, SCA3 patients and community controls, we
retrieved the most relevant dysregulated genes and further evaluated their transcript levels in a
longitudinal analysis, using a subset of SCA3 patients for which samples from two different visits

were available.

The present study should contribute to the identification of molecular markers of SCA3, whose
behavior can be associated with different stages of disease progression, including the preclinical
stage. Such molecular markers will be mandatory to complement clinical and imaging measures,

already at use in interventional trials.

SUBJECTS AND METHODS

Subjects

Cross-sectional analysis

RNA samples from 74 patients and 16 preataxic subjects as well as from 36 apparently healthy
individuals (community controls) were used in this study. Preataxic subjects were defined in
accordance with Maas and colleagues [9]. Age at onset was defined as the age of appearance of
the first symptoms (gait disturbance and/or diplopia) reported by the patient and/or a close

relative. The size of CAG repeats in the normal and expanded alleles was determined in a single
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laboratory, using the protocol described by Bettencourt and colleagues [10]. A summary of genetic
and clinical features of the SCA3 subjects analysed in this study is shown in Table 1. All participants

completed the informed consent process and signed a consent form.

Table 1. Characterization of the SCA3 subjects included in the present study.

Patients Preataxic subjects = Community controls
N=74 N=16 N=36

Female|Male 33|41 10|6 26|10
Age at collection 50+14 | [22-82] | 50  30+8 | [21-44] | 29  42+13 | [22-77] | 41
CAG Normal allele 2145 | [14-29] | 23 2045 | [14-28] | 21
repeat size  Expanded allele 71+4 | [62-79] | 71 69+4 | [62-75] | 68
Age at onset 38+12 | [13-71] | 36
Disease duration 1249 | [0-36] | 12

!mean + standard deviation | [minimum - maximum] | median. Age at collection, age at onset and disease duration
are shown in years.

Longitudinal analysis

For 14 of the 74 patients used in the cross-sectional analysis, samples collected at two distinct
visits were available. Intervals between the baseline of the study and at the second visit ranged

from one to seven years.

Gene selection

A literature search in Pubmed [11] was conducted to identify studies reporting dysregulation of
mRNA and/or protein levels in the presence of mutated ataxin-3. Transcripts/proteins whose
expression levels were reported as being dysregulated were listed (Table 2); those whose
expression pattern (up- or down-regulation) was further supported with data from our previous
microarray experiment [8], were selected: HSPB1 [12-15], DNAJB1 [13,14], DNAJB12, DNAJB14,

BAX [16-18], BCL2 [16,17,19], SOD2 [20], IL1B [21] and IL6 [21,22] (Table 2).
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CHAPTER VI

Quantitative real-time PCR (qPCR)

MRNA levels were quantified as described elsewhere [8]. The pre-validated TagMan Gene
Expression Assays used in this study are listed in Table 2. Relative expression values, normalized

to the reference gene (PPIB), were calculated using the 2% method [23].

Statistical procedure

Normal distribution of continuous variables was tested using the Kolmogorov-Smirnov test; when
violation of the assumption of normality was verified, non-parametric tests were performed. If no
alternative for the non-parametric tests was available (e.g. ANCOVA), log-transformed variables

were used.

Cross-sectional analysis

MRNA levels were compared between biological groups by the ANCOVA procedure; p-value was
corrected using the Bonferroni method. Correlations between mRNA levels, CAG size in expanded
allele, age at onset and disease duration were obtained by the partial correlation test. Age at blood

collection was used as covariate in ANCOVA as well as in the partial correlation test.

Longitudinal analyses

In order to account for irregular intervals between patients visits, unstandardized residuals from
a linear regression model were obtained. Briefly, a regression model was created using the age at
blood collection and the disease duration as predictors and mRNA level for each gene as the
dependent variable; the difference between the quantified mRNA level and the value predicted
by the model is the unstandardized residual (supplementary Table 1). For each patient the
estimated mRNA level was obtained by the difference between the quantified mRNA expression
value and the unstandardized residual value. Unstandardized residuals were calculated at the
baseline, as well as at the second visit. Estimated mRNA values were further tested using statistical

procedures for related samples (Wilcoxon Matched-Pair Signed Rank).
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All statistical tests were run in IBM SPSS Statistics 22; p-value lower than 0.05 was considered

statistically significant.

