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Variability is the law of life, and as no two faces are the same, so no two bodies are 

alike, and no two individuals react alike and behave alike under the abnormal 

conditions which we know as disease. 

Sir William Osler (1849 – 1919) 

 

 

 

 

Remember to look up at the stars and not down at your feet. 

Try to make sense of what you see and wonder about what makes the universe exist. 

Be curious. And however difficult life may seem,  

there is always something you can do and succeed at. 

It matters that you don't just give up. 

Stephen Hawking (1942 – 2018) 
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AO: idade de início (age at onset) 
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ATP: adenosina trifosfato ou trifosfato de adenosina 
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Resumo 

A ataxia espinocerebelar tipo 3/ doença de Machado-Joseph (DMJ/SCA3) é uma 

condição neurodegenerativa devida à expansão de um trato CAG (CAGexp) no 

gene ATXN3, resultando em uma proteína anormal com uma sequência de 

poliglutaminas (poliQ) expandida. O CAGexp determina apenas parcialmente a 

idade de início dos sintomas (AO, age at onset) e evidências crescentes apontam 

para a modulação da AO por fatores adicionais. Diferentes estudos também 

sugerem que a velocidade de progressão da doença (VPD) é modificada pelo 

CAGexp e/ou fatores adicionais. O objetivo do presente trabalho foi identificar 

novos modificadores genéticos da DMJ/SCA3, com foco em dois fenótipos: AO e 

VPD. Inicialmente, uma revisão sistemática avaliou o atual “estado da arte” sobre 

modificadores da AO. Uma metanálise avaliou 140 estudos originais selecionados, 

incluindo dez coortes de pacientes com dados individuais (n=2.099) e duas coortes 

com dados agregados. Os dados gerados por essa metanálise direcionaram os 

estudos sobre os modificadores genéticos da AO. Em seguida, potenciais 

moduladores descritos anteriormente foram validados e um importante efeito 

população-específico do CAGexp sobre a AO foi descoberto, sugerindo a existência 

de modificadores da AO distintos em diferentes populações com DMJ/SCA3. Essa 

hipótese foi testada e validada e, como resultado, desenvolvemos fórmulas 

população-específicas para a predição da AO em indivíduos assintomáticos com 

DMJ/SCA3 de diferentes origens geográficas. A revisão sistemática permitiu-nos 

priorizar a análise de alguns candidatos a modificadores fenotípicos da DMJ/SCA3. 

O potencial efeito do gene para a apolipoproteína E (apoE), que é o maior fator de 

risco genético conhecido para o desenvolvimento da doença de Alzheimer, sobre a 

AO foi testado. Foi demonstrado que pacientes com DMJ/SCA3 homozigotos para 

apoE ε4/ε4 apresentaram AO significativamente mais precoce do que aqueles com 

outros genótipos de apoE, sugerindo que o controle dos níveis de apoE pode 

contribuir para o atraso do início da DMJ/SCA3. Além disso, o papel das 

chaperonas moleculares como modificadores fenotípicos da DMJ/SCA3 foi também 

investigado. Diversas chaperonas inibem a agregação e toxicidade de proteínas 

poliQ, mas a co-chaperona DNAJB6 tem sido demonstrada como um dos melhores 

agentes anti-amiloidogênicos. Esse tópico foi revisado como parte desse trabalho 
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e testamos a hipótese de que diversas chaperonas, e especialmente a DNAJB6, 

poderiam atuar como modificadores da AO e/ou VPD na DMJ/SCA3. Utilizando 

uma estratégia de amostragem de fenótipos extremos com foco na AO, níveis 

proteicos mais elevados de diferentes chaperonas, incluindo a DNAJB6, foram 

detectados em pacientes holandeses com DMJ/SCA3 de início significativamente 

mais tardia do que o esperado, em comparação a pacientes da mesma coorte com 

AO na média ou mais precoce do que o esperado. Além disso, níveis proteicos mais 

elevados da DNAJB6 foram fortemente associados a VPD mais lenta em uma 

coorte de pacientes brasileiros com DMJ/SCA3. No conjunto, esses resultados 

corroboram a noção de que chaperonas - especialmente a DNAJB6 - são potenciais 

alvos terapêuticos para se retardar o início e/ou atrasar a neurodegeneração na 

DMJ/SCA3, assim como em outras poliglutaminopatias. Portanto, foi demonstrado 

que fatores familiais e populacionais, o comprimento do trato CAG no gene ATXN2, 

o gene apoE e algumas chaperonas moleculares (especialmente a DNAJB6) são 

moduladores fenotípicos da DMJ/SCA3. 
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Abstract 

Spinocerebellar ataxia type 3/Machado-Joseph disease (SCA3/MJD) is a 

neurodegenerative condition due to an expanded CAG tract (CAGexp) at ATXN3, 

resulting in an abnormally long polyglutamine (polyQ)-containing protein. CAGexp 

determines only partially age at onset (AO), and growing evidence supports a role 

for AO modulation in SCA3/MJD by additional factors. Different studies have also 

suggested that the velocity of disease progression (VDP) in SCA3/MJD is 

modulated by CAGexp and/or additional factors. The aim of the present work was 

to identify new genetic modifiers of SCA3/MJD, focusing on two phenotypes: AO 

and VDP. Initially, a systematic review assessed the current “state of the art” on 

genetic modifiers of AO. A meta-analysis was based on 140 selected original 

studies, including 10 individual participant cohorts (n=2,099) and 2 aggregated data 

cohorts. Data generated by this meta-analysis directed further analyses on genetic 

modifiers of AO. Then, candidate modifiers published previously were validated and 

an important population-specific effect of CAGexp on AO was uncovered, 

suggesting the occurrence of distinct AO modifiers in different SCA3/MJD 

populations. This hypothesis was tested and validated, and as an outcome we 

developed population-specific formulas for AO prediction in asymptomatic 

SCA3/MJD subjects from different geographical origins. The systematic review also 

indicated candidate modifiers of SCA3/MJD phenotypes to be prioritized. The 

potential effect of the apolipoprotein E gene (apoE), which is the strongest known 

genetic risk factor for developing Alzheimer’s disease, on AO was tested. We then 

described that SCA3/MJD patients homozygous for apoE ε4/ε4 presented with 

significantly earlier AO than those with other apoE genotypes, suggesting that 

control of ApoE levels could prove beneficial for delaying disease initiation in 

SCA3/MJD. In addition, the role of molecular chaperones as phenotypic modifiers 

of SCA3/MJD was also investigated. Several chaperones suppress aggregation and 

toxicity of polyQ proteins, but DNAJB6 has been demonstrated as a superior anti-

amyloidogenic agent. This topic was reviewed as part of this work and we tested the 

hypothesis that several chaperones, and especially DNAJB6, could act as modifiers 

of AO and VDP in SCA3/MJD. Using an extreme phenotype sampling approach 

focused on AO, increased protein levels of different chaperones, including DNAJB6, 
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were detected in Dutch SCA3/MJD patients with AO significantly later than expected 

when compared to individuals with early or average AO from the same cohort. 

Moreover, higher DNAJB6 protein levels were strongly associated to slower VDP in 

a cohort of Brazilian SCA3/MJD patients. Together, these data argue in favor of the 

therapeutic potential of chaperones – especially DNAJB6 – in delaying onset and/or 

slowing neurodegeneration in SCA3/MJD, as well as in other polyQ diseases. 

Therefore, we were able to show that familial and populational factors, CAG repeat 

length at ATXN2, apoE and some molecular chaperones (especially DNAJB6) are 

phenotypic modulators of SCA3/MJD. 
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1 Capítulo 1. Introdução e Objetivos 

1.1 Aspectos clínicos da DMJ/SCA3 

1.1.1 Descrição original e epidemiologia 

 A condição neurodegenerativa conhecida como doença de Machado-

Joseph, ou ataxia espinocerebelar tipo 3 (DMJ/SCA3), foi inicialmente descrita na 

década de 1970 em duas grandes famílias dos Estados Unidos da América com 

ancestrais oriundos das ilhas Açorianas de São Miguel (família Machado) e Flores 

(família Joseph) (Nakano et al. 1972; Rosenberg et al. 1976). Observou-se à época 

que todos os indivíduos afetados de ambas as famílias desenvolviam a mesma 

manifestação neurológica de início na vida adulta: a ataxia de marcha. Esse 

distúrbio representa a falta de equilíbrio e dificuldade de coordenação motora 

decorrentes da disfunção do cerebelo e de suas vias (Rüb et al. 2013). Essas 

observações posteriormente levaram à classificação da DMJ/SCA3 como uma 

forma de ataxia cerebelar de herança autossômica dominante (ADCA) (Schöls et 

al. 1997). Atualmente, mais de 40 afecções genéticas distintas pertencem a esse 

grupo (Bird 2016). Apesar dessa grande diversidade, a maior parte das ADCAs é 

extremamente rara, e estima-se que apenas cinco doenças pertencentes a esse 

grupo (SCA1, SCA2, DMJ/SCA3, SCA6 e SCA7) sejam responsáveis por cerca de 

50 a 60% de todos os casos de ADCA no mundo (Rüb et al. 2013). Dentre essas, 

a DMJ/SCA3 é a mais prevalente. Estudos de diferentes grupos de pesquisa 

demonstraram que a DMJ/SCA3 é a forma mais comum de SCA no Estado do Rio 

Grande do Sul (Jardim et al. 2001a; Trott et al. 2006; Souza et al. 2016), no Brasil 

(de Castilhos et al. 2014) e no mundo (Schöls et al. 2004; Sequeiros et al. 2012). 

 

1.1.2 Achados clínicos 

 Não há sintomas específicos que auxiliem no diagnóstico clínico definitivo de 

determinada SCA dominante como a DMJ/SCA3. Uma exceção, talvez, é a SCA7, 

única SCA associada à degeneração retiniana (Rüb et al. 2013). De fato, a 

caracterização puramente clínica, baseada em exames neurológicos e de imagem, 
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dificilmente leva a um diagnóstico SCA-específico (Riess et al. 2008). Ainda que a 

ataxia de marcha seja o principal achado clínico na maioria dos pacientes com 

DMJ/SCA3, diversos outros sintomas frequentemente estão presentes, podendo 

afetar a coordenação e a velocidade dos movimentos, a deglutição e a fala, entre 

outros (Jardim et al. 2001b; Schöls et al. 2004; Riess et al. 2008; Jardim et al. 2010; 

Saute and Jardim 2015). 

 A DMJ/SCA3 foi historicamente dividida em três subtipos clínicos, de acordo 

com os principais sintomas neurológicos presentes e a idade de início (Coutinho et 

al. 1986; Sudarsky and Coutinho 1995). Posteriormente, outros subtipos foram 

propostos na literatura, com significado ainda não bem estabelecido (Riess et al. 

2008; Saute and Jardim 2015). Os subtipos mais aceitos são os seguintes: 

• tipo I: início precoce (entre 10 e 30 anos) e sintomas piramidais e 

extrapiramidais (principalmente distonia); 

• tipo II: início intermediário (entre 20 e 50 anos) e sintomas piramidais e 

cerebelares; 

• tipo III: início tardio (entre 40 e 75 anos) e sintomas cerebelares e 

neuropatia periférica; 

• tipo IV: início em idade variável e sintomas parkinsonianos e neuropatia. 

 A classificação de pacientes nesses subtipos clínicos vem sendo menos 

utilizada desde a identificação da mutação causal da DMJ/SCA3 (Kawaguchi et al. 

1994). Depois de terem sido associados ao tamanho da sequência repetitiva 

expandida e de sua ocorrência acontecer simultaneamente dentro das mesmas 

famílias, ficou claro que os subtipos clínicos da DMJ/SCA3 refletiam um espectro 

fenotípico de uma mesma doença, e não entidades clínicas distintas.  

 A variabilidade de sintomas na DMJ/SCA3 é objeto de muitos estudos que 

visam ao estabelecimento de correlações genótipo-fenótipo entre determinadas 

variações genéticas e manifestações clínicas específicas. Por exemplo, Siebert e 

colaboradores (2012) identificaram uma maior frequência de mutações em 

heterozigose no gene GBA, responsável pela doença de Gaucher, em pacientes 
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com DMJ/SCA3 com sintomas parkinsonianos (tipo IV), em relação a pacientes 

com os tipos I, II e III (Siebert et al. 2012).  

 Evidências também apontam para uma perturbação metabólica em 

indivíduos com DMJ/SCA3, que comumente possuem menor índice de massa 

corpórea (IMC) do que sujeitos saudáveis (Saute et al. 2012b). O IMC parece estar 

inversamente relacionado ao tamanho da expansão CAG em ATXN3, e ocorre 

independentemente da presença de disfagia (dificuldade de deglutição que afeta a 

ingesta de alimentos em estágios mais avançados da doença). A diminuição do 

IMC em pacientes com DMJ/SCA3 pode ser devida a alterações na rota bioquímica 

de sinalização da insulina, uma vez que indivíduos sintomáticos apresentam maior 

sensibilidade e menor resistência à insulina (Saute et al. 2011). 

  

1.1.3 Avaliação da idade de início dos sintomas 

 Um dos fenótipos mais estudados na DMJ/SCA3 é, certamente, a idade de 

início dos sintomas (AO, do inglês age at onset). Historicamente, a maioria dos 

estudos na DMJ/SCA3 define a AO como a idade em que o paciente (ou um familiar 

próximo) notou os primeiros sintomas, sejam eles quais forem (Kawaguchi et al. 

1994; Ranum et al. 1995; Jardim et al. 2001a; Infante et al. 2005; Saute and Jardim 

2015). Apesar de o primeiro sintoma da DMJ/SCA3 ser geralmente a ataxia de 

marcha, diversas outras manifestações neurológicas podem já estar presentes 

antes das dificuldades de deambulação e equilíbrio (Globas et al. 2008; Luo et al. 

2017). Por exemplo, uma parcela significativa dos pacientes apresenta alterações 

oculares, como visão dupla e nistagmo, anos antes de qualquer comprometimento 

de marcha (Globas et al. 2008). Por conseguinte, essa heterogeneidade do primeiro 

sintoma na DMJ/SCA3 pode ser um fator confundidor importante na busca de 

modificadores da AO, já que fatores distintos podem estar envolvidos na modulação 

de sintomas diferentes, como a ataxia de marcha e a visão dupla. Além disso, 

vieses importantes podem afetar a determinação acurada da AO na DMJ/SCA3 e 

em outras doenças do grupo das poliglutaminopatias. Por exemplo, pacientes com 

longa duração de doença são mais propensos a sub- ou superestimar sua AO 
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(Globas et al. 2008). Similarmente, há uma tendência de diagnóstico mais precoce 

nas gerações seguintes, comparado ao caso índice da família, uma vez que já se 

conhece a doença e seus sintomas. 

 Faz-se necessário notar também que a determinação da AO na DMJ/SCA3 

como um evento específico no tempo representa uma simplificação, cientificamente 

conveniente, de um processo lento e contínuo ao longo da vida do indivíduo 

afetado. Por se tratar de uma doença geneticamente herdada (e, portanto, com 

exposição presente antes mesmo do nascimento), a AO pode ser melhor 

compreendida como um ponto arbitrário no tempo ao longo da história natural da 

DMJ/SCA3 em que os sintomas se tornam impactantes na vida do paciente. De 

fato, estudos na DMJ/SCA3 já identificaram diversas alterações funcionais em 

indivíduos classicamente reconhecidos como “assintomáticos”. Dentre essas 

manifestações pré-sintomáticas (em relação à ataxia de marcha, principalmente) 

encontram-se mudanças no perfil de citocinas (da Silva Carvalho et al. 2016) e 

alterações no metabolismo da glicose no sistema nervoso central (Soong and Liu 

1998), no volume da substância branca (Wu et al. 2017b) e nos movimentos 

oculares (Wu et al. 2017a). Apesar de todas as complicações de definição e 

aferição da AO, estudos recentes têm proposto a uniformização do conceito de AO 

na DMJ/SCA3, focando na ataxia de marcha como o evento inicial do processo 

patológico (Globas et al. 2008; Tezenas du Montcel et al. 2014b; Tezenas du 

Montcel et al. 2014a; Raposo et al. 2015). 

 O principal fator determinante da AO na DMJ/SCA3 é o tamanho da 

sequência repetitiva CAG no gene ATXN3 (CAGexp), que é a mutação causal da 

doença (ver seção 1.2 “Aspectos moleculares da DMJ/SCA3”). O CAGexp 

apresenta uma relação inversa com a AO: quanto maior a expansão, mais precoce 

a AO (Riess et al. 2008; Matilla-Dueñas et al. 2014). Entretanto, diversos estudos 

em coortes independentes ao longo dos últimos 25 anos estabeleceram claramente 

que a CAGexp não é o único determinante da AO. De fato, ao se comparar a 

distribuição da AO em função de CAGexp, é possível observar que a mutação 

causal determina, geralmente, de 40 a 60% da variabilidade da AO na DMJ/SCA3 

(van de Warrenburg et al. 2005; de Castilhos et al. 2014; Tezenas du Montcel et al. 
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2014a; Raposo et al. 2015; Chen et al. 2016). Ainda que uma pequena parcela da 

variabilidade da AO seja devida às dificuldades de aferição discutidas acima, essa 

correlação parcial entre CAGexp e AO sugere que aproximadamente 50% da 

variação da AO é determinada por outros fatores genéticos e/ou ambientais. Por 

exemplo, para um CAGexp médio de 75 repetições CAG, a maioria dos indivíduos 

da população DMJ/SCA3 do estado do Rio Grande do Sul apresenta sintomas aos 

34 anos de idade (Souza et al. 2016); contudo, há indivíduos com esse tamanho de 

CAGexp e que iniciam os sintomas aos 20, ou aos 45 anos (Saute and Jardim 

2015). Indivíduos que apresentam AOs muito antes ou depois do esperado, de 

acordo com o comprimento de CAGexp, podem, desse modo, ser considerados 

outliers fenotípicos para AO. 

 Muitos estudos buscam desvendar novos moduladores fenotípicos da 

DMJ/SCA3, tendo como principal objetivo retardar o início dos sintomas ou diminuir 

a velocidade de progressão da doença. Contudo, a maioria das investigações até 

o presente momento detectou candidatos de pequeno efeito, que geralmente 

melhoram a explicação da variabilidade da AO em não muito mais do que 1 a 2% 

(de Castilhos et al. 2014; Tezenas du Montcel et al. 2014a; Raposo et al. 2015; 

Chen et al. 2016). Um dos poucos candidatos com efeito replicado em coortes 

distintas é o predito para o gene da apolipoproteína E (apoE) (Bettencourt et al. 

2011; Zhou et al. 2014; Peng et al. 2014). O gene apoE está presente em três 

variantes principais em seres humanos, denominadas ε2, ε3 e ε4. A presença do 

alelo ε4 de apoE é o principal fator de risco genético conhecido para o 

desenvolvimento da doença de Alzheimer nas suas formas não monogênicas 

(Huynh et al. 2017a; Lautner et al. 2017), e evidências sugerem um cenário similar 

para a doença de Parkinson (Tsuang et al. 2013). Na DMJ/SCA3, dois estudos 

identificaram AO mais precoce – corrigindo-se para diferenças em CAGexp – entre 

portadores de pelo menos um alelo apoE ε2 (Bettencourt et al. 2011; Peng et al. 

2014). Contudo, uma terceira investigação em uma coorte distinta não replicou esse 

achado e não observou nenhuma diferença significativa na AO de pacientes com 

ou sem o alelo ε2 (Zhou et al. 2014). 
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 Alguns estudos, incluindo a presente tese, utilizaram o recrutamento de 

indivíduos outliers (ou seja, com fenótipos extremos) para AO, com o intuito de 

desvendar modificadores genéticos em sujeitos potencialmente portadores das 

suas variantes  de maior  efeito e que por isso teriam se desviado da norma (Zijlstra 

et al. 2010). A assim chamada “extreme phenotype sampling” propõe que sujeitos 

que se encontram nos extremos da uma distribuição fenotípica devam possuir uma 

ou mais variantes genéticas de grande impacto que são desfavoráveis, em um 

extremo, ou vantajosas, em outro (Li et al. 2011; Barnett et al. 2013). Esse tema é 

abordado com mais profundidade nos manuscritos que compõem a presente tese. 