RESULTS

HSPB1, BCL2 and IL6 mRNA levels are altered in non-ataxic and ataxic stages

Results from the cross-sectional analyses are shown in Figure 1. For HSPB1 contradictory results
have been reported (Table 2); this gene was down-regulated in our set of preataxic subjects as
well as patients, reaching significance in these last. Although not significant, a tendency for
decreased HSPBI1 levels during progression was evidenced. BCL2 maintained the dysregulation
trend reported in the literature (Table 2) being significantly down-regulated in preataxic subjects
as well as in SCA3 patients. BCL2 mRNA levels tended to increase during progression of the
disease, however, differences were not significant. /L6 mRNA levels, reported in the literature as
increased in the presence of ataxin-3 (Table 2), were decreased in carriers of the ATXN3 mutation,
reaching significance in the comparison between preataxic subjects and controls; IL6 mRNA levels,

however, shown a high inter-individual variability for all groups analyzed.

= Controls (N=36) = Preataxic carriers (N=16) = Patients (N=74)
0,45 9 0,020
g O 8 0,018
i 0,35 7 0,016
o
S & 030 6 0,014
i 0,012
22 025 5
T8 0,010
i’g 0,20 4 0,008
£S5 05 3 0,006
2
< 0,10 % 0,004
T 005 1 = 0,002
0,00 0 = 0,000
DNAJBI HSPB1 DNAJB14 DNAIB12 BAX BCL2 SoD2 1L18 IL6

Figure 1. mRNA levels for the nine genes under study in preataxic subjects, patients and controls. mRNA
levels were adjusted for age at blood collection (45 years). *p<0.05 was corrected for multiple comparisons
using the Bonferroni procedure.
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BCL2 mRNA levels are altered during disease progression

Based on the cross-sectional analysis, the most relevant genes differentially expressed in patients
as compared with controls - HSPB1 and BCL2 - were selected for a longitudinal study, aiming to
analyse the behaviour of these genes in follow-up samples. In the set of 14 patients analysed,
HSPB1 mRNA adjusted levels decreased in 9 patients between the baseline and the second visit,
although differences were not significant. BCL2 mRNA adjusted levels were found to be
significantly increased between the baseline and the second visit (z=-3.296, p=0.001; Figure 2);
noteworthy, the same expression behaviour (increase in expression) was observed for all 14

patients.

HSPB1 mRNA levels

0,35 CTRLs = 0.320+0.025
0,3 -
0,25

0.2

0,15

0,1

0,05
p=0.109

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14

BCL2 mRNA levels
0,35

0,3

0,25 CTRLs =0.237+0.013
0,2

0,15
0,1

0,05
p=0.001

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14

——Baseline ——Second moment

Figure 2. HSPB1 and BCL2 mRNA levels for the 14 patients used in the longitudinal
analysis. Estimated mRNA levels (after removing the effect of age at blood collection and
disease duration in each visit) were compared by the Wilcoxon Matched-Pair Signed Rank
test. The mean =+ standard error of mRNA levels quantified in controls is also shown.
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DISCUSSION

In the present work nine candidate genes, whose expression had been previously reported as
altered in the presence of mutant ataxin-3 were analysed in SCA3 preataxic carriers, patients and
controls. When compared to controls HSPB1, BCL2 and IL6 mRNA levels were altered in SCA3
subjects. For HSPB1, a decrease tendency during disease progression was observed, although
differences between mRNA levels of preataxic carriers and patients were not significant. HSPB1
was further tested in the longitudinal setup for which results confirm a trend for decrease during
progression, but failed to reaching significance. The consistent tendency for decrease in SCA3,
starting from the preclinical phase, however, cannot be ruled out since longitudinal study could
be underpowered. HSPB1 belongs to the family of small heat-shock proteins, whose role in
neurodegenerative diseases has been widely investigated (reviewed in [24]). Results from
previous studies concerning HSPB1 levels are not consensual (Table 2); our results was in
agreement with findings observed in a SCA3 mutant neuronal cell line and in lymphoblastoid cell
lines [15]. The dual role of HSPB1, acting as chaperone or having anti-apoptotic properties
(reviewed in [25]), could be on the basis of differences in expression levels between studies. The
up-regulation of HSPB1 levels in SCA3 brain tissues [12] could be a compensatory mechanism to

revert cell death in late stages of the disease.

BCL2 mRNA levels were significantly down-regulated both in preataxic subjects as well as in
patients compared to controls. The cross-sectional analysis also revealed that, in SCA3 subjects,
BCL2 levels show a non-significant tendency for increasing from the preataxic to the disease stage.
This tendency is in agreement with the significant increase in BCL2 levels observed in the
longitudinal study. BCL2 encodes an anti-apoptotic protein named B-cell CLL/lymphoma 2
(reviewed in [26]), for which low levels in the presence of mutant ataxin-3 were described (Table
2). Tien and colleagues have described that decreased levels of BCL2 may be caused by defects in

MRNA stability; BCL2 mRNA decay was ~3.5 fold faster in a mutant SCA3 cell line (COS7-MJD78-
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GFP) compared to parental cells (COS7-MJD26-GFP) [19]. In SK-N-SH-MJD78 cells, a cell line which
mimics early stages of SCA3 disease, a higher number of apoptotic cells were found when
compared to SK-N-SH-MJD26 control cells [18]; moreover, overexpression of BCL2 protected
mutant cells against polyQ-induced cell death [18]. We can postulate that an increase in BCL2

expression levels during disease progression represents an attempt to modulate cell death.

In the cross-sectional study, significantly decreased levels of /L6 mRNA levels were observed in
preataxic subjects; the high inter-individual variability for the expression values one this gene was,
however, acknowledged. IL6, a member of the cytokine family, is a modulator of the immune
system whose association with other polyQ disorders, namely Huntington disease, has been
reported (reviewed in [27]). A previous study by Carvalho and collaborators [28], using blood
samples from patients and from a similar number of preataxic SCA3 carriers also failed to detect
significant differences in the amounts of interleukin-6. Furthermore, no dysregulation was
detected in blood from a genetrap SCA3 mouse model without disease phenotype [29]. On the
other hand, higher levels of interleukin-6 staining have been described in brain tissues of SCA3
patients [21,22]; the same up-regulation trend has been reported in a rat model of SCA3 [22].
Non-consensual results available for /L6 in SCA3 could be related with several factors, namely: a)
studies from Evert and colleagues [21,22] used a limited number of SCA3 brain samples, which
represented the final stage of the disease; therefore, the reported inflammatory process could be
reflecting the general neuronal death and not the presence of the mutant ataxin-3 itself; and b)
other studies [29] for /L6 also report an important degree of inter-individual variability for the
expression levels, similarly to what was seen in this study, corroborating the hypothesis that such

levels are affected by several non-specific factors.

Although further work will be necessary to confirm the value of BCL2 and HSPB1 as transcriptional
biomarkers of SCA3, both can be considered promising candidates. To our knowledge, this is the

first study investigating molecular alterations in longitudinal blood samples of SCA3 patients; due
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to the limited group size, however, longitudinal analyses with more samples would be further
required, as well as validation in independent cohorts. Moreover, correlations of mRNA levels with
clinical measures and imaging data will also be mandatory. Because these genes are implicated in
pathways related to mechanisms involved in disease pathogenesis, namely apoptosis and protein
quality control, evaluating their expression levels during a therapeutic intervention may also be

potentially relevant.
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ABSTRACT