 

1.1.4 Avaliação da velocidade de progressão e gravidade da doença 

 Na DMJ/SCA3, assim como em outras condições neurodegenerativas, a 

gravidade e a velocidade progressão da doença são mensuradas por escalas 

clínicas de avaliação neurológica. Esses instrumentos são geralmente compostos 

por medidas padronizadas e objetivas que visam à determinação do grau de 

disfunção de um indivíduo e o quanto essa disfunção varia ao longo do tempo 

(Saute et al. 2012a). Escalas como a International Cerebellar Ataxia Rating Score 

(ICARS), Spinocerebellar Ataxia Functional Index (SCAFI) e muitas outras têm sido 

desenvolvidas e validadas para a DMJ/SCA3 (Saute et al. 2012a).  Duas das 

escalas mais utilizadas na DMJ/SCA3 são a Scale for Assessment and Rating of 

Ataxia (SARA) (Schmitz-Hübsch et al. 2006) e a Neurologic Examination Score for 

Spinocerebellar Ataxias (NESSCA) (Kieling et al. 2008). A escala SARA avalia a 

performance de um indivíduo em quatro tarefas que medem a coordenação e gera 

um escore que varia de 0 (sem ataxia) a 40 (comprometimento extremo). A escala 

NESSCA quantifica alterações do exame neurológico como um todo, incluindo 

manifestações piramidais, extrapiramidais, de nervos cranianos e de sensibilidade, 

além de levar em conta o relato do indivíduo sobre a função dos esfíncteres e a 

presença de câimbras, vertigem e/ou disfagia. A NESSCA também varia entre 0 

(exame neurológico completamente normal) a 40 (exame neurológico 

completamente anormal). 



 

21 
 

 As escalas clínicas são extremamente úteis no estudo da história natural de 

condições neurodegenerativas como a DMJ/SCA3, possibilitando a determinação 

da velocidade de progressão da doença. Uma estimativa acurada desse parâmetro 

é essencial, por exemplo, para o desenvolvimento de ensaios clínicos que busquem 

parar ou retardar a progressão da doença. Entretanto, se a progressão de uma 

condição rara for muito lenta, a determinação da velocidade de progressão natural 

(sem intervenção medicamentosa) é uma tarefa bastante difícil, uma vez que exige 

o acompanhamento de muitos pacientes durante um longo intervalo de tempo. Por 

exemplo, Jardim e colaboradores (2010) avaliaram uma coorte de 105 pacientes 

da região Sul do Brasil durante 10 anos, a fim de estudar a história natural e a 

progressão da DMJ/SCA3 utilizando a escala NESSCA (Jardim et al. 2010). Foi 

possível determinar uma piora média de 1,26 pontos na escala NESSCA por ano 

de doença. A taxa de progressão da NESSCA foi dependente da idade de início do 

primeiro sintoma: quanto mais tardio o início da doença, mais devagar a sua 

progressão (Jardim et al. 2010). Uma taxa de progressão muito similar (1,61 pontos 

por ano) foi detectada em 139 pacientes europeus com DMJ/SCA3 que foram 

acompanhados ao longo de 2 anos com a escala SARA (Jacobi et al. 2011). 

 Ao contrário da AO, em que há uma clara associação com o tamanho da 

mutação causal, a influência do tamanho da expansão CAG no ATXN3 sobre a 

progressão da DMJ/SCA3 ainda é controversa. Há evidências tanto a favor (Jardim 

et al. 2010; Donis et al. 2016) quanto contra essa associação (Jacobi et al. 2011; 

Tezenas du Montcel et al. 2012) em coortes com origens geográficas distintas. 

Certamente, estudos longitudinais mais longos e com maior número de pacientes 

serão necessários para esclarecer esse e outros aspectos a respeito da progressão 

da DMJ/SCA3. 

 

1.2 Aspectos moleculares da DMJ/SCA3 

1.2.1 Caracterização do gene ATXN3 

 A identificação original do ATXN3 e sua ligação à DMJ/SCA3 remontam ao 

trabalho pioneiro de Kawaguchi e colaboradores (1994), que realizaram uma 
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varredura em uma biblioteca de cDNAs de cérebros humanos utilizando uma sonda 

de DNA composta por 13 repetições CTG, complementares a repetições CAG 

(Kawaguchi et al. 1994). Utilizando essa estratégia, os autores conseguiram isolar 

um novo transcrito de mRNA de 1.776 pares de bases e contendo uma repetição 

CAG. Essa molécula foi denominada de MJD1a, e demonstrou-se que sua 

repetição CAG estava expandida (CAGexp) em todos os indivíduos afetados de 

uma família com diagnóstico clínico de DMJ/SCA3.1 O gene ATXN3 compreende 

cerca de 48,2 kb de DNA genômico no braço longo do cromossomo 14 (14q32.1), 

e é dividido em 11 éxons que são submetidos a extenso splicing alternativo em 

diversos tecidos, incluindo cérebro, retina, testículos e sangue periférico (Ichikawa 

et al. 2001; Bettencourt et al. 2010b). Duas das principais isoformas do ATXN3 

diferem apenas na porção 3’ do gene, com os éxons 10 ou 11 sendo utilizados 

como o éxon terminal (Ichikawa et al. 2001). O trato polimórfico CAG do ATXN3 

está localizado no éxon 10, e ele geralmente não é uma sequência CAG pura, 

sendo comumente interrompido na terceira, quarta e sexta repetições pelos 

trinucleotídeos CAA, AAG e CAA, respectivamente (Limprasert et al. 1996). 

 A proteína correspondente ao gene ATXN3 é denominada ataxina-3, e sua 

expressão já foi detectada em todos os tecidos investigados, tanto no período 

embrionário como na vida adulta (Ichikawa et al. 2001; Riess et al. 2008). Ainda 

que existam algumas isoformas de ataxina-3 de significado incerto e que são 

detectadas exclusivamente em pacientes com DMJ/SCA3 (Bettencourt et al. 

2010a), não há diferenças nos níveis de expressão de ataxina-3 entre pacientes e 

indivíduos saudáveis. Da mesma forma, não há correlação entre a gravidade da 

doença ou o tamanho da repetição CAG e níveis de expressão, tanto a nível do 

mRNA (Nishiyama et al. 1996), quanto da proteína ataxina-3 (Paulson et al. 1997a; 

Tait et al. 1998).2 Além disso, a expressão da ataxina-3 não é restrita às áreas do 

                                                 
1 Na verdade, a família descrita por Kawaguchi e colaboradores (1994) recebeu o diagnóstico de 
“DMJ”. Naquela época, propôs-se que SCA3 e DMJ fossem enfermidades distintas. Estudos 
subsequentes determinaram que as duas descrições se referiam à mesma entidade clínica e 
molecular. 
2 Essas observações são extremamente importantes, já que refutam a hipótese da “perda de função” 
(i.e., diminuição dos níveis proteicos normais de ataxina-3) como o mecanismo patológico primário 
da DMJ/SCA3. Pelo contrário, a maioria das evidências laboratoriais atuais apontam para um ganho 
de função tóxica por parte da expansão do trato CAG em pacientes com DMJ/SCA3, como será 
discutido adiante. 
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sistema nervoso central mais caracteristicamente afetadas pela DMJ/SCA3, ainda 

que seus níveis de expressão sejam maiores em neurônios do que em células gliais 

(Riess et al. 2008). Investigações na região promotora do ATXN3 demonstraram 

características de um gene housekeeping, com um padrão de expressão global 

tanto em células neuronais, como em células não-neuronais. Sua região promotora 

não apresenta um elemento TATA box definido, mas contém sequências de DNA 

regulatórias de interação com os fatores de transcrição CBF e SP1, localizadas 

entre os nucleotídeos -291 a -104 em relação ao sítio de início de transcrição 

(Schmitt et al. 2003). 

 

1.2.2 A natureza polimórfica e instável das repetições CAG em ATXN3 

 O tamanho do trato CAG no ATXN3 é extremamente polimórfico na 

população em geral, usualmente contendo de 3 a 40 trinucleotídeos (Dürr et al. 

1996; van de Warrenburg et al. 2005). Entretanto, alelos com 14 e 23 repetições 

CAG são os mais comuns e totalizam cerca de 50% de todos os alelos não-

patogênicos do ATXN3 (Limprasert et al. 1996). Nas duas últimas décadas, 

avançou-se muito no entendimento das origens e da instabilidade genômica das 

expansões CAG no ATXN3. De fato, a primeira observação de aumentos do trato 

CAG durante transmissões meióticas em famílias com DMJ/SCA3 remonta ao ano 

de 1995 (Maciel et al. 1995). Desde então, muitos autores propõem que a 

“instabilidade intergeracional”, uma das características mais marcantes de todas as 

doenças relacionadas a expansões de poliglutaminas, aconteça mais na direção do 

aumento da expansão portada pelo genitor e que isso explique o fenômeno da 

antecipação. A questão é ainda controversa, pela dificuldade em se registrar 

transmissões CAG completas – de toda a prole – de um número substancial de 

sujeitos, o que evitaria vieses de observação e finalmente confirmaria se expansões 

seriam de fato mais comuns do que contrações do CAGexp instável (Maciel et al. 

1995). 

 Observou-se que transmissões paternas do CAGexp eram muito mais 

suscetíveis a instabilidades intergeracionais do que transmissões maternas. De 
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fato, os primeiros relatos desse fenômeno verificaram um risco quase 8 vezes maior 

de instabilidade do trato CAG no ATXN3 durante uma transmissão paterna, em 

relação a meioses maternas (Igarashi et al. 1996). Além das características 

particulares da gametogênese em homens e mulheres, esse efeito está ligado, pelo 

menos parcialmente, à própria configuração gênica do ATXN3. Transmissões 

paternas do CAGexp contendo a variante C987 (ver seção 1.2.3 “Origem ancestral 

da DMJ/SCA3” abaixo) apresentaram um risco 75 vezes maior de sofrer 

instabilidade intergeracional, quando comparadas a transmissões maternas sem 

essa variante genética (Igarashi et al. 1996). Além de fatores em cis (no mesmo 

alelo em que se encontra o CAGexp), também existem evidências de que fatores 

em trans (no alelo sem a expansão CAG patogênica) modulam a instabilidade do 

trato CAG do ATXN3 (Martins et al. 2008; Takahashi et al. 2010). Por exemplo, a 

idade do genitor afetado mostrou uma forte correlação (r=0,965) com a magnitude 

da instabilidade (no caso expansões, e não contrações) entre 42 transmissões 

paternas da DMJ/SCA3, sugerindo que mecanismos de reparo e manutenção do 

DNA possam estar envolvidos na instabilidade do trato CAG no ATXN3 (Martins et 

al. 2008; Martins et al. 2014).  

 Evidências cumulativas também apontam para a existência de outra 

característica interessante em meioses de indivíduos com CAGexp: a segregação 

preferencial do alelo mutante.3 Por exemplo, Ikeuchi e colaboradores (1996) 

revisaram 80 transmissões em 7 famílias com DMJ/SCA3 e detectaram a 

segregação do CAGexp em 73% das meioses (Ikeuchi et al. 1996). A análise dos 

espermatozoides de seis pacientes com DMJ/SCA3 também mostrou uma 

proporção de alelos mutantes maior do que a esperada, com cerca de 65% dos 

gametas contendo o alelo expandido (407 de 629 células analisadas) (Takiyama et 

al. 1997). Em um número substancial de irmandades totalmente genotipadas 

também se encontrou uma proporção significativamente maior de portadores do 

CAGexp do que a esperada pela segregação mendeliana (Souza et al. 2016). 

                                                 
3 Entende-se por segregação alélica preferencial, também chamada de não-Mendeliana, aquela que 
ocorre em frequências significativamente diferentes das esperadas pelos postulados da genética 
clássica. Para uma condição autossômica dominante, como a DMJ/SCA3, espera-se que, em 
média, 50% da prole de um indivíduo afetado herde o alelo mutante. 
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Essas evidências sugerem que a presença de um alelo do ATXN3 com um CAGexp 

confere vantagem seletiva às células germinativas, mas essa hipótese ainda 

precisa ser formalmente testada. 

 Finalmente, existem evidências epidemiológicas de que a presença do 

CAGexp levaria a um aumento do fitness genético de um indivíduo.4 Prestes e 

colaboradores (2008) revisaram os dados de nascimento de 415 pacientes com 

DMJ/SCA3 pertencentes a 82 famílias, e identificaram que mulheres afetadas 

tinham em média mais filhos do que suas irmãs não afetadas e do que a população 

feminina local não afetada (Prestes et al. 2008). Fitness aumentado – ou a 

capacidade de deixar maior número de descendentes férteis (portadores ou não do 

CAGexp) do que o grupo controle – foi também documentado entre sujeitos com 

SCA1, HD e SCA2 (Frontali et al. 1996;  Sena et al. 2018, comunicação pessoal). 

 O maior número de descendentes de pacientes com DMJ/SCA3 (fitness) e 

a tendência de que mais do que 50% dos mesmos seja portadora do CAGexp 

(segregação distorcida) poderiam explicar a persistência de alelos ATXN3 

patogênicos na população, mesmo frente ao fenômeno de antecipação da doença 

em gerações subsequentes. Alguns pacientes com DMJ/SCA3 apresentam 

grandes expansões no ATXN3, o que acarreta em idades de início muito precoces 

e óbito antes da idade reprodutiva. Por outro lado, forças seletivas positivas, como 

o fitness aumentado e a segregação preferencial do alelo mutante, poderiam 

explicar porquê a DMJ/SCA3 se fixou em tantas populações humanas, apesar de 

aparentemente ter tido muito poucas origens ancestrais, como veremos a seguir. 

 

1.2.3 Origem ancestral da DMJ/SCA3 

 O primeiro grande estudo sobre as origens ancestrais da DMJ/SCA3, 

baseado na determinação de haplótipos contendo o alelo mutante, foi realizado no 

                                                 
4 O fitness genético pode ser definido como a capacidade de um indivíduo, dadas as suas 
características genéticas, de deixar descendentes. No nível celular, gametas com maior fitness 
genético são aqueles que, devido ao seu material genético, possuem vantagem evolutiva sobre 
outros gametas.  
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ano de 2001 a partir dos dados de 249 famílias afetadas de diversas regiões e 

etnias (Gaspar et al. 2001). Nessa investigação, cinco marcadores microssatélite 

(D14S1015, D14S995, D14S973, D14S1016 e D14S977) e três SNPs (rs1048755, 

rs12895357 e rs7158733) no ATXN3 foram genotipados. Esses mesmos SNPs 

recebem denominações diferentes em estudos distintos, e correspondem às 

variantes A669TG/G669TG, C987GG/G987GG e TAA1118/TAC1118, respectivamente, 

comumente descritas em estudos na DMJ/SCA3 (Matsumura et al. 1996; Goto et 

al. 1997; Maciel et al. 1999). De todas as configurações haplotípicas possíveis 

ligadas ao CAGexp, os haplótipos A669C987A1118 (ACA) e G669G987C1118 (GGC) são 

os mais antigos e frequentes (Martins et al. 2007). Eles são também denominados 

de haplótipos “Flores” (ACA) e “São Miguel” (GGC), devido à sua distribuição 

particular nas ilhas açorianas homônimas (Gaspar et al. 2001). 

 Gaspar e colaboradores (2001) descobriram que 72% de todas as famílias 

com DMJ/SCA3 estudadas no mundo possuíam o haplótipo ACA ligado ao 

CAGexp, enquanto apenas 2% de indivíduos sem a mutação causal da DMJ/SCA3 

possuíam esse haplótipo em seus alelos ATXN3 não expandidos (Gaspar et al. 

2001). Esses resultados confirmaram observações anteriores em coortes menores 

(Igarashi et al. 1996; Matsumura et al. 1996) e sugeriram uma origem portuguesa 

da DMJ/SCA3, especialmente em regiões com histórico de comércio com Portugal 

nos séculos XVI e XVII, como a Índia (Mittal et al. 2005) e o Brasil (Jardim et al. 

2001a; de Castilhos et al. 2014). Nessas regiões, praticamente todos os alelos do 

ATXN3 com CAGexp possuem o haplótipo ACA. Entretanto, investigações 

subsequentes empregando um maior número de marcadores genéticos no ATXN3 

estabeleceram uma origem asiática para a DMJ/SCA3, via haplótipo ACA, há mais 

de 6.000 anos atrás (Martins et al. 2007). De fato, esse haplótipo foi identificado até 

em dois pacientes de origem aborígene australiana, uma população geneticamente 

isolada a milhares de anos (Martins et al. 2012). Ainda de acordo com esses dados, 

alelos ATXN3 mutantes ligados ao haplótipo GGC foram decorrentes de um 

segundo evento mutacional mais recente, que ocorreu há cerca de 1.500 anos atrás 

(Martins et al. 2007). 
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 Além de origens distintas, os haplótipos ACA e GGC possuem importantes 

diferenças funcionais. Por exemplo, o haplótipo ACA foi associado a uma maior 

tendência à expansão do trato CAG durante a meiose, quando comparado a alelos 

mutantes com o haplótipo GGC (Martins et al. 2008). Mesmo considerando-se 

apenas os alelos não patogênicos do ATXN3, observou-se que alelos com a 

variante C987 (ACA) possuíam quase o dobro de repetições CAG, em média, do que 

alelos com a variante G987 (GGC) (Matsumura et al. 1996). Além disso, estudos 

detectaram um risco 7,4 vezes maior de ocorrência de grande instabilidade 

intergeracional5 entre alelos mutantes do ATXN3 com a variante C987 (ACA), 

quando comparados a alelos com a variante G987 (GGC) (Igarashi et al. 1996). 

Curiosamente, esse risco aumentado de instabilidade do CAGexp só estava 

presente se o alelo não expandido continha a variante G987 (GGC), mas não em 

portadores da variante C987 (ACA) em homozigose. Esse achado sugere a 

existência de um efeito inter-alélico (ou seja, em trans) na instabilidade do trato 

CAG no ATXN3, não somente em células somáticas (Igarashi et al. 1996), mas 

também em células germinativas, já que esse fenômeno foi também detectado na 

análise de haplótipos em espermatozoides de pacientes com DMJ/SCA3 

(Takiyama et al. 1997). 

 

1.2.4 Funções fisiológicas da proteína ataxina-3 

 Dependendo da isoforma, a proteína ataxina-3 pode ter dois ou três domínios 

de interação com ubiquitina (UIMs), além de um domínio N-terminal denominado 

de Josefina (Burnett et al. 2003; Todi et al. 2010; Kuiper et al. 2017). O domínio 

Josefina compreende o sítio catalítico da ataxina-3, centrado em um aminoácido 

cisteína na posição 14 da proteína e em dois sítios de ligação à ubiquitina. A 

configuração desse domínio é típica de um grupo de enzimas da classe cisteína 

protease conhecidas como deubiquitilases (DUBs), que funcionam como enzimas 

editoras de cadeias de poli-ubiquitina (Burnett et al. 2003). As DUBs removem 

                                                 
5 Grande instabilidade intergeracional foi definida no estudo de Igarashi e colaboradores (1996) 
como uma diferença de 2 ou mais repetições CAG, para menos ou para mais, entre os alelos ATXN3 
expandidos do genitor afetado e da prole. 
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ubiquitinas de proteínas alvo, regulando assim suas taxas de degradação via 

proteasomo. A ataxina-3 interage apenas com cadeias de 4 ou mais ubiquitinas, e 

esse é o tamanho mínimo que uma cadeia de poli-ubiquitina precisa ter para ser 

reconhecida pelo sistema de degradação do proteasomo (Burnett et al. 2003).  

 Duas moléculas de ubiquitina podem ser ligadas através de quaisquer um 

de sete resíduos de lisina distintos, gerando cadeias de poli-ubiquitina com 

diferentes configurações, dependendo de quais resíduos de lisina são utilizados. 

As configurações mais comuns compreendem as lisinas nas posições 48 (K48) e 

63 (K63) (Todi et al. 2010). A ataxina-3 reconhece cadeias de poli-ubiquitina com 

ambas as configurações, mas ligações via K63 possuem interação preferencial (Orr 

2012). Interessantemente, o CAGexp não abole a função DUB da ataxina-3. Ao 

contrário, estudos in vitro indicam que a ataxina-3 mutante possui uma atividade 

DUB maior do que a versão selvagem da proteína (Burnett et al. 2003; Todi et al. 