Mitochondrial DNA (mtDNA) damage and depletion has been inconsistently reported in
spinocerebellar ataxia type 3 (SCA3), a late-onset proteinopathy. Correlations between mtDNA
content or common deletion frequency and clinical features, as well as their behavior during the
natural history of SCA3, including the preclinical stage, have never been investigated. This study
aims to contribute to the clarification of the potential of these mtDNA dysfunction-associated
alterations as markers of SCA3 progression. Sixteen preataxic SCA3 carriers, 93 patients and 103
population controls were enrolled in the study. The comparison of mtDNA content between
Azorean SCA3 patients, preataxic carriers and controls failed to reveal significant differences. The
common deletion was significantly more frequent in patients (1.8 times higher) and preataxic
carriers (4.2 times higher) than in controls. This study suggests that the frequency of the common
deletion could be a potential marker of the SCA3 preclinical stage. The investigation of its potential

in larger and independent cohorts as well as in a longitudinal setup is worth pursuing.
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INTRODUCTION

Mitochondrial DNA (mtDNA) depletion as well as increased number of deletions (namely the
m.8470_13446del4977 deletion, also known as common deletion, an age-related marker),
previously associated with neurodegeneration, have been described in spinocerebellar ataxia type
3 (SCA3) mutant cell and animal models [1-3], as well as in blood samples from SCA3 patients
[1,4,5]. SCA3, also known as Machado-Joseph disease (MJD; MIM#109150; ORPHA98757), is a
late-onset proteinopathy, inherited as an autosomal dominant trait and caused by an abnormal
number of CAG repeats in the gene encoding for the ataxin-3 protein, ATXN3 [reviewed in 6]. First
clinical signs of SCA3, usually gait ataxia, occur at around 40 years of age [reviewed in 6], although
pathophysiologic changes are thought to occur many years or even decades earlier (preclinical
stage) [7]. Altered conformation of mutated ataxin-3 promotes a toxic gain of function,
compromising several cellular mechanisms, namely mitochondrial function [reviewed in 8].
Although mtDNA damage and depletion have been reported in SCA3 patients’ blood, previous
reports were not conclusive, either because they lacked power, enrolling from 14 to 61 patients
[1,4,5] or because age at sampling was not considered as covariate, a limitation that could be
distorting the results [4,5]. Correlations between mtDNA content or common deletion and clinical
features, namely age at onset and disease duration, as well as the behavior of both mtDNA
alterations during the natural history of SCA3, including the preclinical stage, have not yet been

reported.

To our knowledge, mtDNA depletion has been one of the most studied measures of mtDNA
dysfunction in blood cells of SCA3 patients, which justifies its investigation in a larger and
independent cohort, including SCA3 mutation carriers within the preclinical stage, whose results
are reported in this paper. Furthermore, correlations between mtDNA content or common
deletion frequency and the CAG size of expanded allele, age at onset as well as disease duration

were tested. The investigation of the behavior of mtDNA depletion and damage during SCA3
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progression could generate knowledge to be of use in interventional trials, namely those with
compounds targeting mitochondrial-related pathways. Furthermore, early detection of mtDNA

dysfunction, in a preclinical stage, is potentially of value in future preventive trials.

SUBJECTS AND METHODS

Sixteen preataxic carriers of the SCA3 mutation, 93 patients and 103 community controls were
enrolled in this study. The preataxic carriers were classified as in Maas and colleagues [7]. Age at
disease onset was defined as the age of the first appearance of gait disturbances, reported by the
patient and/or a close relative. Disease duration was defined as the number of years elapsed from
the reported onset to the time of blood collection. The number of CAG repeats at the ATXN3 locus
was determined using the protocol described by Bettencourt and colleagues [9]. The
characterization of the SCA3 subjects and controls used in this study is displayed in Table 1. All
participants provided written informed consent; this study is part of a project approved by the

Ethics Committee of Hospital do Divino Espirito Santo (Ponta Delgada).

Table 1. Gender and age at blood sampling of SCA3 patients, preataxic subjects and controls analysed in
the present study. Clinical and genetic features were described for patients and preataxic subjects.