2010). Além disso, modificações pós-traducionais também regulam a atividade da 

ataxina-3. Por exemplo, a ubiquitilação da própria ataxina-3 no resíduo de lisina 

117 aumenta sua atividade DUB, e versões da ataxina-3 com sequências poliQ 

expandidas são mais suscetíveis a essa modificação (Todi et al. 2010). 

 Schmitt e colaboradores (2007) geraram camundongos nocaute para um ou 

os dois alelos de ATXN3, e não observaram nenhum efeito adverso no 

desenvolvimento embrionário ou diferenças morfológicas marcantes em relação a 

camundongos selvagens (Schmitt et al. 2007). Testes comportamentais e motores 

também não revelaram nenhuma consequência funcional da ausência da ataxina-

3. Entretanto, os autores detectaram um aumento global nos níveis de proteínas 

ubiquitiladas, tanto em extratos proteicos de cérebro como de testículos, sem 

consequências neurológicas ou reprodutivas aparentes (Schmitt et al. 2007). Esse 

leve excesso de proteínas ubiquitiladas na ausência da ataxina-3 vai ao encontro 

da função DUB da ataxina-3 (Burnett et al. 2003; Todi et al. 2010). 
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1.2.5 Expansões de poliglutamina no contexto do sistema de controle de 

qualidade de proteínas 

 Na DMJ/SCA3, assim como nas demais poliglutaminopatias, a citotoxicidade 

e a neurodegeneração são desencadeadas por proteínas com forte tendência a 

agregação e desestabilização da rede de controle de qualidade de proteínas 

(Matilla-Dueñas et al. 2014; Kuiper et al. 2017). Diversos componentes moleculares 

fazem parte desse mecanismo de homeostase proteica (Williams and Paulson 

2008; Balchin et al. 2016; Sontag et al. 2017) e os mais relevantes são brevemente 

discutidos abaixo. 

 

1.2.5.1 Chaperonas moleculares 

 Chaperonas moleculares (referidas adiante apenas como chaperonas) são 

proteínas que auxiliam outros polipeptídeos a adotar suas conformações nativas, 

seja durante a tradução nos ribossomos, ou na formação de intermediários 

suscetíveis a agregação gerados em condições de estresse celular (Opal and 

Zoghbi 2002). As chaperonas também participam da destinação de proteínas 

irreversivelmente mal enoveladas para os sistemas celulares de degradação, como 

a autofagia e os proteasomos. Coletivamente, as chaperonas e os sistemas de 

síntese e degradação proteica fazem parte de um intrincado programa celular 

devotado à promoção do controle de qualidade de proteínas (Balchin et al. 2016). 

Esse conjunto de ações de homeostase proteica é também conhecido como 

proteostase (Saibil 2013). 

 As chaperonas são classicamente conhecidas como proteínas de choque 

térmico (HSPs). Contudo, essa não é uma definição totalmente correta, já que a 

expressão gênica da maioria das HSPs não é regulada por choque térmico 

(Hageman and Kampinga 2009). As chaperonas estão presentes em praticamente 

todos os compartimentos celulares, incluindo núcleo, citoplasma, mitocôndrias, 

retículo endoplasmático (RE), periplasma e cloroplastos (Doyle et al. 2013), onde 

possuem funções adaptativas centrais. Por exemplo, a localização de chaperonas 
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no RE é especialmente importante, dada a intensa produção de proteínas nessa 

organela. De fato, falhas no processo de enovelamento de proteínas no RE 

desencadeiam uma cascata apoptótica conhecida como “resposta a proteínas não 

enoveladas” (unfolded protein response, UPR) (Hetz et al. 2015). 

 De acordo com seu mecanismo de ação, as chaperonas podem ser divididas 

em dois grandes grupos: as chaperonas dependentes de ATP, compreendendo as 

famílias HSP100, HSP90, HSP70 e HSP60, e as chaperonas independentes de 

ATP, como as pequenas proteínas de choque térmico (sHSPs) (Doyle et al. 2013). 

Brevemente, chaperonas HSP100 são proteínas da superfamília AAA+ e possuem 

duas funções enzimáticas básicas: (i) “desenovelase” (unfoldase), direcionando 

clientes6 para proteases especializadas; e (ii) “desagregase” (disaggregase), 

participando na ressolubilização de proteínas agregadas, como o fazem as 

proteínas Hsp104 de leveduras e ClpB de bactérias (Saibil 2013). Seres humanos 

não possuem desagregases da família HSP100, mas recentemente foram 

descobertos complexos HSP70 específicos que possuem atividade de 

desagregase in vitro (Nillegoda et al. 2015). Chaperonas da família HSP90 são 

constitutivamente expressas em praticamente todos os tecidos corporais, 

participando no direcionamento de clientes para rotas de degradação (Saibil 2013). 

Proteínas HSP70 constituem o maior e mais abundante grupo de chaperonas, com 

ortólogos na maioria das organelas. Muito do que se conhece sobre o mecanismo 

de ação das chaperonas dependentes de ATP é originário de estudos sobre a 

atividade de membros da família HSP70. Finalmente, chaperonas HSP60, também 

conhecidas como chaperoninas, localizam-se principalmente nas mitocôndrias e 

cloroplastos, e são homólogas à clássica chaperonina GroEL de bactérias (Saibil 

2013). 

 O genoma humano também contém genes que codificam para pelo menos 

10 sHSPs, que em mamíferos são chamadas de HSPBs (Carra et al. 2005; Garrido 

et al. 2012). Estruturalmente, todas as sHSPs possuem um domínio C-terminal 

                                                 
6 Entende-se por “clientes” de chaperonas moleculares qualquer proteína que interage com uma 
chaperona molecular, seja durante seu enovelamento inicial, ou em situações de desenovelamento 
fisiológico ou causado por estresse celular e/ou mutações.  
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conservado de 80-90 aminoácidos chamado de alfa-cristalina. Fora desse domínio, 

a homologia entre sHSPs é extremamente baixa (Garrido et al. 2012; Kampinga 

and Garrido 2012). Diferentemente de outras famílias de chaperonas moleculares, 

as sHSPs possuem a habilidade de se associar em grandes complexos de homo- 

e/ou heteroligômeros com mais de 50 subunidades distintas. A oligomerização das 

sHSPs, mediada por modificações pós traducionais como a fosforilação, regula sua 

distribuição celular e afinidade por diversos substratos (Garrido et al. 2012). 

 Diversas chaperonas são extremamente eficientes no reconhecimento de 

proteínas mal enoveladas e propensas a agregação (Reis et al. 2016). A família 

HSP40/DNAJ de chaperonas moleculares é de especial interesse, já que vários 

membros desse grupo são capazes de suprimir a agregação de proteínas com 

tratos poliQ expandidos (Kampinga and Craig 2010; Kakkar et al. 2012). Em linha 

com essas observações, demonstrou-se correlação entre os níveis proteicos da 

chaperona DNAJB1 e a AO em uma coorte holandesa de pacientes com DMJ/SCA3 

(Zijlstra et al. 2010). Esse estudo utilizou a estratégia de outliers fenotípicos para a 

AO e observou menor expressão de DNAJB1 em fibroblastos de pacientes com AO 

significativamente mais precoce do que o esperado, quando comparada à 

expressão em indivíduos com AO tardia. Desse modo, o trabalho de Zijlstra e 

colaboradores (2010) lançou a hipótese de que maiores níveis de expressão de 

certas chaperonas – principalmente DNAJB1 e, talvez, de outros membros da 

família HSP40/DNAJ – possam conferir um fator protetor a indivíduos portadores 

de doenças ocasionadas por proteínas amiloidogênicas, como é o caso da 

DMJ/SCA3. 

 Em um importante estudo subsequente, Hageman e colaboradores (2010) 

testaram a capacidade de todas as chaperonas humanas das famílias 

HSP110/HSPH, HSP70/HSPA e HSP40/DNAJ de inibir a agregação de proteínas 

com tratos poliQ expandidos, incluindo huntingtina, ataxina-3 e atrofina-1 

(Hageman et al. 2010). Surpreendentemente, dois membros homólogos e pouco 

estudados da família HSP40/DNAJ, conhecidos como DNAJB6 e DNAJB8, foram 

as chaperonas que mais eficazmente inibiram a agregação de proteínas poliQ 

expandidas. O desempenho de DNAJB6 e DNAJB8 contra a agregação e 
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toxicidade de proteínas poliQ foi superior inclusive ao de DNAJB1, que era 

considerada até então um dos melhores candidatos a alvo terapêutico nas 

poliglutaminopatias (Zijlstra et al. 2010). Enquanto DNAJB8 é expressa apenas nos 

testículos, DNAJB6 está presente em todos os tecidos corporais, incluindo o 

cérebro (Hageman and Kampinga 2009). Desse modo, estudos subsequentes 

focaram na atividade de DNAJB6, demonstrando forte eficácia na supressão de 

agregação não somente de proteínas com tratos poliQ expandidos (Gillis et al. 

2013; Kakkar et al. 2016), mas também das proteínas beta-amiloide (Månsson et 

al. 2013; Månsson et al. 2014) e alfa-sinucleína (Aprile et al. 2017). In vivo, a 

expressão neuronal de DNAJB6 retardou a neurodegeneração e aumentou 

significativamente a sobrevida de camundongos transgênicos para a doença de 

Huntington (Kakkar et al. 2016). Essas observações fazem da DNAJB6 um dos 

candidatos mais interessantes a modulador fenotípico da DMJ/SCA3 e outras 

doenças de origem amiloidogência. 

 

1.2.5.2 O sistema ubiquitina-proteasomo (UPS) 

 Através de modificações pós-traducionais, proteínas podem ser conjugadas 

à ubiquitina (Ub), um polipeptídeo de 76 aminoácidos que é ligado ao grupamento 

ε-NH2 de resíduos de lisina de proteínas alvo via o resíduo de glicina C-terminal da 

Ub. Esse processo é chamado de ubiquitilação, e exerce várias funções biológicas 

dependendo a quais resíduos específicos a Ub é conjugada, assim como do padrão 

de conjugação da Ub (Dantuma and Bott 2014). Mais da metade do montante 

celular total de Ub existe na forma de espécies monoubiquitiladas conjugadas 

principalmente a histonas (Clague et al. 2015). 

 Proteínas alvo podem ser marcadas com uma ou mais moléculas únicas de 

Ub (monoubiquitilação), ou conjugadas a várias unidades de Ub fisicamente ligadas 

na forma de cadeias de poli-Ub (Lilienbaum 2013; Braten et al. 2016). Cada tipo de 

ligação de poli-Ub possui uma consequência fisiológica específica, em termos de 

sinalização celular, para a proteína alvo. Por exemplo, cadeias de 4 ou mais Ub 

ligadas via K48 formam o sinal mais comum de degradação via proteasomos, 



 

33 
 

enquanto cadeias de Ub via K63 podem ter funções regulatórias ou direcionar 

proteínas para autofagia (Lilienbaum 2013; Collins and Goldberg 2017). A 

transferência e ligação da Ub a proteínas alvo é realizada por uma série de reações 

envolvendo enzimas ativadoras (E1), conjugadoras (E2) e ligases (E3) de Ub. O 

genoma humano codifica duas isoformas E1 (UBA1 e UBA6), pelo menos 37 

proteínas E2 e mais de 1.000 E3 ligases (Lilienbaum 2013).  

 O sistema ubiquitina-proteasomo (UPS) é uma maquinaria de degradação 

proteica responsável pelo processamento de até cerca de 90% de todos os 

polipeptídeos celulares, incluindo, principalmente, proteínas de meia-vida curta e 

mal enoveladas (Lilienbaum 2013; Collins and Goldberg 2017). Em células de 

mamíferos, o ator principal do UPS é o proteasomo 26S, um complexo multiproteico 

dependente de ATP devotado à degradação de proteínas alvo. O proteasomo 26S 

é composto por duas unidades distintas: o componente central 20S (~700 kDa) e a 

partícula regulatória 19S (~900 kDa) (Lilienbaum 2013). O pool celular de 

proteasomos 26S maduros consiste de uma mistura de componentes 20S com um 

ou dois complexos 19S (Collins and Goldberg 2017). Vinte e oito polipeptídeos 

formam o componente 20S, com duas cópias cada de sete subunidades α e β 

distintas. Essas proteínas são dispostas em uma estrutura em forma de barril, com 

um poro central estreito que permite apenas a passagem de polipeptídeos não 

enovelados de modo dependente de ATP. As subunidades α possuem função 

estrutural, enquanto as subunidades β englobam as atividades proteolíticas do tipo 

caspase (β1, para resíduos com carga negativa), tripsina (β2, para resíduos com 

carga positiva) e quimiotripsina (β5, para resíduos hidrofóbicos), permitindo a 

clivagem de proteínas em sequências específicas. Os peptídeos gerados por esses 

processos de clivagem possuem de 2 a 10 aminoácidos em média (Collins and 

Goldberg 2017), que são posteriormente reduzidos a aminoácidos individuais por 

peptidases independentes do proteasomo (Dantuma and Bott 2014). 

 Especula-se que proteínas com tratos poliQ expandidos possam afetar os 

proteasomos, devido à toxicidade das espécies amiloidogênicas ou ao sequestro 

de subunidades proteasomais em agregados (Schmidt et al. 2002; Dantuma and 

Bott 2014). Enquanto polipeptídeos contendo cadeias de até cerca de 30 
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glutaminas são normalmente processados por proteasomos, as peptidases 

proteasomais não são capazes de clivar tratos poliQ mais longos (Venkatraman et 

al. 2004). A incapacidade de degradar tratos poliQ expandidos provavelmente se 

deve às especificidades particulares dos proteasomos eucarióticos, já que 

proteasomos de arqueobactérias são capazes de processar sequências poliQ 

expandidas (Venkatraman et al. 2004). Estudos in vitro e in vivo mostraram que a 

superexpressão de proteínas com tratos poliQ expandidos diminui a efetividade 

funcional dos proteasomos e aumenta o número total de proteínas celulares 

ubiquitiladas (Kraut et al. 2012). O aumento global de espécies ubiquitiladas é 

comumente considerado um indicador de disfunção da maquinaria UPS, 

provavelmente devido à toxicidade direta de oligômeros poliQ solúveis (Takahashi 

et al. 2008). Experimentos também sugerem um mecanismo indireto de inibição da 

via proteasomal por proteínas com tratos poliQ expandidos, provavelmente devido 

a perturbações globais na homeostase da Ub (Dantuma and Bott 2014). Contudo, 

é importante ressaltar que os sistemas de controle de qualidade proteica, em 

especial UPS e autofagia, são extremamente intrincados e possuem diversos 

mecanismos compensatórios frente a condições adversas. Por exemplo, pelo 

menos parte dos efeitos adversos decorrentes da inibição do UPS são aliviados por 

um aumento fisiológico nos níveis de autofagia (Rubinsztein 2007; Lim and Yue 

2015). Desse modo, o estudo isolado de apenas um componente da maquinaria de 

controle de qualidade proteica pode levar a resultados inconsistentes. 

 

1.2.5.3 O sistema de autofagia 

 A autofagia é um processo catabólico dependente de vesículas de 

membrana dupla conhecidas como autofagossomos, que sequestram 

componentes intracelulares e os direcionam para degradação via lisossomos 

(Lilienbaum 2013). A maioria das proteínas de meia-vida longa é degradada via 

autofagia, mas essa rota também está envolvida no processamento de agregados 

proteicos e até mesmo de organelas inteiras (Rose et al. 2011; Martin et al. 2014). 

A importância da autofagia para as funções celulares em geral e, especificamente 
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de neurônios, ficou clara com a demonstração de que a inibição da autofagia leva 

à acumulação de proteínas ubiquitiladas e de agregados e, subsequentemente, à 

neurodegeneração (Hara et al. 2006; Komatsu et al. 2006). Além disso, mutações 

em diferentes genes que codificam componentes da via da autofagia são 

patogênicas, como é o caso de mutações no gene ATG5 (Kim et al. 2016a). 

 Os processos de autofagia são geralmente divididos em três tipos (Kaur and 

Debnath 2015). O primeiro e mais comum é a macroautofagia (geralmente 

denominada simplesmente de autofagia), um mecanismo de processamento 

inespecífico de proteínas e organelas por autofagossomos e lisossomos 

(Lilienbaum 2013). O segundo tipo de autofagia é a microautofagia, 

compreendendo a captura direta de substratos por invaginações das membranas 

lisossomais ou endossomais e posterior degradação em lisossomos (Kaur and 

Debnath 2015). O último tipo de autofagia recebe o nome de autofagia mediada por 

chaperonas. Esse processo é distinto da macroautofagia, pois utiliza a chaperona 

HSPA8/HSC70 e suas co-chaperonas no reconhecimento específico de proteínas 

que possuem o motivo de aminoácidos KFERQ. Polipeptídeos com esse sinal de 

degradação são transportados através da membrana lisossomal pelo receptor 

LAMP2 (Lilienbaum 2013). Durante esse processo, co-chaperonas como CHIP, 

BAG1 e BAG3, atuam como seletoras e direcionadoras, enviando proteínas alvo 

para a maquinaria UPS ou autofagia, dependendo de estímulos celulares e 

interações específicas. Por exemplo, interações via BAG1 favorecem a via UPS, 

enquanto BAG3 direciona proteínas alvo principalmente para degradação via 

autofagia (Lilienbaum 2013). 

 Recentemente, descobriu-se outros tipos de autofagia seletiva, mediados 

por receptores especializados que reconhecem sinais de degradação específicos, 

de modo similar ao que acontece na via UPS (Kaur and Debnath 2015). Em 

mamíferos, o sinal de degradação mais comumente utilizado na autofagia seletiva 

é a Ub (Khaminets et al. 2015), e os receptores de autofagia p62/SQSTM1 e 

HDAC6 são de especial interesse no estudo de proteínas amiloidogênicas. Por 

exemplo, ambos os receptores facilitam a degradação de agregados proteicos por 
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um tipo especial de autofagia denominado de agrefagia (Øverbye et al. 2007; Dikic 

2017). 

 

1.2.6 Agregação proteica: mecanismo tóxico ou protetor? 

 Desde as primeiras caracterizações morfológicas de agregados 

intraneuronais em pacientes com doenças neurodegenerativas se especula sobre 

a real função dessas inclusões proteicas (Paulson et al. 1997b; Chai et al. 1999b; 

Takahashi et al. 2010). Por exemplo, agregados de ataxina-3 e Ub são encontrados 

tanto em tecido cerebral de pacientes com DMJ/SCA3 como em indivíduos 

saudáveis, ainda que a frequência dessas alterações seja muito maior entre 

pacientes (Fujigasaki et al. 2000). Esse achado levou à hipótese de que a ataxina-

3 talvez seja transportada para o núcleo de neurônios como uma resposta 

fisiológica normal a condições estressantes e durante o envelhecimento natural, 

mesmo na ausência de um trato poliQ expandido (Fujigasaki et al. 2000). Todavia, 

essas observações não são suficientes para o estabelecimento de uma relação de 

causalidade entre agregação proteica e neurodegeneração.  

 Alguns autores defendem a ideia de que o processo de agregação proteica 

faz parte de uma estratégia celular que visa ao isolamento espacial de proteínas 

altamente amiloidogênicas, como é o caso de proteínas com tratos poliQ 

expandidos (Zoghbi and Botas 2002; Takahashi et al. 2008). De acordo com essa 

linha de raciocínio, é possível que a formação de inclusões possa ser uma resposta 

neuronal fisiológica que tem como objetivo limitar a toxicidade de polipeptídeos 

propensos à agregação (Chai et al. 1999a; Sontag et al. 2017). De fato, um estudo 

pioneiro realizado por Arrasate e colaboradores (2004) na doença de Huntington 

demonstrou maior longevidade e menor taxa de morte celular entre neurônios que 

formavam inclusões de poliQ, em comparação a células em que inclusões não 

foram detectadas (Arrasate et al. 2004). Isso vai ao encontro de investigações 

anteriores que detectaram baixa correlação entre a quantidade de agregados e a 

extensão da neurodegeneração em diferentes áreas cerebrais de pacientes com 
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doenças ocasionadas por tratos poliQ expandidos (Paulson 1999; Gusella and 

MacDonald 2000; Opal and Zoghbi 2002). 

 Evidências recentes também sugerem que a agregação proteica não é um 

processo passivo, mas sim parte de um mecanismo celular ativo e especializado 

na formação de inclusões (Kaganovich et al. 2008; Sontag et al. 2017). Diversas 

proteínas dedicadas ao transporte e à localização de agregados em 

compartimentos celulares específicos já foram identificadas (Sontag et al. 2017), 

incluindo chaperonas moleculares (Malinovska et al. 2012; Escusa-Toret et al. 

2013). Esses achados corroboram a hipótese de que a formação de agregados 

proteicos faz parte de uma estratégia celular que visa ao isolamento de espécies 

solúveis altamente amiloidogênicas e tóxicas. De fato, diversos estudos mostram 

que os intermediários solúveis (principalmente os chamados oligômeros), e não os 

agregados insolúveis, são as principais espécies tóxicas nas poliglutaminopatias 

(Nagai et al. 2007; Takahashi et al. 2008; Kim et al. 2016b). Como discutido antes, 

esse é precisamente o motivo pelo qual a utilização de chaperonas moleculares é 

tão atrativa como estratégia terapêutica na DMJ/SCA3 e em outras doenças 

amiloidogênicas, já que diversas chaperonas reconhecem polipeptídeos solúveis 

mal enovelados e propensos à agregação (Bukau et al. 2006; Brehme and Voisine 

2016; Mannini and Chiti 2017). 

 

1.3 Objetivos 

1.3.1 Objetivo geral: 

• Identificar novos modificadores genéticos de fenótipos na doença de 

Machado-Joseph/ ataxia espinocerebelar do tipo 3 (DMJ/SCA3), focando 

na idade de início dos sintomas e na velocidade de progressão 

neurológica da doença. 
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1.3.2 Objetivos específicos: 

• Definir o atual “estado da arte” na investigação de modificadores 

genéticos da idade de início (AO) na DMJ/SCA3 através de uma revisão 

sistemática e metanálise. 

• Viabilizar a metodologia de amostragem de fenótipos extremos para a AO 

para a população gaúcha com DMJ/SCA3. 

• Com base nos resultados da metanálise proposta, selecionar potenciais 

candidatos a modificadores genéticos da AO na DMJ/SCA3 e testá-los em 

coortes selecionadas de pacientes utilizando a metodologia de 

amostragem de fenótipos extremos para AO, entre outras. 

• Avaliar o papel das chaperonas moleculares, em especial a DNAJB6, na 

modulação da AO e da velocidade de progressão neurológica da 

DMJ/SCA3. 
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2 Capítulo 2. O estado da arte sobre modificadores da idade de início na 
DMJ/SCA3 

 

2.1 Manuscrito 1: “Genetic risk factors for modulation of age at onset in Machado-

Joseph disease/spinocerebellar ataxia type 3: a systematic review and meta-

analysis” 
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Abstract
Objectives  To perform a systematic review and meta-
analysis of genetic risk factors for age at onset (AO) in 
spinocerebellar ataxia type 3/Machado-Joseph disease 
(SCA3/MJD).
Methods  Two authors independently reviewed reports 
on the mathematical relationship between CAG length 
at the expanded ATXN3 allele (CAGexp), and other 
genetic variants if available, and AO. Publications from 
January 1994 to September 2017 in English, Portuguese 
or Spanish and indexed in MEDLINE (PubMed), LILACS or 
EMBASE were considered. Inclusion criteria were reports 
with >20 SCA3/MJD carriers with molecular diagnosis 
performed by capillary electrophoresis. Non-overlapping 
cohorts were determined on contact with corresponding 
authors. A detailed analysis protocol was registered 
at the PROSPERO database prior to data extraction 
(CRD42017073071).
Results E leven studies were eligible for meta-analysis, 
comprising 10 individual-participant (n=2099 subjects) 
and two aggregated data cohorts. On average, CAGexp 
explained 55.2% (95% CI 50.8 to 59.0; p<0.001) of 
AO variability. Population-specific factors accounted for 
8.3% of AO variance. Cohorts clustered into distinct 
geographic groups, evidencing significantly earlier 
AO in non-Portuguese Europeans than in Portuguese/
South Brazilians with similar CAGexp lengths. Presence 
of intermediate ATXN2 alleles (27–33 CAG repeats) 
significantly correlated with earlier AO. Familial factors 
accounted for ~10% of AO variability. CAGexp, origin, 
family effects and CAG length at ATXN2 together 
explained 73.5% of AO variance.
Conclusions C urrent evidence supports genetic 
modulation of AO in SCA3/MJD by CAGexp, ATXN2 and 
family-specific and population-specific factors. Future 
studies should take these into account in the search 
for new genetic modifiers of AO, which could be of 
therapeutic relevance.

Introduction
Spinocerebellar ataxia type 3/Machado-Joseph 
disease (SCA3/MJD) is a neurological condition 
characterised by expansion of a polymorphic trinu-
cleotide CAG tract (CAGexp) at ATXN3. SCA3/
MJD is the most common dominantly inherited 
ataxia worldwide,1 2 and ATXN3 alleles with ≥45 
repeats code for ataxin-3 proteins with abnormally 
long polyglutamine (polyQ) sequences. PolyQ-ex-
panded ataxin-3 is prone to aggregation into 

neuronal inclusions and exerts a gain of toxic func-
tion, which leads to neuronal toxicity and degener-
ation,3 similarly to what happens in Huntington’s 
disease and other SCAs.4

The longer the CAGexp at ATXN3, the earlier the 
age at onset (AO) of disease. A large body of evidence 
has established that AO is not entirely explained by 
CAGexp, which explains 50% to 60% of the vari-
ability in AO,5–8 and that AO should be modulated 
by additional genetic and/or environmental factors. 
Several candidates have been proposed, such as 
apolipoprotein E genotypic status,9–11 CAG length 
at normal ATXN38 12 13 and ATXN26 8 alleles, and 
protein levels of the DNAJB1 chaperone.14

Most of the proposed modifiers in SCA3/MJD 
were not replicated or had small effects that usually 
improve the explanation of AO variance by not 
more than 1%. The greater part of the missing vari-
ability in AO remains unexplained, suggesting that 
the main CAGexp-independent modulators of AO 
are still unknown. Here, we performed a system-
atic review and meta-analysis of genetic risk factors 
associated to AO in SCA3/MJD. By analysing both 
aggregate and individual-participant data of more 
than 2000 patients from 16 countries across three 
continents, we were able to detect an important 
origin-specific effect of CAGexp on AO and to 
confirm the effect of some putative risk factors 
published previously.

Methods
A detailed methodology protocol for this study 
was registered at the PROSPERO (International 
Prospective Register of Systematic Reviews) data-
base prior to data extraction and is available at 
https://www.​crd.​york.​ac.​uk/​PROSPERO/ under 
record CRD42017073071.

Literature search and data extraction
MEDLINE (PubMed), LILACS and EMBASE were 
searched from January 1994 to September 2017 for 
reports on genetic factors related to AO in SCA3/
MJD. Search terms employed were ‘sca3’ OR ‘mjd’ 
OR ‘spinocerebellar ataxia type 3’ OR ‘spinocere-
bellar ataxia type-3’ OR ‘machado-joseph disease’ 
OR ‘machado joseph disease’ AND ‘age of onset’ 
OR ‘age-of-onset’ OR ‘age at onset’ OR ‘age-at-
onset’. Peer-reviewed articles and meeting abstracts 
were included, and references were checked to 
guarantee maximal coverage. Two reviewers 
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(EPDM and MKM) independently assessed and extracted data 
into evidence tables. Any disagreement regarding eligibility was 
discussed with a third reviewer (LBJ).

Population, exposure, comparators, outcomes, and inclusion 
and exclusion criteria
SCA3/MJD heterozygotes from diverse geographical origins 
comprised the population under study. The CAG length at 
CAGexp was the main exposure considered for meta-analysis; 
other genetic variants were included in the meta-analysis as risk 
factors (exposures) if reported at least twice in literature. The 
outcome was the quantitative variable AO defined as the age at 
the first symptom, usually gait ataxia. Included studies should 
report on both (1) molecularly confirmed SCA3/MJD symptom-
atic and/or asymptomatic heterozygotes and (2) the relationship 
between ATXN3 CAGexp (main exposure) and AO (outcome). 
The term ‘carrier’ was used here as a synonym for heterozy-
gotes, symptomatic or not, with one ATXN3 allele with ≥45 
CAG repeats. We excluded studies reporting on <20 carriers, in 
languages other than English, Portuguese or Spanish. If multiple 
publications reported the same data, the most up-to-date and 
complete data set was included. Corresponding authors were 
contacted to check for duplicated data and to grant access to 
their updated, pseudonymised, individual-participant databases 
(IPDs), whenever possible. Otherwise, we used summary statis-
tics from aggregated databases (ADs). Besides AO and CAGexp, 
data on gender, family, length of normal ATXN3 CAG tracts and 
at other CAG-containing loci and/or additional genetic variants 
were retrieved, if available.

Risk of bias assessment and quality control
The outcome AO was poorly defined in some studies. Since 
most patients with SCA3/MJD develop gait ataxia as the first 
symptom,15 we combined in a single model carriers with known 
AO of gait ataxia (AOga) or of first symptom; when both criteria 
were available for the same individual, AOga was chosen. Only 
studies that measured CAG repeats by capillary electrophoresis 
were considered. Participation in molecular diagnosis quality 
control programmes was also questioned and informed here.

Analysis and data synthesis
Boxplots were used to describe the variability on both AO and 
CAGexp among studies. The meta-analysis was composed of 
three main models. First, the global relationship between ATXN3 
CAGexp length and AO was investigated using data from both 
IPDs and ADs,16 aiming at comparing the degree of explanation 
of the variability in AO by CAGexp across studies, as reported 
by the linear R2 measure. A second meta-analysis used IPDs only. 
Since complex models (quadratic and logarithmic) were only 
marginally better at explaining the data (see online supplemen-
tary file 1), AO was not mathematically transformed, and linear 
regression was used. A third analysis tested the effects of gender, 
family and CAG length at the non-expanded ATXN3 allele and at 
other CAG-containing loci, focusing on the improvement of the 
R2 measure. Geographical origin and interaction between origin 
and CAGexp were always included as independent variables. 
With the exception of ATXN1, which was considered a contin-
uous variable, the effect of all CAG-containing loci was assessed 
as both continuous and discrete variables using CAG length 
groups as published previously6 8 (online supplementary file 2). 
The percentage of AO variability explained by belonging to the 
same family was tested with a fixed-effects model. Analyses were 
performed using the software R V.3.4.1 with packages lsmeans 

and lmSupport, and SAS OnDemand for Academics V.3.1 (SAS 
Institute). Graphs were generated with ggplot2. Results were 
considered statistically significant when p<0.05.

Results
Systematic review
The search yielded 641 unique abstracts (online supplemen-
tary file 3); 140 studies testing the relationship between AO 
and CAGexp at ATXN3 were selected for the systematic review 
(online supplementary file 4). Thirty-one studies investigated 
additional modifying effects on AO, including CAG repeat 
length at the non-expanded ATXN3 (n=19), ATXN1 (n=5), 
ATXN2 (n=6), CACNA1A (n=7), ATXN7 (n=4), HTT (n=4), 
TBP (n=3) and ATN1 (n=4) alleles. AO differences according 
to length of GGGGCC repeats at C9ORF72, and CAG repeats 
at RAI1 and KCNN3 were each reported once. Another report 
correlated ataxin-3 and selected chaperones protein levels with 
AO. Allelic and/or genotypic status of single-nucleotide polymor-
phisms at 15 genes were also correlated with AO, including vari-
ants at ATXN3 (rs3814834, rs709930 and rs910369; n=1 each), 
APOE (rs429358 and rs7412; n=4) and ATXN2 (rs7969300), 
BDNF (rs6265), BECN1 (rs60221525 and rs116943570), 
CHIP (rs6597), hCAD (rs12738235), IL1A (rs1800587), IL1B 
(rs16944), IL6 (rs1800795), MT-ND3 (rs2853826), OGG1 
(rs1052133), PPARGC1A (rs7665116), TNF (rs1800629) and 
UCHL1 (rs5030732; n=1 each). Differences in AO according to 
the degree of promoter methylation at ATXN3 were evaluated by 
two studies, using distinct methodologies. Gender of the affected 
individual and transmitting parent were correlated with AO in 
14 and 6 studies, respectively. Two reports considered the effect 
of population of origin on AO, and one evaluated the familial 
dependency of AO. Data extraction, references and detailed 
information of all AO modifiers reported in the literature, 
including those not selected for meta-analysis, are described in 
online supplementary file 5.

After contacting all corresponding authors of studies that 
met the inclusion and exclusion criteria (n=11), we retrieved 
updated information on 10 non-overlapping IPDs and 2 ADs of 
symptomatic individuals only (figure 1). CAGexp and geograph-
ical origin were available for all IPDs. Additional data included 
length of non-expanded CAG tracts at ATXN3 (n=9 cohorts), 
and at ATXN1, ATXN2, CACNA1A and ATXN7 (n=4 cohorts). 
Information on gender and family effects were available for six 
and seven cohorts, respectively. Geographical origin, sample sizes 
and retrieved data for each cohort included in the meta-analysis 
are summarised in table 1 and detailed in online supplementary 
file 6.

Effect of CAGexp and geographical origin
Exposure to diverse CAGexp repeat lengths at ATXN3 was the 
most studied risk factor. IPD and AD retrieved from 11 studies 
comprised four cohorts from Europe,6 7 17 18 three from Asia,8 19 20 
one from North America,6 one from Central America21 and three 
from Brazil.5 22 23 Brazilian cohorts comprised the Rio Grande do 
Sul (Brazil-RS) cohort23 and cohorts from other Brazilian regions 
(Brazil-non-RS cohorts): namely, subjects from São Paulo State22 
and those described by Neurogenetics Network, a consortium 
of Brazilian researchers.5 Using both IPDs and ADs, the global 
linear correlation coefficient between CAGexp and log10(AO) 
was r=−0.743 (95% CI -0.768 to -0.713, p<0.001), meaning 
that, on average, the causative mutation determines about 55.2% 
(50.8%–59.0%) of the AO variability in SCA3/MJD worldwide.
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Figure 1  Workflow of the studies selected for the present meta-analysis.

Table 1  Studies selected for meta-analysis of the modulation of age at onset in SCA3/MJD by CAG repeat length at ATXN3 and additional factors

Cohort N, published* N, available† Data type QC programme‡ Available data (risk factors) Reference

Rio Grande do Sul, Brazil 463 507 IPD Yes Family, gender, origin, ATXN3, ATXN1, 
ATXN2, CACNA1A, ATXN7

Souza et al23 2016

EUROSCA,
Europe

403 403 IPD Yes Family, gender, origin, ATXN3, ATXN1, 
ATXN2, CACNA1A, ATXN7

Tezenas du Montcel et al6 2014

Taiwan 48 347 IPD NS Gender, origin, ATXN3 Wang et al19 2012

Portugal (Mainland) 48 226 IPD Yes Origin, ATXN3 Silveira et al17 1998

China 141 141 IPD NS Family, origin,
ATXN3 (expanded allele only)

Wang et al20 2017

Netherlands 342§ 133 IPD Yes Family, origin, ATXN3 van de Warrenburg et al18 2005

São Paulo, Brazil 34 110 IPD No Origin,
ATXN3 (expanded allele only)

França Jr et al22 2009

Portugal
(Azorean Islands)

93 106 IPD Yes Family, gender, origin, ATXN3, ATXN1, 
ATXN2, CACNA1A, ATXN7

Raposo et al7 2015

Neurogenetics network, 
Brazil

481¶ 104 IPD Yes Family, gender, origin, ATXN3, ATXN1, 
ATXN2, CACNA1A, ATXN7

de Castilhos et al5 2014

Cuba 22 22 IPD Yes Origin, ATXN3 González-Zaldívar et al21 2015

China 802 AD NS Origin,
ATXN3 (expanded allele only)

Chen et al8 2016

USA 110 AD NS Origin,
ATXN3 (expanded allele only)

Tezenas du Montcel et al6 2014

*Number of patients reported on the original publication.
†Number of patients whose data were obtained after contacting the corresponding author of the selected publication.
‡Participation in molecular diagnosis quality control programme.
§This study reports on Dutch and French patients, but only the Dutch cohort was available for analysis.
¶This study includes patients from the Rio Grande do Sul cohort, but only patients from other Brazilian regions were retrieved for analysis.
AD, aggregated database; EUROSCA, European Consortium on Spinocerebellar Ataxias; IPD, individual-participant database; NS, not specified; SCA3/MJD, spinocerebellar ataxia 
type 3/Machado-Joseph disease.

Subsequent analyses used IPD cohorts only, totaling 2099 
patients. Variability of CAGexp length among the 10 cohorts 
(figure 2A) was wider than variability in AO (figure 2B). Inclu-
sion of geographical origin increased in 8.34% the explanation 
of AO variability (adjusted R2=0.556; F10,2091=263.8, p<0.001; 
online supplementary file 1). CAGexp significantly interacted 

with origin, which improved the model by an additional 1.02% 
(adjusted R2=0.564; F19,2082=144.1, p<0.001). The differential 
effect of CAGexp on AO among the 10 cohorts was evidenced 
by differences in slope and position of regression lines (figure 3A 
and B). Pairwise analysis of cohorts with similar slopes and/
or intercepts allowed for data aggregation into three main 
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Figure 2  Variability of CAG length at the expanded ATXN3 allele and age at onset in SCA3/MJD. Data on CAG length at the expanded ATXN3 allele 
and age at onset are shown for the 10 original, individual-participant data cohorts selected for meta-analysis. EUROSCA, European Consortium on 
Spinocerebellar Ataxias; SCA3/MJD, spinocerebellar ataxia type 3/Machado-Joseph disease.

geographical/ethnic groups with differential CAGexp modula-
tion of AO: an average group with heterogeneous origins (China, 
Cuba, Brazil-non-RS and Taiwan cohorts), the group of non-Por-
tuguese Europe (EUROSCA and Netherlands cohorts) and the 
group with clear Portuguese origin (Azorean Islands, mainland 
Portugal and Brazil-RS cohorts) (figure 3C and D; online supple-
mentary file 7). Table 2 presents mean AO predictions for each 
geographically distinct group as a function of CAGexp tracts of 
three different lengths.

Effect of non-expanded CAG repeats at ATXN3 and other 
CAG-containing loci
Data on CAG length of non-expanded ATXN3, ATXN1, ATXN2, 
CACNA1A and ATXN7 alleles were available from 944 patients 
from four cohorts (EUROSCA, Azorean Islands, Brazil-RS and 
Brazil-non-RS) for meta-analysis. Inclusion of CAG length at 
the non-expanded ATXN3 allele did not significantly improve 
the correlation between CAGexp and AO (p=0.327, contin-
uous variable; p=0.388, discrete variable; online supplemen-
tary file 1). From the remaining candidate loci, only ATXN2 
significantly improved the explanation of AO variability, with 
longer ATXN2 CAG tracts correlating with earlier AO (adjusted 
R2=0.630; F10,933=161.6, p<0.001; online supplementary file 
1). There was a significant interaction between length of the 
longest CAG tract at ATXN2 and CAGexp, which contrib-
uted an additional 0.39% to the explanation of AO variability 
(p=0.020; online supplementary file 1). Presence of at least 
one intermediate ATXN2 allele (27–33 CAGs; 5% of alleles) 
significantly correlated with earlier AO (adjusted R2=0.632; 

F13,930=125.7, p<0.001; figure 4A and online supplementary 
file 1) in individuals with CAGexp tracts of up to 73 repeats 
(table 3).