Patients Preataxic subjects Controls
N=93 N=16 N=103

Gender (male|female) 46|57 5|11 48|45
Age at sampling (years)* 48+14 (17-82) 3016 (22-43) 43+14 (18-77)
CAG repeat size

Normal allele 2245 (14-29) 20+4 (14-28)

Expanded allele* 714 (62-79) 68+2 (65-74)
Age at onset (years) 37+12 (13-71)
Disease Duration (years) 1149 (0-36)

Values are presented as mean =+ standard deviation (minimum-maximum); #p<0.05 (mean differences between
the three biological groups were tested using an ANOVA test); *p<0.05 (means were compared by the
independent-samples T-Test).
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Quantitative real-time PCR (qPCR) was performed to obtain the relative expression values (22%)
for the RPPH1 (RNase P H1 RNA), the MT-ND1 (NADH dehydrogenase 1) and the MT-ND4 (NADH
dehydrogenase 4) genes, following the manufacturer instructions (TagMan® Gene Expression
Assays Protocol by Applied Biosystems). Each multiplex reaction (MT-ND1 and RPPH1 or MT-ND4
and MT-ND1) was run in triplicate and raw data were collected in the Applied Biosystems 7900HT
Fast Real-Time PCR system. MtDNA content was calculated as the cycle threshold (Ct) difference
between the MT-ND1 and the RPPH1; mtDNA common deletion frequency was calculated as the

Ct difference between MT-ND4 and the MT-ND1.

An ANCOVA test, followed by a Bonferroni correction, was performed to compare mtDNA content
and common deletion frequency between the three biological groups. Correlations between
mtDNA content, common deletion frequency, the number of CAG repeats in the expanded allele,
age at onset and disease duration were tested using the partial correlation test. Age at blood
collection was used as covariate. All statistical tests were performed in IBM SPSS Statistics 22; a p-

value lower than 0.05 was considered as statistically significant.

RESULTS AND DISCUSSION

The comparison of mtDNA content between Azorean SCA3 patients and controls failed to reveal
significant differences between these two groups; therefore, similarly to Zeng and colleagues [4],
we were not able to replicate results of mtDNA depletion, previously described in two different
SCA3 cohorts [1,5]. Several factors can contribute to differences in the outcome of the evaluation
of mtDNA content in SCA3 studies. The small number of patients analysed in some studies, as well
as the existence of confounding factors unaccounted for, such as age at sampling, are two factors
of particular relevance. Because a decrease in mtDNA content, as well as an increase in common
deletion frequency have been reported during the natural aging process [10], age is a factor that

consistently needs to be taken in consideration in studies investigating mtDNA. In the present
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work, although we were not able to select controls matched by age, its effect was adjusted in all
the analyses. A third factor could be the inclusion of patients in different stages of disease
progression, putatively reflecting different levels of cell dysfunction, blurring milder pathogenic

effects.

Preataxic subjects displayed a slightly higher (although non-significant) mtDNA content compared
to patients and controls (Figure 1, A). Higher mtDNA copy number has been reported in
asymptomatic carriers of other polyglutamine (polyQ) disorders, including SCA3, compared to
controls [5]. A longitudinal study in Huntington disease (HD), the most common polyQ disorder,
described a biphasic pattern of changes in the mtDNA/nDNA copy number during disease
progression [11]; mtDNA content increased before onset of motor symptoms and decreased after
symptoms appearance [11]; this pattern is in accordance with the tendency observed in the
present study. Noteworthy, because preataxic subjects were younger than SCA3 patients and
controls (Table 1) in all comparisons of mtDNA content and the frequency of common deletion,
the effect of age was accounted for in the ANCOVA model; the importance of this procedure has

previously been emphasised.

The common deletion was significantly more frequent in patients (1.8 times) than in controls
(Figure 1, B), a result which is in accordance with the report of Yu and collaborators [1]. The
common deletion frequency was also significantly higher and more pronounced in preataxic
subjects (4.3 times) than in controls (Figure 1, B). When comparing preataxic subjects and patients,

however, differences in the frequency of the common deletion were not significant.
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Figure 1. qPCR relative quantification of mtDNA content (A) and mtDNA deletion frequency (B) in blood
from patients, preataxic subjects and controls. Mean differences between the three biological groups were
tested using an ANCOVA, where age at blood collection was set as covariate. Relative expression levels of
mtDNA content and mtDNA deletion frequency were log-transformed to improve normality assumptions,
although non-transformed values are used in the graphics.
In SCA3 patients, no significant correlations between mtDNA content or common deletion with

genetic (humber of CAG repeats in expanded allele) or clinical variables (age at onset and disease

duration), were detected (data not shown).