Family and gender effects
Information on family effects was available for 1368 patients 
from 565 families (online supplementary file 8). Among these, 
CAGexp and origin alone explained ~60% of AO variance 
(adjusted R2=0.599; F11,1356=186.8; p<0.001). Inclusion of 
family data in a fixed-effects model increased the explana-
tion by ~10% (adjusted R2=0.702; F888,479=4.6; p<0.001; 
online supplementary file 1). Data on gender were available 
for 1468 patients, and its inclusion contributed an additional 
0.3% increase in the explanation of variability in AO (adjusted 
R2=0.590; F10,1457=211.9; p<0.001; online supplementary file 
1). On average, male patients had younger ages at onset, espe-
cially among individuals with longer CAGexp tracts (figure 4B 
and online supplementary file 9). However, when considered 
together with CAG repeat length at ATXN2 (n=942 individ-
uals), the effect of gender was not significant (p=0.08; online 
supplementary file 1).

Combined effects
The final and best regression model considered CAGexp, origin, 
family effects and ATXN2 genotypes, and explained 73.5% 
(95% CI 68.2 to 77.6) of the AO variance (adjusted R2=0.735; 
F682,245=4.8; p<0.001; online supplementary file 1).
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Figure 3  Population-specific modulation of the age at onset (AO) in spinocerebellar ataxia type 3/Machado-Joseph disease. (A) Linear regression of 
CAGexp and AO in the 10 distinct cohorts included in the present meta-analysis (cohorts are colour-coded as in panel B). (B) Same as in (A), but with 
individual plots for each cohort. The β coefficient of the linear regression, expressed as mean±SE, is also shown for each cohort. (C) Same as in (A), but with 
patients grouped in three main geographical origins, as a result of pairwise comparisons of intercepts and slopes of lines presented in (A). (D) Same as in 
(C), but with geographical origins depicted separately. Hexagons depict groups of patients, according to the colour scheme, and dashed lines represent linear 
regressions. For each plot, the R2 correlation coefficient is also shown. EUROSCA, European Consortium on Spinocerebellar Ataxias.

Discussion
This worldwide systematic investigation of risk factors for AO in 
SCA3/MJD detected that the CAGexp determines, on average, 
55.2% of the phenotypic variability in AO. Additional modula-
tion of AO by family factors, gender and CAG length at ATXN2 
were confirmed. Interestingly, currently unknown effectors 
related to geographical origin were also shown to modify AO. 
Although several more candidates have already been proposed, 
data were not robust enough to be meta-analysed, and further 
replication studies are necessary to assess their validity as pheno-
typic modulators in SCA3/MJD.

Effect of CAGexp and geographical/ethnic and family 
background
Clear geographical/ethnic differences on the effect of CAGexp 
on AO tell us that a universal correlation might not applicable 
to all carrier populations. Choice of statistical modelling might 
further evidence how populational differences in CAGexp can 
impact AO determination. Significant increase in explanation 
of AO variability was detected in Han Chinese,8 European 
carriers from non-Portuguese populations and Americans6 using 
quadratic models. Here, the quadratic modelling of CAGexp 
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Table 2  Effect of population of origin on the age at onset (AO) in SCA3/MJD

Parameter* Portuguese Europe and Brazil-RS Average group
Non-Portuguese
Europe

Intercept 193.95 (184.36–203.55)a 163.12 (153.71–172.54)b 171.83 (160.78–182.88)b

Slope −2.13 (−2.26 to −2.00)a −1.72 (−1.85 to −1.59)b,c −1.92 (−2.08 to −1.76)a,c

Predicted age at onset (years)

 � For CAGexp=65 55.36 (54.10–56.62)a 51.20 (50.00–52.39)b 46.75 (45.84–47.66)c

 � For CAGexp=75 34.04 (33.45–34.62)a 33.98 (33.32–34.63)a 27.51 (26.27–28.75)b

 � For CAGexp=85 12.71 (11.14–14.29)a 16.76 (15.10–18.41)b 8.27 (5.55–10.99)c

Patients with SCA3/MJD from 10 cohorts with distinct geographical origins were grouped according to similarity of linear regression parameters. Mean AOs are presented for 
expanded CAG tracts at ATXN3 (CAGexp) of different lengths.
*Data are presented as mean (95% CI). For each parameter, means sharing the same letter are not statistically different (Tukey-adjusted comparisons).
†

CAGexp, CAG length at the expanded ATXN3 allele; SCA3/MJD, spinocerebellar ataxia type 3/Machado-Joseph disease.

Figure 4  Effect of co-modifiers of the age at onset (AO) in SCA3/
MJD. (A) Linear regression of CAG repeat length at the expanded ATXN3 
allele (CAGexp) and AO in patients with spinocerebellar ataxia type 3/
Machado-Joseph disease, divided into four categories according to length 
of CAG tracts at both ATXN2 alleles. I, at least one short (<22) allele; 
II, homozygous medium (22) alleles; III, at least one short intermediate 
allele (23–26) with or without a medium (=22) allele; IV, at least one 
intermediate (27–33) allele. (B) Same as in (A) but with individuals divided 
according to gender.

from IPDs yielded only a marginal improvement when compared 
with a simpler, linear regression modelling of AO variance. 
This is likely attributed to presence of individuals with larger 
CAGexp tracts (figure 2A), which correlate more strongly with 
AO,7 compared with previous publications.6 8

Variation of CAGexp distribution was markedly larger than 
variation of AO among populations (figure  2). SCA3/MJD 
populations with larger CAGexp belonged to Brazilian and 
Asian cohorts. Inversely, subjects from Austria, Belgium, France, 
Germany, Hungary, Italy, Netherlands, Poland, Spain and UK 
(EUROSCA cohort)6 had the shortest mean CAGexp. Reasons 
for such differences are still unknown. Although ascertainment 
bias usually operates in favour of recruiting more severe cases 
(ie, longer CAGexp tracts), this bias was unlikely in at least one 
cohort (Brazil-RS) with large CAGexp tracts since coverage 
in this population was shown to be very high.23 Substantial 
differences in CAGexp determination are also unlikely since 
most included studies were performed in laboratories engaged 
in molecular diagnosis quality control programmes. There-
fore, distinct CAGexp patterns likely represent true differences 
related to population of origin.

Pairwise comparisons allowed us to categorise carriers into 
three main geographical/ethnic groups, reflecting distinct rela-
tionships between CAGexp and AO (figure 3 and table 2), and 
suggesting that CAGexp does not have the same effect on AO of 
all SCA3/MJD carriers worldwide. Assuming that the ‘average’ 
group (figure  3C,D) represents the worldwide average rela-
tionship between CAGexp and AO in SCA3/MJD, our analysis 
suggests the existence of AO modifiers with opposing effects 
on non-Portuguese European carriers versus subjects with 
Portuguese ancestry (mainland Portuguese, Azorean and South 
Brazilians). There seems to be factors among non-Portuguese 
Europeans and carriers of Portuguese ancestry that effectively 
predispose to earlier and later AO, respectively, given a CAGexp 
of same length. It is also possible that the geographical/ethnic 
effect uncovered here reflects, at least partially, distinct ATXN3 
haplotypes and mutational origins, as different SCA3/MJD 
populations show distinct haplotypic frequencies.24 Further 
research will be necessary to establish a causal link, if any, 
between CAGexp haplotypes and AO.

Familial effects might also be due to genetic AO modifiers, 
although the effect of shared environmental exposures within 
a family cannot be excluded. A significant decrease in residual 
AO variance within families, compared with that between fami-
lies, was observed previously.18 25 The ~10% improvement in R2 
observed here was smaller than the 25% observed in a French 
and Dutch cohort18; whether this was due to presence of several 

small families with one or two individuals in the meta-analysis 
remains to be established (online supplementary file 8).

Effect of the non-expanded ATXN3 allele and of other non-
expanded CAG-containing loci
In agreement with most original studies, there was no associa-
tion between length of the non-expanded ATXN3 allele and AO 
(online supplementary files 1 and 5) and that was also the case 
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Table 3  Effect of ATXN2 genotypes on the age at onset (AO) in SCA3/MJD

Parameter

ATXN2 genotype*

I II III IV

Individuals, n (%) 32 (3.4) 634 (67.2) 47 (5.0) 231 (24.4)

Intercept† 228.03 (179.66–276.40)a,b 213.00 (199.41–226.60)a 213.85 (199.02–228.68)a 169.38 (142.50–196.27)b

Slope† −2.64 (−3.31 to −1.97)a,b −2.42 (−2.60 to −2.23)a −2.43 (−2.64 to 2.23)a −1.90 (−2.28 to −1.52)b

Predicted age at onset†

 � For CAGexp=65 56.54 (51.21–61.87)a 55.69 (53.94–57.43)a 55.61 (53.80–57.43)a 45.64 (42.62–48.65)b

 � For CAGexp=70 43.35 (40.50–46.20)a 43.59 (42.54–44.64)a 43.44 (42.30–44.58)a 36.12 (33.90–38.33)b

 � For CAGexp=73 35.43 (32.83–38.03)a 36.33 (35.45–37.20)a 36.14 (35.08–37.20)a 30.41 (27.98–32.83)b

 � For CAGexp=74 32.80 (29.95–35.64)a,b 33.90 (33.02–34.79)a 33.70 (32.59–34.81)a 28.50 (25.90–31.11)b

 � For CAGexp=75 30.16 (26.94–33.37)a,b 31.48 (30.55–32.42)a 31.27 (30.08–32.46)a 26.60 (23.78–29.42)b

 � For CAGexp=85 3.77 (−5.30 to 12.84)a 7.28 (4.92–9.64)a 6.92 (4.11–9.74)a 7.56 (1.58–13.55)a

ATXN2 genotypes (ATXN2gen) were included in a linear regression model of AO as a function of CAG length at the expanded ATXN3 allele (CAGexp) and geographical origin as 
follows: AO ~CAGexp+Origin+CAGexp*Origin+ATXN2 gen+ATXN2gen*CAGexp. Mean AOs are presented for expanded CAG tracts at ATXN3 of different lengths.
CAGexp, CAG length at the expanded ATXN3 allele; SCA3/MJD, spinocerebellar ataxia type 3/Machado-Joseph disease.
*ATXN2 genotypes were defined as follows: (I) at least one short (<22) allele, (II) homozygous medium (=22) alleles, (III) at least one short intermediate (23–26) allele with or 
without a medium allele, and (IV) at least one intermediate (27–33) allele. †Data are presented as mean (95% CI). For each parameter, means sharing the same letter are not 
statistically different (Tukey-adjusted comparisons).
†Data are presented as mean (95% CI). For each parameter, means sharing the same letter are not statistically different (Tukey-adjusted comparisons).

for ATXN1, ATXN7 and CACNA1A. However, since we did not 
have access to IPD from the large Chinese cohort that reported 
the associations between AO and CACNA1A and ATXN7,8 popu-
lation-specific differences in the range of CAG tracts at these 
loci—and in power to detect their potential effects—should not 
be overruled.

In contrast, we confirmed the association between non-ex-
panded ATXN2 alleles of intermediate CAG length (27–33 
repeats) and earlier AO in SCA3/MJD (figure 4A, table 3 and 
online supplementary file 1), as reported previously.6 8 Lack of 
confirmation in other cohorts is most likely attributed to small 
sample sizes6 7 or inclusion of ATXN2 in regression analysis as a 
continuous variable.5 Whether the modulatory effect of ATXN2 
would be due to the CAG tract directly, or another genetically 
linked variant, is still unknown. Several observations support a 
biologically significant role for ATXN2 and the normal ataxin-2 
protein in neurodegenerative diseases. For instance, longer 
non-expanded ATXN2 alleles have been related to increased 
risk of developing amyotrophic lateral sclerosis,26 progressive 
supranuclear palsy,27 frontotemporal dementia28 and multiple 
systems atrophy.29 Outside the CAG tract, a correlation between 
a missense polymorphism at ATXN2 and earlier AO in Chinese 
patients with SCA3/MJD was recently shown.30 Moreover, lower 
ataxin-2 levels were detected in brains of patients with SCA3/
MJD and transgenic mice compared with healthy controls.31 
Importantly, restoration of ataxin-2 levels in affected mice led 
to significant morphological and behavioural improvements.31 
Therefore, the current evidence suggests that ataxin-2 is a strong 
candidate modifier of AO (and, maybe, disease progression) in 
SCA3/MJD.

Study limitations
Although great care was taken to control for potential biases and 
confounding factors, the present study is not without method-
ological limitations. Importantly, due to its retrospective assess-
ment, it is possible that AO was not precisely defined for some 
of the individuals included. However, recalling biases were 
likely present in all patient cohorts, thus arguing in favour of 
true differences in AO among carriers from distinct populations/
ethnicities. Moreover, different studies selected for meta-anal-
ysis had distinct definitions of AO, namely AO of the first 

symptom or AO of gait ataxia. Even though gait ataxia is usually 
the first symptomatic manifestation of SCA3/MJD, other symp-
toms might present before gait abnormalities.15 While some of 
the largest patient cohorts included in this study had gait ataxia 
clearly stated as the parameter of choice for AO, which might 
have contributed to reduce AO heterogeneity, it is possible that 
distinct AO parameters are differentially modulated by CAGexp 
and/or other genetic factors.

Concluding remarks
The present analysis estimated that CAGexp is globally respon-
sible for 55.2% of AO variance, on average. Gender and shared 
familial characteristics (most likely genetic) were confirmed 
as factors that influence AO in SCA3/MJD. Among candidate 
genes, CAG length at ATXN2 was the only variant confirmed by 
the meta-analysis; future studies on the ataxin-3/ataxin-2 inter-
actions might disclose promising discoveries.

Moreover, the IPD meta-analysis suggested protective factors 
in SCA3/MJD geographical groups of Portuguese origin, and 
probably a lack of some protective factors in non-Portuguese 
Europeans. Studying selected SCA3/MJD carrier groups, such 
as cohorts from specific geographical origins, or families with 
disease onset markedly different from the expected AO for their 
location, could significantly boost the search for genetic AO 
modulators.

The best model to assess the effect of the confirmed inde-
pendent variables on AO determination in SCA3/MJD included 
CAGexp, geographical origin, family and CAG length at 
ATXN2: this model explained 73.5% of AO variability. That 
does not mean that factors responsible for the remaining vari-
ance should not have a genetic nature as well. In fact, several 
studies reviewed here assessed the effect of other genetic vari-
ants on AO, and some had promising results. Unfortunately, 
most were unique studies that were not qualified for meta-anal-
ysis. However, one of the advantages of meta-analyses is that 
updates can be performed in the future. Hopefully, further 
evidences on modifiers could increase the explanation of AO 
variability in SCA3/MJD, disclosing factors with potential ther-
apeutic roles.
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Background and purpose: In spinocerebellar ataxia type 3/Machado–Joseph
disease (SCA3/MJD), the length of CAG repeat expansions in ATXN3 shows

an inverse correlation with age at onset (AO). Recently, a formula for predict-

ing AO based on CAG expansion was developed for European carriers. We

tested this formula in SCA3/MJD carriers from distinct origins and developed

population-specific models to predict AO.

Methods: This was a parametric survival modelling study.

Results: The European formula (EF) was tested in 739 independent SCA3/

MJD carriers from South Brazil, Taiwan and the Portuguese Azorean islands,

and it largely underestimated AO in South Brazilian and Taiwanese test

cohorts. This finding challenged the universal use of the EF, leading us to

develop and validate population-specific models for AO prediction. Using

validation cohorts, we showed that Brazilian and Taiwanese formulas largely

outperformed the EF in a population-specific manner. Inversely, the EF

was more accurate at predicting AO among Portuguese Azorean patients.

Hence, specific prediction models were required for each SCA3/MJD ethnic

group.

Conclusions: Our data strongly support the existence of as yet unknown fac-

tors that modulate AO in SCA3/MJD in a population-dependent manner,

independent of CAG expansion length. The generated models are made avail-

able to the scientific community as they can be useful for future studies on

SCA3/MJD carriers from distinct geographical origins.

Introduction

Spinocerebellar ataxias (SCAs) are adult-onset neu-

rodegenerative disorders with autosomal dominant

inheritance. Several SCAs are caused by CAG repeat

expansions (CAGexp) within coding regions of unre-

lated genes, being translated into neurotoxic polyglu-

tamine-containing proteins [1].

In SCA type 3/Machado–Joseph disease (SCA3/

MJD), CAGexp length determines ~50% of age at

onset (AO) variability [2–5]. Although the average

(range) CAGexp length in European and North

American patients with SCA3/MJD was found to be
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68.0 (54–77) [3,6,7], these values are skewed towards

longer repeats (average, 75.1; range, 65–91) in Brazil-

ian carriers [6,8]. A younger AO was consistently

observed in Brazilian patients, when compared with

European and North American patients [2,3,6,8–11].
Prediction of AO might impact genetic counselling

and recruitment of pre-ataxic individuals for future

clinical trials. To address this issue, maximum likeli-

hood estimation of AO of first symptoms was previ-

ously used in SCA3/MJD [12], whereas others

employed parametric survival models to estimate the

probability of onset at a given age in Huntington’s

disease (e.g. [13]) and in Cuban SCA type 2 [14],

European SCA type 1, SCA type 2, SCA3/MJD and

SCA6 carriers [7]. These models were assumed to be

applicable to independent patient cohorts. Recent evi-

dence, however, suggests that additional CAGexp-

independent factors might influence AO [4], arguing

against a single AO prediction model and suggesting

that the population background should be considered.

Here, we compared known AO of gait ataxia

(AOga) in SCA3/MJD with predictions from the pub-

lished European model [7], using independent cohorts

from distinct geographical origins, i.e. South Brazil,

Taiwan and the Portuguese Azorean Islands. We then

developed and validated population-specific models

for South Brazilian [Brazilian formula (BF)] and Tai-

wanese [Taiwanese formula (TF)] carriers.

Methods

A workflow illustrating the cohorts and analysis ratio-

nale used in this study is shown in File S1. Subjects

with SCA3/MJD (n = 739) were stratified according

to geographical origin. AOga was considered to be

the age at the first walking disturbances, as reported

by carriers and/or relatives (File S2 for details).

Study populations

South Brazilian cohort 1

A total of 100 symptomatic and 50 asymptomatic car-

riers were recruited from the Rio Grande do Sul

SCA3/MJD population [8]. Their data were used to

test the model built with data from European patients,

referred here as to ‘European formula’ (EF) for AOga

determination [7] (validation cohort for EF) and to

generate BF (discovery cohort for BF).

South Brazilian cohort 2

An additional 107 patients from the South Brazilian

SCA3/MJD population [8] were enrolled in a valida-

tion cohort to address predictions of BF, EF and

TF.

Taiwanese cohort 3

A total of 40 asymptomatic and 227 symptomatic Tai-

wanese individuals, randomly assigned from an origi-

nal cohort of 347 symptomatic subjects, were used to

test EF (validation cohort for EF) and to generate TF

(discovery cohort for TF).

Taiwanese cohort 4

The remaining 120 symptomatic Taiwanese individu-

als composed a validation cohort to address predic-

tions of BF, EF and TF.

Portuguese Azorean cohort 5

A total of 95 symptomatic individuals from the Por-

tuguese Azorean Islands [4] were used to test BF, EF

and TF. SCA3/MJD in South Brazil is virtually

entirely traced back to Azoreans who settled in this

region between 1750 and 1770 [15]. Due to this

genetic closeness, cohort 5 was chosen to validate pre-

diction differences between BF and EF.

Clinical and molecular diagnosis

Individuals were genotyped at their local institutions

where this study was conducted. Length of CAG

repeats was determined by polymerase chain reaction

using fluorescent primers for the ATXN3 CAG repeat

region and capillary electrophoresis.

Ethical aspects

This study was approved by the Ethics Committees of

Hospital de Cl�ınicas de Porto Alegre (14-0204), Univer-

sity of Azores (2/2016) and Shuang Ho Hospital, Tai-

wan. Confidentiality was guaranteed to all study

participants, who gave written informed consent to par-

ticipate in the study. Results from Brazilian (n = 50)

and Taiwanese (n = 40) asymptomatic individuals were

dealt with in a pseudonymized manner under an

arrangement that ensured that results were not dis-

closed to anyone except the principal investigators in

Brazil (L.B.J.) and Taiwan (B.W.-S.), respectively.

Statistical analysis

Prediction of median AOga for a given CAGexp length

was calculated for all individuals from South Brazilian

cohort 1, Taiwanese cohort 3 and Portuguese Azorean

cohort 5, using EF for AOga determination [7]. Critical

ranges (5th and 95th percentiles) were obtained for pre-

dicted AOga (File S3). Scatter plots were used to com-

pare differences between observed and predicted AOga

in symptomatic individuals from all cohorts or between

the age at the last asymptomatic neurological evaluation
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and the predicted AOga for asymptomatic individuals.

Differences between observed and predicted values,

expressed as mean prediction errors, were assessed by

paired t-tests. Positive mean prediction errors indicated

underestimations (observed AOga � predicted AOga

> 0 years). Inaccurate AOga predictions for asymp-

tomatic carriers were only detected when the predicted

AO was earlier than the actual age of the individual

at the time of her/his last clinical evaluation.

New prediction models were developed using data

from the South Brazilian cohort 1 (BF) and Tai-

wanese cohort 3 (TF). For each cohort, data from

symptomatic and asymptomatic carriers were fitted to

four parametric survival models (log-normal, Gaus-

sian, exponential and Weibull). The best-fitting models

were chosen through residual analysis, Akaike infor-

mation criterion and visual comparison with Kaplan–
Meier curves (File S4). As data from both cohorts

were better explained by a Gaussian parametric sur-

vival model, we adapted EF [7] to accommodate a

Gaussian distribution (Files S5, S6 and S7).

Both BF and TF were fitted in the statistical software

R [16], version 3.2.2, using the survreg function from

the survival package. The print.psm function from the

rms package was used to calculate R² [17]. Results were

considered statistically significant when P < 0.05.

Results

Age at onset and CAG length of the expanded allele

differences among distinct spinocerebellar ataxia type

3/Machado–Joseph disease populations

South Brazilian cohorts had mean AO of first symp-

toms, AOga and CAGexp values very similar to those

reported previously for this population [8]. Mean

CAGexp was statistically different among Portuguese

Azorean (smaller mean CAGexp), Taiwanese (interme-

diate) and South Brazilian carriers (larger mean

CAGexp) (two-tailed ANOVA with Tukey’s post hoc

test, F2,736 = 69.51, P < 0.05) (Table 1). However, mean

AOga was only significantly different between Taiwanese

and South Brazilian patients (F2,646 = 5.08, P < 0.05).

Accuracy of the European prediction model (European

formula)

The EF underestimated known AOga of South Brazil-

ian (Fig. 1a) and Taiwanese (Fig. 1b) patients. Mean

prediction errors ranged from almost 6 years (Tai-

wanese group) to more than a decade (South Brazilian

group) (File S8). EF predictions were more accurate

for Portuguese Azorean patients (Fig. 1c and File S8).

The EF also underestimated the predicted AOga of

South Brazilian and Taiwanese asymptomatic carriers

(File S9). For 33/50 (66.0%) South Brazilian and 21/40

(52.5%) Taiwanese pre-clinical carriers, EF predicted

younger AOga than the age of the individuals at the last

asymptomatic neurological evaluation. Underestima-

tions had a median of 6.93 (25th percentile, 5.31; 75th

percentile, 13.71) and 6.12 (25th percentile, 3.44; 75th

percentile, 13.42) years for South Brazilian and Tai-

wanese asymptomatic carriers, respectively.

Development and validation of population-specific

models for age at onset of gait ataxia prediction

Based on parameters estimated from the South Brazil-

ian cohort 1 and Taiwanese cohort 3 (Methods and

Table 1 Clinical and molecular data of spinocerebellar ataxia type 3/Machado–Joseph disease cohorts enrolled in the present study

South Brazilian cohort 1 South Brazilian

cohort 2
Taiwanese cohort 3 Taiwanese

cohort 4

Portuguese

Azorean cohort 5

Patients Carriers Patients Patients Carriers Patients Patients

Total 100 50 107 227 40 120 95

Female 58 (58.0) 27 (54.0) 57 (53.3) 112 (49.3) 19 (47.5) 64 (53.3) 52 (49.1)

ATXN3

CAGnorm

22.5

(4.6; 14–31)
21.3

(5.7; 14–32)
20.9

(5.6; 13–36)
20.5

(6.7; 14–35)
18.5

(6.1; 14–32)
20.1

(6.7; 14–36)
21.5

(4.6; 14–29)
ATXN3

CAGexp

75.5

(3.2; 67–83)
73.7

(3.0; 68–84)
75.6

(3.4; 67–86)
72.0

(5.2; 55–87)
70.0

(4.2; 56–78)
70.5

(4.8; 60–87)
70.2

(3.8; 59–79)
AO gait ataxia 35.0

(10.1; 15–58)
NA 35.1

(10.6; 12–55)
38.6

(13.5; 7–80)
NA 39.8

(12.0; 8–69)
37.5

(12.1; 13–71)
Age at last

asymptomatic

evaluation

NA 31.8

(8.9; 19–54)
NA NA 36.3

(7.5; 23–61)
NA NA

SARA score 11.9

(4.7; 3.0–21.0)a
NA 13.0

(4.7; 4.0–29.0)b
ND NA ND ND

AO, age at onset; CAGexp, CAG length of the expanded allele; CAGnorm, CAG length of the non-expanded allele; NA, not applicable; ND,

not described; SARA, Scale for the Assessment and Rating of Ataxia. Data are given as n (%) and mean (SD; range). aData available for 47

patients. bData available for 57 patients.

© 2018 EAN

AGE AT ONSET PREDICTION IN SCA3 3



Figure 1 Prediction of age at onset of gait ataxia (AOga) in South Brazilian cohort 1 (a), Taiwanese cohort 3 (b) and Portuguese

Azorean cohort 5 (c) symptomatic carriers using the European prediction model from Tezenas du Montcel et al. [7]. Regression line

and confidence interval represent the expected AO, based on the European prediction model. [Color figure can be viewed at wileyonli-

nelibrary.com].

Figure 2 Population-specific predictions of age at onset of gait ataxia (AOga) in South Brazilian (a) and Taiwanese (b) individuals with

spinocerebellar ataxia type 3/Machado–Joseph disease. Curves represent onset estimates at birth and at 25, 30, 35, 40 and 45 years of age.

The x-axes of a and b are not drawn to the same scale due to distinct ranges of CAG repeat length in the two cohorts.
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Figure 3 Validation of Brazilian and Taiwanese models for prediction of age at onset of gait ataxia in South Brazilian cohort 2 (a and

d), Taiwanese cohort 4 (b and e) and Portuguese Azorean cohort 5 (c and f) patients with spinocerebellar ataxia type 3/Machado–
Joseph disease. Shaded areas represent a 90% critical range. AOga, age at onset of gait ataxia. [Color figure can be viewed at

wileyonlinelibrary.com].
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File S7), new models BF and TF were respectively

generated and used to estimate AOga in carriers

within a wide range of CAGexp lengths (Fig. 2a and

b, Files S5 and S6). CAGexp explained, on average,

58.9% and 50.0% of AOga variance in the South

Brazilian cohort 1 and Taiwanese cohort 3, respec-

tively. Inclusion of CAG length at the non-expanded

ATXN3 allele was not significant (BF, P = 0.352; TF,

P = 0.907).

The BF and TF were then validated in the South

Brazilian cohort 2, Taiwanese cohort 4 and Por-

tuguese Azorean cohort 5. BF was accurate for South

Brazilian individuals (Fig. 3a), but yielded large over-

estimations in Taiwanese (Fig. 3b) and Portuguese

Azorean (Fig. 3c) patients (File S8). A similar popula-

tion specificity was observed for TF, which was more

accurate for Taiwanese carriers (Fig. 3e) when com-

pared with predictions for South Brazilian (Fig. 3d)

and Portuguese Azorean (Fig. 3f) individuals (Files S8

and S9). Excel files were made available to estimate

AOga according to CAGexp for European (EF),

Brazilian (BF) and Taiwanese (TF) SCA3/MJD carri-

ers (Files S3, S5 and S6, respectively).

Discussion

The EF largely underestimated AOga in South Brazil-

ian and Taiwanese SCA3/MJD carriers, even in sub-

jects with CAGexp tracts in the range seen in

European carriers. We then developed Brazilian and

Taiwanese prediction models and validated them

exclusively in a population-specific manner. These

data suggest that (i) different AOga prediction formu-

las should be used for distinct ethnic groups and (ii)

CAGexp at ATXN3 has a differential contribution to

AOga in distinct populations, possibly due to popula-

tion-specific modifying factors.

Differences in AO and CAGexp between European

and South Brazilian SCA3/MJD carriers have been

acknowledged for a long time [8]. Although South

Brazilian SCA3/MJD individuals tend to have longer

CAGexp tracts than Europeans [2,3,5,6,8–11], we

expected that EF should be more accurate, at least for

individuals with expansions within the European range.

However, this was not the case (Fig. 1a and b, and

Files S8, S9 and S10). For instance, EF predicted AOga

at 39.6 years for individuals with 68 CAG repeats,

whereas BF and TF predicted much later AOga, i.e.

57.5 and 47.0 years, respectively (Files S3, S5 and S6).

Populational specificity for the CAGexp–AO relation-

ship was also suggested by the fact that the Gaussian

model yielded the best fit for South Brazilian and Tai-

wanese cohorts, instead of the log-normal model used

for EF [7]. We speculate that, if the ATXN3 CAGexp

range observed in South Brazilians occurred among

Europeans, the effect on AOga would have disastrous

consequences, producing very early-onset cases.

As BF largely overestimated AOga for Portuguese

Azoreans, perhaps the European pattern of AOga

dependency on CAGexp might have suffered a bottle-

neck/founder effect when Portuguese Azoreans settled

in South Brazil. These settlers might have brought

longer CAGexp tracts than the median expansion range

from the original European population and simultane-

ously might have encoded protective factors, maybe in

cis with CAGexp, that resulted in delayed disease onset

and partially counterbalance the anticipatory effect of

longer CAGexp in South Brazil. Conversely, there

could be protective factors in the general population

background, either genetic or environmental.

Although it is difficult to foresee the accuracy of

predictions using EF, BF and TF in cohorts from

other geographical origins, we anticipate that these

models will require further local adjustments of

parameters.

In conclusion, EF, BF and TF were validated for

Portuguese Azorean, South Brazilian and Taiwanese

SCA3/MJD carriers, respectively. We generated open

access files that help to predict AOga according to a

given CAGexp length, both at birth and at any given

age for evaluation, for European, South Brazilian and

Taiwanese carriers (Files S3, S5 and S6, respectively).

If regional differences in AOga determination are con-

firmed in additional SCA3/MJD cohorts, this finding

could have a deep impact not only on genetic coun-

selling and on recruitment strategies of asymptomatic

individuals for clinical trials, but also on the search

for modifier factors that delay disease onset.
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3 Capítulo 3. A apolipoproteína E (apoE) e a DMJ/SCA3 

 

3.1 Manuscrito 3: “ApoEε4 allele is associated with earlier age at onset in 

spinocerebellar ataxia type 3” 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Manuscrito em preparação 

 



 

58 
 

Title: ApoEε4 allele is associated with earlier age at onset in spinocerebellar ataxia 

type 3 

 

Corresponding author information: 

Laura B. Jardim, MD, PhD 

Medical Genetics Service, Hospital de Clínicas de Porto Alegre 

Rua Ramiro Barcelos 2350, 90035-003 Porto Alegre, Brazil 

Phone: + 55 51 3359 8011 | Fax: + 55 51 3359 8010  

ORCID: 0000-0001-6907-5068 

e-mail: ljardim@hcpa.edu.br  

 

Author list: Eduardo Preusser de Mattos1,2,3, Gabriel Vasata Furtado1,2, Vanessa 

Bielefeldt Leotti4,5, Laura Bannach Jardim1,2,8,9,10, *, Maria Luiza Saraiva-

Pereira1,2,6,7,8 

 

Affiliations: 1 Programa de Pós-Graduação em Genética e Biologia Molecular, 

Universidade Federal do Rio Grande do Sul, Porto Alegre, Rio Grande do Sul, 

91501-970, Brazil. 2 Laboratório de Identificação Genética, Hospital de Clínicas de 

Porto Alegre, Porto Alegre, Rio Grande do Sul, 90035-903, Brazil. 3 Department of 

Cell Biology, University Medical Center Groningen/ Groningen University, 

Groningen, 9713 AV, The Netherlands. 4 Departamento de Estatística, Universidade 

Federal do Rio Grande do Sul, Porto Alegre, Rio Grande do Sul, 91509-900, Brazil. 
5 Programa de Pós-Graduação em Epidemiologia, Universidade Federal do Rio 

Grande do Sul, Porto Alegre, Rio Grande do Sul, 90035-003, Brazil. 6 Departamento 

de Bioquímica, Universidade Federal do Rio Grande do Sul, Porto Alegre, Rio 

Grande do Sul, 90035-000, Brazil. 7 Programa de Pós-Graduação em Ciências 

Biológicas: Bioquímica, Universidade Federal do Rio Grande do Sul, Porto Alegre, 

mailto:ljardim@hcpa.edu.br


 

59 
 

Rio Grande do Sul, 90035-003, Brazil. 8 Serviço de Genética Médica, Hospital de 

Clínicas de Porto Alegre, Porto Alegre, Rio Grande do Sul, 90035-903 Brazil. 9 

Departamento de Medicina Interna, Universidade Federal do Rio Grande do Sul, 

Porto Alegre, Rio Grande do Sul, 90035-003, Brazil. 10 Programa de Pós-Graduação 

em Ciências Médicas, Universidade Federal do Rio Grande do Sul, Porto Alegre, 

Rio Grande do Sul, 90035-003, Brazil. 

 

Word count: 1853 words  

  



 

60 
 

Summary: 

Presence of apolipoprotein E (apoE) ε2 allele has been implicated in age at onset 

(AO) modulation of spinocerebellar ataxia type 3/ Machado-Joseph disease 

(SCA3/MJD), a dominantly inherited neurodegenerative condition. However, 

conflicting results challenge this association, remaining unclear which (if any) apoE 

genotypes modulate AO in SCA3/MJD. Based on a cohort of 482 SCA3/MJD 

patients from South Brazil, we demonstrate here that individuals homozygous for 

the apoE ε4 allele had mean AO of first symptom almost 7 years earlier than carriers 

of other apoE genotypes, leading to a significant improvement on the rational for AO 

variability. Moreover, onset of gait ataxia was more than a decade earlier in ε4/ε4 

individuals, on average, when compared to patients with one or no ε4 alleles. 

Differently from others, no modulatory effect of apoE2 was seen in this present 

cohort. To the best of our knowledge, this is the largest evaluation of apoE status in 

SCA3/MJD patients to date. Moreover, we provide the first evidence of a putative, 

strong anticipatory effect of apoE4 in SCA3/MJD. If replicated in additional cohorts, 

this finding could lead to interventions aiming at reducing apoE4 levels in 

polyglutamine disorders, similarly to a recent proposal for Alzheimer’s disease. 

 

Keywords: spinocerebellar ataxia type 3, Machado-Joseph disease, apolipoprotein 

E, age at onset, genetic modulator. 
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1. Introduction 

 Spinocerebellar ataxia type 3/ Machado-Joseph disease (SCA3/MJD) is a 

dominantly inherited neurodegenerative condition affecting mainly motor 

coordination and balance [1, 2]. The age at onset (AO) of disease shows an inverse 

correlation with length of a trinucleotide CAG expansion (CAGexp) at ATXN3, which 

causes SCA3/MJD. Multiple reports have shown that CAGexp explains just 40-60% 

of the variability in AO, suggesting that AO is influenced by additional factors [3, 4]. 

Several genetic modifiers of AO in SCA3/MJD have been proposed, although few 

were systematically evaluated in distinct populations. One exception is the analysis 

of the apolipoprotein E (apoE) gene, which has already been studied in a mixed 

cohort of Portuguese Azorean and Brazilian [5] and two Chinese cohorts [6, 7] of 

SCA3/MJD patients. 

 ApoE is a glycoprotein highly expressed in the brain (mainly in astrocytes) 

and liver [8]. In the central nervous system, apoE engages in the transport of 

cholesterol and lipids across cells. Human apoE is represented by three main alleles 

(ε2, ε3, and ε4), which encode for apoE2, apoE3 and apoE4 isoforms [9]. Two non-

synonymous single nucleotide polymorphisms (SNPs, rs429358 and rs7412) are 

responsible for the differences between the three main apoE isoforms that differ at 

two amino acid residues only. Multiple studies evidenced a strong link between 

presence of apoE ε4 and higher risk of developing late-onset Alzheimer’s disease 

(AD) [10]. On the other hand, studies on Parkinson’s (PD) and Huntington’s (HD) 

disease have associated the apoE ε2 allele with worse clinical outcomes. For 

instance, presence of apoE2 was correlated with increased risk of developing PD 

[11], and earlier AO in HD [12]. However, the evidence for the contribution of apoE2 

to PD and HD remains inconsistent [13–16].  

 In SCA3/MJD, two of three studies detected significantly earlier AO among 

carriers of at least one apoE ε2 allele, compared to exclusive carriers of ε3 and ε4 

alleles [5, 7]. On the other hand, analysis of a third independent cohort did not 

observe any anticipation effect of apoE2 on AO [6]. Therefore, a precise role for 

apoE isoforms on the AO of SCA3/MJD individuals remains to be established. To 
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broaden on this knowledge, we evaluated the distribution of both apoE alleles and 

genotypes, and their potential differential contribution to AO, in a large, 

homogeneous cohort of SCA3/MJD patients from South Brazil.  

 

2. Methods 

Study subjects 

 Four hundred eighty-two molecularly-confirmed, symptomatic SCA3/MJD 

individuals (242 female, 50.2%) from the Rio Grande do Sul cohort were included in 

the study. General characteristics of this cohort, as well as a detailed description of 

data collection, were recently published [4]. Patients and their relatives were asked 

for AO of the first symptom (AOfs, n=482) and/or of gait ataxia (AOga, n=333). DNA 

was isolated from peripheral blood and length of CAG repeats at ATXN3 was 

determined by capillary electrophoresis with fluorescently-labeled primers. One 

hundred (50% female) unrelated, apparently healthy individuals were used as 

controls to estimate allelic and genotypic frequencies in the normal population. 

ApoE genotyping 

 Rs429358 and rs7412 were genotyped using TaqMan® SNP genotyping 

assays (Applied Biosystems, assay IDs C___3084793_20 and C____904973_10) 

according to the manufacturer’s instructions. Polymerase chain reactions were 

performed on a 7500 Fast Real-Time PCR System (Applied Biosystems). The apoE 

alleles ε2 (T/T), ε3 (T/C), and ε4 (C/C) were inferred based on the combined allelic 

status of rs429358/rs7412. Genotype and allele frequencies were determined by 

direct counting. The distribution of rs429358, rs7412, and apoE genotypes was 

tested for Hardy-Weinberg equilibrium in both patients and controls. 

Ethical aspects 
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 This study was approved by the Institutional Review Board from Hospital de 

Clínicas de Porto Alegre (Plataforma Brasil CAAE record number 

34463214.3.0000.5327). 

Statistical analysis 

 Age at onset (both AOfs and AOga) was considered the dependent variable, 

while CAGexp, gender, and apoE genotypes were independent variables. The 

percentage of variability in AO explained by CAGexp was reported as the R2 

measure, based on linear regression models. Analysis of co-variance (ANCOVA) 

was employed to test the effects of gender and apoE genotype on AO, corrected for 

differences in CAGexp among groups, and expressed as means ± standard errors 

(S.E.) and adjusted R2 values. Differences in allelic and genotypic frequencies were 

assessed with Pearson Chi-Square and Fisher’s exact tests. Differences between 

AOfs and AOga were compared with a paired t-test and reported as mean and 95% 

confidence interval (C.I.). A parametric survival model for AOga prediction was used 

to calculate differences between observed and predicted AOga. Patients with a 

known AOga were categorized into early, intermediate, or late onset cases, 

depending whether predictions were below the 25th, between the 25th and 75th, or 

above the 75th percentiles. The statistical analysis programs SPSS v.19.0 and R 

v.3.2.2 were used and results were considered statistically significant when p<0.05. 