In preataxic subjects, a correlation between the frequency of mtDNA common deletion and CAG
number in expanded allele was found (p=0.003, Figure 2); preataxic subjects carrying a higher

number of CAG repeats in the expanded allele present a lower frequency of the mtDNA deletion.
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Figure 2. Partial correlation between mtDNA deletion frequency and CAG size in
expanded allele in preataxic subjects (N=16). Age at blood collection was used as
covariate.
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Results concerning mtDNA content and frequency of the common deletion in the preclinical stage
are promising; however, replication in larger and independent cohorts of preataxic subjects, as
well as a more detailed investigation of the association between the frequency of the common
deletion and clinical data (namely using scores from clinical rating scales) will also be mandatory.
The availability of longitudinal data will also be of major importance to clarify the potential of

mtDNA dysfunction-related biomarkers at the preclinical stage.
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he Azorean MJD cohort, given its particular features, should provide the adequate scenario

to conduct research targeting this late-onset neurodegenerative disorder. In fact, the
genetic and clinical background noise usually inherent to investigations based on multi-centric
samples is reduced, therefore empowering studies. Exploratory studies to identify candidate
biomarkers, both clinical and molecular, have been carried out in the present dissertation. These
led to relevant positive findings, which establish a base for future studies. Notwithstanding, such
findings should be further explored and validated in independent replication cohorts. The ongoing
work should lead to the identification of molecular biomarkers, which will: (1) provide in depth
knowledge about the natural history of MID, by allowing better predictions of the age at onset
and facilitating prognosis, (2) monitor different stages of disease progression, including the
preclinical stage; and (3) empower future interventional trials. Noteworthy, studies aiming to
identify trait and/or state biomarkers are favoured if the genetic and clinical features of the cohort
under investigation are well known, as argued in Chapter I. Like other late-onset disorders, the
preclinical stage in MJD remains poorly understood; the Azorean cohort, which includes preataxic
carriers of the mutation, further potentiates research on this hardly accessible stage. The
investigation of the presence of nystagmus in the preclinical stage is an example of this type of
research (Chapter Il). In this work, two genetic modifiers of MJD onset — the number of CAG
repeats at the SCA1 locus (Chapter 1ll) and the /L6 c.-174G>C polymorphism (Chapter 1V) have
been proposed. These modifiers will now be added to those previously reported, globally
constituting candidate trait biomarkers; their universal validity remains under investigation. In the
guest for molecular state biomarkers, mRNA levels of FCGR3B, P2RY13, SELPLG measured in blood
samples from MJD patients have been proposed as candidates, based on several experiments
which demonstrated that their levels were dysregulated in patients, compared to controls
(Chapter V). Although cross-sectional designs are widely used for biomarker discovery, the
availability of samples from the same MIJD subject collected at two or more different moments,

therefore allowing longitudinal investigations, provides golden standard opportunities for state
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biomarkers identification. The exploratory study investigating the pattern of expression of HSPB1
and BCL2 (Chapter VI) along the natural history of the disease, from the preataxic to the ataxic
stage and then in progression, is a clear example of the potential of longitudinal studies. This type
of approach could also constitute the only way to enlighten certain aspects which remain
controversial in MJD, such as the presence and implications of mtDNA damage and depletion

(Chapter VII).