 

3. Results 

 Allelic and genotypic frequencies of rs429358, rs7412, and apoE were in the 

equilibrium of Hardy-Weinberg and no differences were observed between 

SCA3/MJD patients and controls (Supplementary Files 1 and 2). As expected, 

most subjects were carriers of the ε3/ε3 genotype, but all possible apoE genotypic 

configurations were observed (Table 1). ApoE allelic and genotypic frequencies in 

the present cohort were similar to those observed in other cohorts (Supplementary 
Files 3 and 4). 
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 Among SCA3/MJD patients, both AO measures (AOfs and AOga) showed a 

strong, inverse correlation with CAGexp (Supplementary File 5A and 5B, 

respectively), explaining almost 70% of the variability in AO (R2=0.699 and 

R2=0.685, respectively, p<0.001). For 75/333 patients (22.5%) with information on 

both AOfs and AOga, the first symptom preceded gait ataxia by almost 1 year, on 

average (p<0.001, 95% C.I.=-1.25 – -0.69 years, Supplementary File 5C). 

Inclusion of apoE genotypic status in a linear regression model of AOfs and CAGexp 

was statistically significant (F3,470=3.51, p=0.015) and raised in 0.5% the explanation 

of AO variability (adjusted R2=0.704). Strikingly, individuals homozygous for the ε4 

allele presented initial disease symptoms 6.6 years earlier, on average, than 

patients with other apoE genotypes, when corrected for differences in CAGexp 

(Table 1 and Supplementary File 6). This was exclusively due to presence of the 

ε4 allele in homozygosis, since mean AOfs of ε2/ε4 and ε3/ε4 carriers was not 

significantly different from ε2/ε3 or ε3/ε3 carriers. 

 Similar to AOfs, apoE genotypes modulated significantly the relationship 

between CAGexp and AOga (F3,323=6.61, p<0.001), increasing in 1.6% the 

explanation of AOga variability (adjusted R2=0.701; Supplementary File 7). 

Homozygous apoE ε4/ε4 patients showed the first signs of gait ataxia 11.3 years 

earlier, on average, than subjects with other apoE genotypes. Interestingly, when 

patients with known AOga were classified into statistically early-, intermediate-, or 

late-onset cases (see Methods section), all five apoE ε4/ε4 carriers received the 

early-onset status (Table 2). 

 Inclusion of gender also improved the correlation between CAGexp and AOfs 

(F1,472=8.18, p=0.004, adjusted R2=0.704). Male patients had the first symptom 1.7 

years earlier, on average, than female subjects (mean AOfs ± S.E. = 33.2 ± 0.4 

versus 34.9 ± 0.4 years, respectively). When considered together, both gender and 

apoE genotype independently modulated AOfs (F3,466=0.88, p=0.453, for the 

gender*apoE interaction term). In this case, the explanation of variability in AO 

increased by 1.0% (adjusted R2=0.709). When gait ataxia was used as the AO 

standard, inclusion of gender did not further improve the model (F1,319=0.15, 

p=0.695). 
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4. Discussion 

 We report here the first evidence of association between the apoE ε4/ε4 

genotype and earlier AO in SCA3/MJD. Inclusion of apoE status led to a significant 

improvement in the explanation of AO variability, corresponding to 0.5% for AOfs 

and 1.6% for AOga. The strong effect of CAGexp on AO associated to a small 

number of apoE ε4/ε4 carriers is likely to be responsible for these small 

mathematical improvements that can explain AO variability. Nevertheless, the apoE 

ε4/ε4 genotype correlated with marked phenotypic differences in AO, corresponding 

to an average anticipation of 6 years in AOfs, and more than 11 years in AOga. Due 

to sample size, we detected a higher absolute frequency of apoE ε4/ε4 carriers 

among SCA3/MJD patients than previous reports [5–7] (see Supplementary File 
4). Conflicting reports on the association of earlier AO with either apoE2 or apoE4 

in SCA3/MJD might be due to either (a) different mechanisms operating on distinct 

genetic backgrounds; (b) population stratification; or (c) different sample sizes. 

Smaller sample sizes might have been insufficient to detect a representative sample 

of apoE ε4/ε4 carriers. However, basic research on the contribution of distinct apoE 

isoforms to amyloid deposition have yielded contrasting results [8], and a real 

pathogenetic complexity related to apoE cannot be ruled out yet. 

 Several lines of evidence suggest worse amyloid-β42 (Aβ)-related outcomes 

for carriers of the apoE ε4/ε4 genotype when compared to individuals with other 

apoE genotypes. For instance, there are significantly lower levels of circulating Aβ 

in the cerebrospinal fluid of cognitively healthy carriers of the apoE ε4/ε4 genotype 

when compared to carriers of other genotypes, and this has been associated to 

increased deposition of amyloid plaques [17]. Similarly, AD mice engineered to co-

express human apoE4 had significantly higher levels of Aβ deposition in brain tissue 

when compared to animals expressing apoE2 or apoE3 [17, 18]. ApoE4 is less 

effective at transporting Aβ across bioengineered vessels than apoE2, which could 

account for the increased Aβ deposition in the context of apoE4 [19]. The fact that 

we observed earlier AO only in homozygous carriers of the apoE ε4 allele, but not 
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in ε2/ε4 or ε3/ε4 individuals, could reflect a dose-dependent effect of apoE4, as 

observed in the risk of developing AD [10]. 

 Bettencourt and colleagues (2011) investigated a cohort of Brazilian and 

Portuguese patients and detected 20 individuals with the apoE ε2/ε3 genotype. 

Mean AO of those individuals was 5 years earlier than carriers of the ε3/ε3 genotype 

[5]. A similar anticipating effect of apoE2 was subsequently observed in 14 ε2/ε3 

Chinese SCA3/MJD patients [7], and authors speculated that apoE2 could 

contribute to earlier AO in SCA3/MJD due to defective cholesterol homeostasis in 

the brain (Bettencourt et al. 2011; Peng et al. 2014). On the other hand, a third large 

Chinese cohort [6], as well as the present SCA3/MJD cohort, failed to detect any 

association between apoE2 and AO in 53 and 50 apoE ε2/ε3 carriers, respectively. 

Support for a negative role of apoE2 comes mainly from observations of a slightly 

increased risk of developing PD among carriers of the apoE ε2 allele [11]. However, 

there is still little mechanistic evidence to support a clear role for apoE2 in PD or 

other synucleinopathies [8]. Moreover, a recent study that stratified patients with 

Lewy body disease according to presence or absence of concomitant AD neurologic 

changes, associated apoE4 to increased risk of developing pure dementia with 

Lewy bodies [9], suggesting that apoE4 might also significantly affect α-synuclein. 

Given that Aβ, α-synuclein, and polyglutamine (polyQ) tracts of SCA3/MJD and 

other polyQ diseases have similar amyloidogenic properties, we speculate that 

apoE4 might have also a negative impact on polyQ biology, perhaps by increasing 

formation of aggregates and/or decreasing their degradation rates. 

 In summary, we described here the first evidence supporting the association 

between apoE4 and earlier AO in SCA3/MJD. Although future studies in larger 

patient cohorts with distinct ethnic background will be crucial to confirm this finding, 

we suggest that the results obtained so far should be studied in a meta-analysis 

context. 
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Table 1: Distribution of the age at onset of first symptom in South Brazilian SCA3/MJD patients (n=482), according to different 

apolipoprotein E (apoE) genotypes. 

 

 apoE genotype 

 ε2/ε2 ε2/ε3 ε2/ε4 ε3/ε3 ε3/ε4 ε4/ε4 
Patients, n (%) 1 (0.2) 50 (10.4) 6 (1.2) 336 (69.7) 80 (16.6) 9 (1.9) 
AO first symptom (AOfs)       
    Mean (SE) - 35.6 (1.6) 34.8 (6.3) 33.3 (0.6) 36.5 (1.1) 32.7 (4.2) 
    Adjusted, mean (S.E.) a - 34.2 (0.9) - 34.3 (0.3) 33.7 (0.7) 27.5 (2.1) b 
ATXN3 CAG length       

CAGexp, mean (S.E.) [range] - 74.9 (0.5) 
[65-84] 

75.2 (1.4) 
[72-80] 

75.8 (0.2) 
[67-91] 

74.3 (0.4) 
[68-82] 

73.4 (1.4) 
[69-81] 

CAGnorm, mean (S.E.) [range] - 21.3 (0.8) 
[14-38] 

19.5 (3.7) 
[14-35] 

22.1 (0.3) 
[13-39] 

21.6 (0.6) 
[14-37] 

22.7 (2.0) 
[14-34] 

a Estimated age at onset for mean CAGexp = 75.40; b statistically different from other apoE genotypes (ANCOVA, F3,470=3.51, 
p=0.015); AO: age at onset; CAGexp: CAG length at the expanded ATXN3 allele; CAGnorm: CAG length at the non-expanded 
ATXN3 allele; S.E.: standard error. 
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Table 2: Distribution of apolipoprotein E (apoE) genotypes among South Brazilian SCA3/MJD patients (n=333) divided into 

early-, intermediate-, and late-onset groups, according to the difference between observed and predicted age at onset of gait 

ataxia. 

 

 apoE genotype, n (%) 
AOga status a ε2/ ε3 ε2/ ε4 ε3/ ε3 ε3/ ε4 ε4/ ε4 Total 

Early 15 (11.1) 3 (2.2) 96 (71.1) 16 (11.8) 5 (3.8) 135 (40.5) 
Intermediate 17 (10.6) 1 (0.7) 113 (70.6) 29 (18.1) 0 (0.0) 160 (48.0) 

Late 4 (10.5) 1 (2.7) 27 (71.0) 6 (15.8) 0 (0.0) 38 (11.5) 
Total 36 (10.8) 5 (1.5) 236 (70.9) 51 (15.3) 5 (1.5) 333 (100.0) 

a Refers to the difference between the observed age at onset of gait ataxia (AOga) and the predicted AOga based on a parametric 
survival model considering the CAG length of the expanded ATXN3 allele. Patients were classified as early (below the 25th 
percentile), intermediate (between the 25th and 75th percentiles), or late (above the 75th percentile) onset cases. 
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Supplementary File 1: Apolipoprotein E (apoE) allelic frequencies, as determined 

by the single nucleotide polymorphisms rs429358 and rs7412, among 482 

SCA3/MJD patients and 100 unrelated, healthy controls. 

 

 Allele Control SCA3/MJD Total 

apoE, n (%) a 

ε2 18 (9.0) 58 (6.0) 76 (6.5) 
ε3 163 (81.5) 802 (83.2) 965 (82.9) 
ε4 19 (9.5) 104 (10.8) 123 (10.6) 

Total 200 (100.0) 964 (100.0) 1164 (100.0) 

rs429358, n (%) b 
T 181 (90.0) 858 (89.0) 1039 (89.3) 
C 19 (10.0) 106 (11.0) 125 (16.7) 

Total 200 (100.0) 964 (100.0) 1164 (100.0) 

rs7412, n (%) c 
T 18 (9.00) 58 (6.0) 76 (6.5) 
C 182 (91.0) 906 (94.0) 1088 (93.5) 

Total 200 (100.0) 964 (100.0) 1164 (100.0) 
a p=0.620; b p=0.162; c p=0.276, Pearson Chi-Square test. 
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Supplementary File 2: Apolipoprotein E (apoE) genotypic frequencies, as 

determined by the single nucleotide polymorphisms rs429358 and rs7412, among 

482 SCA3/MJD patients and 100 unrelated, healthy controls. 

 

 Genotype Control SCA3/MJD Total 

apoE,  
n (%) a 

ε2/ε2 0 (0.0) 1 (0.2) 1 (2.0) 
ε2/ε3 18 (18.0) 50 (10.4) 68 (11.7) 
ε2/ε4 0 (0.0) 6 (1.2) 6 (1.0) 
ε3/ε3 63 (63.0) 336 (69.7) 399 (68.6) 
ε3/ε4 19 (19.0) 80 (16.6) 99 (17.0) 
ε3/ε4 0 (0.0) 9 (1.9) 9 (1.5) 
Total 100 (100.0) 482 (100.0) 582 (100.0) 

rs429358,  
n (%) b 

TT 81 (81.0) 385 (79.9) 466 (80.1) 
TC 19 (19.0) 88 (18.2) 107 (18.4) 
CC 0 (0.0) 9 (1.9) 9 (1.5) 

Total 100 (100.0) 482 (100.0) 582 (100.0) 

rs7412,  
n (%) c 

TT 0 (0.0) 1 (0.2) 1 (0.2) 
TC 18 (0.18) 56 (11.6) 74 (12.7) 
CC 82 (0.82) 425 (88.22) 507 (87.1) 

Total 100 (100.0) 482 (100.0) 582 (100.0) 
a p=0.172; b p=0.531; c p=0.252, Fisher’s exact test with 10,000 Monte Carlo 
simulations. 
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Supplementary File 3: Apolipoprotein E (apoE) allelic frequencies among studies 

reporting on SCA3/MJD patients. 

 

 
 apoE allele, n (%) a 

Cohort ε2 ε3 ε4 Total 
Bettencourt et al., 2011 23 (6.0) 321 (84.3) 37 (9.7) 381 (100.0) 

Peng et al., 2014 21 (6.8) 254 (81.9) 35 (11.3) 310 (100.0) 
Zhou et al., 2014 62 (7.7) 654 (81.1) 90 (11.2) 806 (100.0) 

Present study 58 (6.0) 802 (83.2) 104 (10.8) 964 (100.0) 
Total 164 (6.7) 2031 (82.5) 266 (10.8) 2461 (100.0) 

a p=0.797, Pearson Chi-Square test. 
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Supplementary File 4: Apolipoprotein E (apoE) genotypic frequencies among studies reporting on SCA3/MJD patients. 

 

 apoE genotype, n (%) a 
Cohort ε2/ ε2 ε2/ ε3 ε2/ ε4 ε3/ ε3 ε3/ ε4 ε4/ ε4 Total 

Bettencourt et al., 2011 0 (0.0) 20 (10.4) 3 (1.6) 134 (69.8) 33 (17.2) 2 (1.0) 192 (100.0) 
Peng et al., 2014 3 (1.9) 14 (9.0) 1 (0.7) 103 (66.5) 34 (21.9) 0 (0.0) 155 (100.0) 
Zhou et al., 2014 0 (0.0) 53 (13.2) 9 (2.2) 263 (65.3) 75 (18.6) 3 (0.7) 403 (100.0) 

Present study 1 (0.2) 50 (10.4) 6 (1.2) 336 (69.7) 80 (16.6) 9 (1.9) 482 (100.0) 
Total 4 (0.3) 137 (11.1) 19 (1.5) 836 (67.9) 222 (18.0) 14 (1.1) 1232 (100.0) 

a p=0.163, Fisher’s exact test with 10,000 Monte Carlo simulations. 
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Supplementary File 5: Relationship between age at onset and CAG length at the 

expanded ATXN3 allele in Brazilian SCA3/MJD patients. A: Scatter plot showing the 

distribution of the age at onset of the first symptom according to the length of the 

CAG tract at the expanded ATXN3 allele (CAGexp) in 482 SCA3/MJD patients. The 

dotted line represents the linear regression, and the gray area the 95% confidence 

interval. B: Same as in A, but for the relationship between age at onset of gait ataxia 

and CAGexp in 333 SCA3/MJD patients. C: Correlation between the ages at onset 

of the first symptom and gait ataxia among 333 SCA3/MJD patients. 
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Supplementary File 6: Modulation of the age at onset of the first symptom in 

SCA3/MJD by distinct apolipoprotein E (apoE) genotypes. Symptomatic individuals 

were divided in four groups according to apoE genotypes, and the age at onset of 

the first symptom was plotted against length of the CAG repeat at the expanded 

ATXN3 allele. Lines represent the linear regression model, and gray areas the 95% 

confidence intervals. In the lower right panel, the four regression lines are shown 

together, and dots were omitted for clarity. 
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Supplementary File 7: Distribution of the age at onset of gait ataxia in South Brazilian SCA3/MJD patients (n=333), according 

to different apolipoprotein E (apoE) genotypes. 

 

 apoE genotype 
 ε2/ε2 ε2/ε3 ε2/ε4 ε3/ε3 ε3/ε4 ε4/ε4 

Patients, n (%) 0 (0.0) 36 (10.8) 5 (1.5) 236 (70.9) 51 (15.3) 5 (1.5) 
AO gait ataxia (AOga)       
    Mean (SE) - 35.4 (1.8) 34.2 (5.9) 34.3 (0.7) 37.3 (1.4) 25.6 (4.4) 
    Adjusted, mean (S.E.) a - 33.7 (1.0) - 35.1 (0.4) 35.1 (0.8) 23.3 (2.7) b 
ATXN3 CAG length       

CAGexp, mean (S.E.) [range] - 74.8 (0.6) 
[65-83] 

75.0 (1.7) 
[72-80] 

75.8 (0.2) 
[67-89] 

74.6 (0.4) 
[68-82] 

74.6 (2.3) 
[69-81] 

CAGnorm, mean (S.E.) [range] - 21.0 (0.8) 
[14-32] 

16.4 (2.4) 
[14-26] 

22.3 (0.3) 
[13-39] 

22.0 (0.8) 
[14-37] 

25.2 (2.8) 
[18-34] 

a Estimated age at onset for mean CAGexp = 75.50; b statistically different from other apoE genotypes (ANCOVA, F3,323=6.61, 
p<0.001); AO: age at onset; CAGexp: CAG length at the expanded ATXN3 allele; CAGnorm: CAG length at the non-
expanded ATXN3 allele; S.E.: standard error. 
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4 Capítulo 4. A chaperona molecular DNAJB6 e a DMJ/SCA3 

4.1 Manuscrito 4: “Chaperones in Polyglutamine Aggregation: Beyond the Q-

Stretch” 
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Expanded polyglutamine (polyQ) stretches in at least nine unrelated proteins lead to

inherited neuronal dysfunction and degeneration. The expansion size in all diseases

correlates with age at onset (AO) of disease and with polyQ protein aggregation,

indicating that the expanded polyQ stretch is the main driving force for the disease

onset. Interestingly, there is marked interpatient variability in expansion thresholds for a

given disease. Between different polyQ diseases the repeat length vs. AO also indicates

the existence of modulatory effects on aggregation of the upstream and downstream

amino acid sequences flanking the Q expansion. This can be either due to intrinsic

modulation of aggregation by the flanking regions, or due to differential interaction with

other proteins, such as the components of the cellular protein quality control network.

Indeed, several lines of evidence suggest that molecular chaperones have impact on

the handling of different polyQ proteins. Here, we review factors differentially influencing

polyQ aggregation: the Q-stretch itself, modulatory flanking sequences, interaction

partners, cleavage of polyQ-containing proteins, and post-translational modifications,

with a special focus on the role of molecular chaperones. By discussing typical examples

of how these factors influence aggregation, we provide more insight on the variability

of AO between different diseases as well as within the same polyQ disorder, on the

molecular level.

Keywords: aggregation, Huntington’s disease, Machado-Joseph disease, molecular chaperones, polyglutamine

disease

INTRODUCTION

Polyglutaminopathies are a family of diseases characterized by CAG trinucleotide expansions in
the coding regions of at least nine unrelated genes, resulting in proteins with an abnormally
long polyglutamine (polyQ) stretch, which have a high aggregation propensity. PolyQ aggregates
can impede cellular protein homeostasis, loss of which is also observed in many other
neurodegenerative diseases (Soto, 2003). These mutant proteins lead to one recessive inherited,
X-linked spinal and bulbar muscular atrophy (SBMA), and eight dominantly inherited neuronal
dysfunctions, Huntington’s disease (HD), dentatorubral pallidoluysian atrophy (DRPLA), and the
spinocerebellar ataxias (SCAs) type 1, 2, 3, 6, 7, and 17 (Margolis and Ross, 2001). All known
polyglutaminopathies show a strong inverse correlation between expansion size and age at onset
(AO) of the disease, with longer repeats significantly correlating with earlier onset of symptoms and
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higher aggregation proneness of the affected protein, indicating
that an expanded polyQ is tightly related to the diseases. There
are two main features that are striking in the association between
polyQ length and AO. First, there is marked variability between
polyQ diseases in expansion thresholds that determines the
pathogenicity, indicating that AO has only a partial dependence
on the polyQ stretches and their absolute lengths (Figure 1A).
Second, there is also CAG-length independent phenotypic
variation within a given polyQ disease (Figure 1B). Both these
findings imply that factors beyond the polyQ stretch are co-
determining disease onset (Ranum et al., 1994; DeStefano et al.,
1996; Hayes et al., 2000; Wexler et al., 2004; van de Warrenburg
et al., 2005; Kaltenbach et al., 2007; Branco et al., 2008; Lessing
and Bonini, 2008; Bettencourt et al., 2011; Tezenas du Montcel
et al., 2014; Bečanović et al., 2015). It was hypothesized that the
differential effects of distinct polyQ proteins with polyQ tracts
of similar lengths could be, at least in part, due to the sequences
flanking the polyQ expansion (Nozaki et al., 2001).