Strengths, limitations and unsolved aspects of the PhD project

In the four years during which the work presented in this thesis was undertaken, two different
aspects have been particularly discussed. Firstly, MID is a rare disorder worldwide, bringing
difficulties to the design of adequately powered studies. Secondly, to reach a sufficient number of
samples so that power can be increased, the use of different cohorts is required. Nevertheless,
some caution is necessary, since the analyses of larger but heterogeneous cohorts present its own
set of limitations (see Chapter IllI). Small populations, such as the Azores Islands, which started
from a limited group of founders present several of the advantages of population isolates: more
uniform genetic background, genealogical records that can trace back in time (e.g., [1,2]),
facilitated harmonization of phenotypic evaluation, as well as a more uniform environment [3].
The Azorean MJD cohort, being derived from the Azorean population, shares these advantages
and, therefore, has a strong potential as a resource to identify new trait and state biomarkers. To
ensure that results are not population-specific, findings from the Azorean MJD cohort should be
further replicated in additional independent cohorts, which are currently difficult to access.
Biomarkers showing a similar behaviour in the exploratory and replication cohorts will hopefully
be robust enough to complement clinical measures, allow disease monitoring and improve the

power of future clinical trials.

In this work, the identification of molecular biomarkers was grounded in the study of a non-

affected tissue, namely blood; the use of an accessible tissue is in accordance with the definition
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of biomarker. Furthermore, mutated ataxin-3 is widely expressed outside of the central nervous
system (CNS; [4-8]) and it is expected that non-neuronal damage, even if representing only slight
changes, could be quantified. Although the clinical and physiological phenotypes of
neurodegenerative diseases reflect mainly neuronal damage, peripheral clinical signs in MID,
namely weight loss [9] as well as molecular alterations have been described (see Introduction and
Chapters V, VI and VII for more details). The link between peripheral alterations and
neurodegeneration has been also described in Huntington disease (reviewed in [10]) suggesting,

once more, shared mechanisms between polyQ disorders.

The relationship between the disease and molecular biomarkers, namely gene expression data
measured in a peripheral tissue has been described in the literature using mainly three theoretical
models: (1) causal model — alterations of mRNA levels can be caused directly by the presence of
mutated ataxin-3; (2) reactive model — gene expression changes may be a downstream effect of
the causal mutation; and (3) sentinel model - transcriptional information can be shared, mediated
by mononuclear white blood cells, between blood and brain compartments, as a response to brain
damage [11,12]. Biomarkers identified through model 1 are ideal markers for measuring a
therapeutic response; models 2 and 3 can provide markers of progression. Ideally, some of these
biomarkers could also act as surrogate markers in trials testing disease modifying-compounds

[11].

Future perspectives

The availability of a molecular test to confirm the presence of the ATXN3 mutation in at-risk MJD
individuals allowed to clearly define a new stage of the disease —the preclinical stage, which starts
many years before the manifestation of ataxia (currently considered the hallmark of the clinical
diagnosis). Abnormalities in the preclinical stage have been reported from structural and
functional brain imaging studies, neurophysiologic studies as well as oculomotor system studies

(reviewed in [13]); some of these abnormalities are detectable many years before the ataxia onset
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[14]. As previously referred, the determination of the pathological onset is currently challenging
as the brain can only be accessed post-mortem. The identification of MID carriers before a
considerable number of neurons has been injured will be of major importance to promote
preventive trials and ideally prevent the disease from ever manifesting. To better understand the
preclinical stage and early stages of the disease, a European project, ESMI (European
Spinocerebellar Ataxia Type 3/Machado-Joseph Disease Initiative - JPCOFUND/0002/2015), which
brings together several MJD cohorts, namely the Azorean cohort, is ongoing. Longitudinal data
provided by this large and well-characterized multi-centre trial-ready cohort is expected to
provide a major contribution to the investigation of several aspects of MJD, namely in the field of

molecular biomarkers.

Findings from the present dissertation open new opportunities in the molecular biomarkers field,
a pioneer field in MJD. More steps of validation will be crucial to developed a battery of molecular
biomarkers able to better describe disease progression, as well as to be used as outcome
measures in either preventive or disease-modifying future clinical trials. Data from molecular
biomarkers should also be further correlated with imaging and clinical measures. Efforts to test
the promising molecular biomarkers in independent cohorts, as well as to investigate their

potential in longitudinal studies will be made.
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