Here we discuss that, next to aggregation of the core
polyQ stretch, which is common to all polyglutaminopathies
(Figure 2A), the context around the cores can modulate
aggregation in several ways and may be linked to differential
handling of the protein quality control systems, including
molecular chaperones, the ubiquitin proteasome system,
and autophagy. These degradation processes, and their
relationship with the chaperone system, are of importance
and greatly influence the aggregation process (Rubinsztein,
2006). Certain chaperones act together with the protein
degradation machineries to effectively clear aggregation-prone
polypeptides, such as polyQ-containing proteins (Dekker et al.,
2015). The molecular details of these downstream events are
still unclear and will not be discussed here; instead we will
focus on the impact of molecular chaperones on the aggregation
process itself. Molecular chaperones are known to influence

FIGURE 1 | Age of onset of disease inversely correlates with the size of the expanded polyQ tract in all known polyQ diseases. (A) Correlation between

age of onset (AO) and CAG expansion size for all nine polyQ diseases identified so far. Circles depict mean AOs for a given expansion size based on multiple reported

cohorts of patients. Lines represent the fitted data according to an exponential decay model. (B) Age of onset of disease is not completely determined by the

expanded polyQ tract alone. Data on the variability of AO for a particular polyQ expansion size is shown as in (A) and was based on the large cohort of MJD/SCA3

patients reported by Saute and Jardim (2015). Circles represent single patients. Please refer to Supplementary File 1 for a complete list of references of the original

cohort descriptions. Note that graph (A,B) are not drawn to the same scale.

aggregation of polyQ proteins. This could either be directly
by preventing the polyQ stretch from aggregating or via the
flanking sequences. For only a few of the molecular chaperones
the direct interaction with the polyQ proteins has been shown,
although many chaperones are found to co-localize with polyQ
inclusions (Cummings et al., 1998; Kazemi-Esfarjani and Benzer,
2000; Schmidt et al., 2002; Helmlinger et al., 2004; Bilen and
Bonini, 2007; Hageman et al., 2010; Gao et al., 2011; Kakkar
et al., 2014; Matilla-Dueñas et al., 2014; Reis et al., 2016; Zhao
et al., 2016). However, co-localization of chaperones does not
provide information on their mode of interaction and does not
distinguish whether chaperones are truly interacting with the
polyQ protein, or whether the presence of chaperones in the
aggregates is a mere secondary effect due to a collapse of other
cellular components with the inclusions. In this review, we will
discuss: first, how polyQ tracts drive aggregation; second, how
their flanking sequences could directly affect the aggregation
proneness of the polyQ protein; and third, how polyQ proteins
can be modified, changed in conformation, or fragmented,
inducing aggregation (Figure 2B). We will not focus on the
function, or loss of function, of the affected polyQ proteins,
since this was so far not shown to be causative for disease, even
though the native function of the protein might be important
for normal cellular function. Furthermore, we will not go into
the discussion on the toxicity of aggregation. For instance, it is
still unclear whether the presence of aggregates contributes to
SCA2 pathology (Huynh et al., 2000), even though aggregates
are found in affected brain areas (Pang et al., 2002; Seidel
et al., 2016). Finally, we will highlight the role of chaperones in
the aggregation process and include only studies that provide
insight in direct interaction of chaperones with the polyQ
proteins. Rather than providing a complete overview, molecular
mechanisms of typical examples will be discussed, aiming at
providing general principles affecting polyQ aggregation on
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FIGURE 2 | Representation of pathogenic polyQ proteins and known modulating events associated with aggregation. (A) Schematic representation of the

nine disease-related polyglutamine proteins drawn to scale. In each case, a polyQ stretch of fixed length is depicted at the approximate position (red boxes). Red bars

on the right side of each protein show the smallest and largest number of glutamine repeats identified in patients of each polyQ disease to date. Numbers between

brackets represent polyQ expansion sizes that have been reported to behave as incomplete penetrance alleles. (B) Detailed representation of all nine polyQ proteins.

Domain organization is indicated. Known post-translational modifications associated with disease, caspase/calpain cleavage sites, and fragments identified are

indicated. For ataxin-3, the long isoform with 3 ubiquitin-interacting motifs is shown. Residues C14, H119, and N134 depict the catalytic triad of the deubiquitylase

activity of the Josephin domain. The CACNA1A locus encodes two proteins: α1A (full-length α1A) and α1ACT (C-terminal fragment of α1A) using a bicistronic mRNA

with a cryptic internal ribosomal entry site. The polyQ is found in both. Many studies report a C-terminal fragment which probably represents α1ACT. For the androgen

receptor, the only phosphorylation sites depicted are those with biochemical evidence of modulation of polyQ aggregation, cleavage and/or toxicity. Similarly, amino

acid sequences 23FQNLF27 and 55LLLL58 highlight motifs shown to influence polyQ behavior. For simplicity, most huntingtin cleavage products are omitted and only

the major N-terminal polyQ containing fragment is indicated. Amino acid numbering is based on Uniprot accession numbers P42858 (HTT), P54253 (ATXN1), Q99700

(ATXN2), P54252 (ATXN3), O00555 (CACNA1A), O15265 (ATXN7), P20226 (TBP), P54259 (ATN1), and P10275 (AR). However, for clarity, some residues

(Continued)
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FIGURE 2 | Continued

are numbered according to their original publication, which might differ from the numbering according to the reference protein sequence (due to the expanding nature

of polyQ proteins). AR, androgen receptor; ATN1, atrophin-1; ATXN1, ataxin-1; ATXN2, ataxin-2; ATXN3, ataxin-3; ATXN7, ataxin-7; AXH, ataxin-1/high-mobility group

box containing protein-1; CACNA1, α1A subunit of the P/Q-type or CaV2.1 voltage-gated calcium channel; Casp, caspase; DBD, DNA binding domain; HTT,

huntingtin; PolyQ, polyglutamine stretch; NTD/AF-1, amino-terminal domain/ activation function-1; LBD/AF-2, ligand-binding domain/ activation function-2; NES,

nuclear export signal; NLS, nuclear localization signal; HEAT, huntingtin/elongation factor 3/PR65/A subunit of protein phosphatase 2A/ lipid kinase TOR domain;

PRR, proline-rich region; N17, first 17 amino acids of huntingtin; TBP, TATA-binding protein (domain); UIM, ubiquitin-interacting motif; Ub-1/Ub2, ubiquitin-binding

sites; Lsm, Like RNA splicing domain Sm and Sm2; LsmAD, Like-Sm-associated domain; PAM2, poly (A)-binding protein interacting motif 2; ZnF, SCA7-like zinc

finger domain. For references to specific domains or post-translational modifications, please refer to Supplementary File 1.

the molecular level that may partially explain the individual
differences between patients and steer future studies.

AGGREGATION PROPERTIES OF THE
POLYQ STRETCH

Aggregates formed by polyQ stretches contain identical β-
strand-based cores. Already in 1994, Perutz et al. described the
ability of elongated polyQ stretches to form β-sheets (Perutz
et al., 1994). Like many other amyloidogenic proteins (Sawaya
et al., 2007), the polyQ chains can form β-sheets that are
connected through interdigitating extended side chains and
contain intramolecular β-hairpins (Hoop et al., 2016). Formation
of β-hairpins allows for hydrogen bonding between the stacked
side chains, providing a strong interaction (Hoop et al., 2016).
The β-hairpins play an important role in the aggregation process.
Q-stretches with a range up to 25Q are not able to form stable
β-hairpins and therefore are not able to induce aggregation,
except when mutations known to enhance β-hairpin formation
are introduced (Kar et al., 2011, 2013). It is hypothesized that
longer polyQ stretches can form more stable intramolecular β-
hairpins, providing a critical monomeric nucleus necessary for
inducing aggregation (Kar et al., 2011). The high affinity of the
β-sheets affects interactions between molecules and might not
only do so for the same pathogenic polyQ protein, but also
as a secondary effect for other endogenous polyQ containing
proteins (Nóbrega et al., 2015). For example, the endogenous,
non-expanded TATA-box binding protein (TBP) was found to
sequester into aggregates formed by other pathogenic polyQ
proteins, such as huntingtin (HTT; Perez et al., 1998; Kim et al.,
2002; Matsumoto et al., 2006). Similarly, inclusions containing
ataxin-2 (ATXN2), ataxin-3 (ATXN3) and TBP are observed in
SCA1, SCA2, SCA3, andDRPLA (Uchihara et al., 2001).Whether
these secondary co-aggregating events contribute to disease is
currently not clear (Kampinga and Bergink, 2016).

The crucial role for the formation of β-hairpins in the
aggregation process is nicely illustrated by findings on missense
CAG to CAT mutations. These mutations, coding for histidine,
were found in the CAG-repeat in ATXN1, leading to insertion
of one or more other amino acids and interrupting the Q-stretch
(Sobczak and Krzyzosiak, 2004; Jayaraman et al., 2009; Menon
et al., 2013). The AO is in these cases inversely correlated to the
longer uninterrupted CAG stretch which, rather than a specific
interruption pattern, dictates also the aggregation propensity in
vitro (Menon et al., 2013). The structure of the polyQ-stretches
is not changed because of the histidine-interruptions but the

polyQ aggregation rates are decreased due to the Q-length
dependent ability of the protein to form a critical nucleus to
initiate aggregation (Jayaraman et al., 2009; Menon et al., 2013).

From all the different intracellular chaperones, so far the
only ones described that could act on the β-sheets or β-
hairpins formed by the Q-stretch are DNAJB6 and its closest
homolog DNAJB8, two members of the DNAJ family of Hsp70
co-chaperones. In a screen for suppressors of aggregation
of huntingtin (HTT-119Q) both DNAJB6 and DNAJB8 were
superior suppressors of aggregation with a specificity for the
polyQ tract, since they were similarly effective in the suppression
of aggregation of HTT, ATXN3, the androgen receptor (AR), and
polyQ alone (Hageman et al., 2010; Månsson et al., 2013). These
DNAJ chaperones have a unique region containing 18 residues
of the polar hydroxyl group amino acids serine and threonine,
that is exposed on one face of the DNAJB6 monomer where it
is predicted to interact with the hydrogen bonds in the polyQ
β-hairpins (Månsson et al., 2013; Kakkar et al., 2016).

AGGREGATION INITIATION BY FLANKING
DOMAINS IN POLYQ-CONTAINING
PROTEINS

A longer Q-stretch not only has a higher aggregation propensity,
but also affects the conformation of other parts of the protein.
This can cause exposure of other regions in the proteins that have
aggregation-prone properties by themselves (Ellisdon et al., 2006;
Kelley et al., 2009; Tam et al., 2009). The intrinsic aggregation
propensity leads to a two-stage aggregation mechanism (Ellisdon
et al., 2006) in which the first aggregation step is actually thought
to be a nucleation step of the non-polyQ-containing flanking
domains. The formed nucleus can speed up the aggregation of
the polyQ-stretch, which is then the second aggregation step.
Aggregation of the flanking region and the polyQ stretch may
enhance each other in a positive feedback loop accelerating
aggregation and AO (Ellisdon et al., 2007; Saunders et al., 2011).
The most striking examples of this process are known for HTT
and ATXN3.

HTT is a relatively large protein with the polyQ stretch located
in the first exon of the protein. The polyQ tract in HTT is
flanked by a 17 amino acid long N-terminal (N17) domain and
a polyproline domain on its C-terminus (Dehay and Bertolotti,
2006; Rockabrand et al., 2007; Figure 2). The N17 domain is
highly soluble by itself and has an intrinsic tendency to collapse
into an aggregation-resistant compact coil state (Thakur et al.,
2009; Crick et al., 2013). When the Q-stretch is expanded,
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the N17 domain undergoes a conformational change going
into a more α-helical extended state (Tam et al., 2009; Thakur
et al., 2009; Sivanandam et al., 2011), exposing a hydrophobic
face through which self-association is induced (Kelley et al.,
2009; Liebman and Meredith, 2010). Self-association provides
an initial nucleus that increases the local concentration of the
adjacent polyQ, promoting polyQ aggregation (Kelley et al., 2009;
Liebman and Meredith, 2010; Sahoo et al., 2016). Aggregation of
HTT can be prevented by modifying the hydrophobic face of the
α-helix (Tam et al., 2009), confirming the important role of the
N17 domain in initial aggregation. Moreover, synthetic polyQ
peptides lacking the N17 domain show much slower aggregation
kinetics (Månsson et al., 2013; Monsellier et al., 2015; Sahoo et al.,
2016).

The exposed hydrophobic face on the N17 domain was
identified as an interaction site for several chaperones amongst
which the chaperonin TRiC, specifically the subunit CCT1 (Tam
et al., 2006). CCT1 can suppress HTT aggregation by binding via
its apical substrate-binding domains to the hydrophobic motifs
in the N17, preventing the initial step of aggregation (Spiess
et al., 2006; Tam et al., 2009; Shahmoradian et al., 2013; Sahl
et al., 2015). The constitutively expressed Hsp70 (Hsc70/HSPA8)
was found to co-localize, like many other Hsp70s including the
prokaryotic DnaK and yeast Ssa1 (Jana et al., 2000; Muchowski
et al., 2000; Novoselova et al., 2005; Tam et al., 2006), and
interact with the N17 domain of HTT via its client protein
binding domain (Monsellier et al., 2015). HSPA8 is not able
to delay aggregation of a Q-stretch lacking flanking sequences
(Månsson et al., 2013) and acts, similar to CCT1, by disrupting
the interaction between N17 domains of HTT, slowing down
aggregate formation (Monsellier et al., 2015).

Another example of a polyQ protein that undergoes a
similar two-stage aggregation mechanism is ATXN3, causative
for SCA3. ATXN3 is involved in proteostasis by editing specific
ubiquitin sidechains that are targeting proteins to the proteasome
(Kuhlbrodt et al., 2011). ATXN3 has an unstructured C-
terminus containing the polyQ expansion and multiple ubiquitin
interacting motifs (UIMs), and an N-terminus containing the
Josephin domain (JD), which is a structured monomeric domain
that folds into a globular conformation (Chow et al., 2004;
Masino et al., 2004; Figure 2). The JD is the catalytic domain
responsible for the deubiquitinating (DUB) properties of ATXN3
and has a high α-helical content forming a groove with two
additional UIMs for recognition of the polyubiquitin chains of
different linkages, and positioning them for cleavage (Masino
et al., 2004; Nicastro et al., 2009, 2010). Sequence motifs
on the helices in the groove are functionally important for
binding conjugated ubiquitin but are predicted to be highly
amyloidogenic and therefore responsible for the aggregation
propensity of the JD itself (Masino et al., 2011; Lupton et al.,
2015). Indeed, in vitro the isolated JD shows fibrillogenic
behavior even under physiological conditions (Masino et al.,
2004, 2011; Ellisdon et al., 2006), but when ubiquitin is added,
the aggregation propensity of ATXN3 is lowered (Masino
et al., 2011). Expansion of the polyQ stretch influences the
conformation of the JD in such a way that the molecular
mobility of two α-helices is increased and the amyloidogenic

motif gets more exposed (Lupton et al., 2015; Scarff et al., 2015),
providing a nucleus through which the first aggregation step of
ATXN3 is initiated. This can in turn accelerate aggregation of
the polyQ stretch (Gales et al., 2005; Ellisdon et al., 2007). In
a dedicated screen, several modifiers of ATXN3 were identified
that all fell into the canonical chaperone and ubiquitin pathways
(Bilen and Bonini, 2007). Amongst the chaperones was alphaB-
crystallin (HSPB5), which was found to interact with the JD
in the distorted ubiquitin interacting groove, possibly masking
the amyloidogenic motives, and having an effect on the initial
nucleation step of ATXN3 (Robertson et al., 2010).

Flanking regions can also suppress aggregation of the polyQ
stretch. For example, the proline-rich flanking domain (C38)
in HTT has an opposite effect compared to the N17 domain.
The C38 is also highly soluble, but actually lowers the rate of
aggregation (Bhattacharyya et al., 2006; Dehay and Bertolotti,
2006; Duennwald et al., 2006; Crick et al., 2013). Other polyQ-
containing proteins apart from HTT, also have a proline-rich
region adjacent to the Q-stretch, like TBP, AR, and ATXN2 (Kim,
2014). It is tempting to speculate that these regions confer an
evolutionary benefit and co-evolved with Q stretches to modulate
their aggregation.

BINDING PARTNERS THAT CAN
INFLUENCE AGGREGATION

As we have now seen, the opening up of physiologically
needed hydrophobic, aggregation-prone, motifs in non-polyQ-
containing parts of the protein, can lead to the unwanted
formation of an initial nucleus for aggregation. These motifs
are normally buried or in interaction with binding partners (or
substrates), like ubiquitin in the case of ATXN3, which prevents
exposure of the hydrophobic regions (Masino et al., 2011).
Binding partners of polyQ-containing proteins can influence the
aggregation to a great extent, also for ataxin-1 (ATXN1). ATXN1
is the protein that underlies SCA1, and has a Q-stretch in the
N-terminal part of the protein and an AXH domain in the C-
terminus (Figure 2). Just like the JD in ATXN3, the AXH domain
in ATXN1 has aggregation-prone properties that are needed for
its normal functioning, but therefore can be detrimental in the
presence of an expanded polyQ stretch (De Chiara et al., 2013a).
The AXH domain is responsible for transcriptional repression,
RNA-binding activity, and is necessary for interacting with other
proteins, mostly transcriptional regulators. For the domain to
be able to bind all its different substrates, it has a remarkable
conformational plasticity (Chen et al., 2004; De Chiara et al.,
2013b; Deriu et al., 2016). Moreover, the AXH domain is
responsible for ATXN1 self-association. Multimerization can
bring polyQ stretches together, associated with aggregation and
amyloid formation (De Chiara et al., 2005b, 2013a; Lasagna-
Reeves et al., 2015). In vivo ATXN1 forms oligomers and
interestingly the interaction partner transcriptional repressor
Capicua (CIC) is found in these complexes (Lam et al., 2006;
Lasagna-Reeves et al., 2015). The interaction of CIC with the
AXH domain of ATXN1 stabilizes toxic soluble prefibrillar
oligomers of ATXN1. When CIC levels are reduced, ATXN1
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forms more fibrillar oligomers that are less toxic (Lasagna-Reeves
et al., 2015). Also when the AXH domain is deleted, aggregate
formation is reduced (De Chiara et al., 2005a,b). There are
chaperones known to prevent ATXN1 aggregation and reduce
toxicity, but the exact mechanism of action of the chaperones on
ATXN1 is not known (Cummings et al., 1998; Zhai et al., 2008).
A possible mechanism of action could be that chaperones bind to
the AXH domain of ATXN1 to prevent complex formation or to
prevent CIC from binding.

CLEAVAGE/FRAGMENTATION

Fragmented polyQ proteins have been found in patients and
proteolytic processing of polyQ proteins into smaller, highly
aggregation-prone fragments that are more toxic than the full-
length protein has been described for most polyQ diseases,
HD (Mangiarini et al., 1996; Martindale et al., 1998), DRPLA
(Igarashi et al., 1998;Wellington et al., 1998), SBMA (Butler et al.,
1998; Kobayashi et al., 1998; Wellington et al., 1998), and SCAs
(Ikeda et al., 1996; Paulson et al., 1997; Zander et al., 2001; Goti
et al., 2004; Helmlinger et al., 2004; Kordasiewicz et al., 2006;
Matos et al., 2016a; Figure 2B). However, for SCA1, SCA2, and
SCA17 the evidence for the presence of fragments is limited
(Matos et al., 2016a). Proteases play a key role in the generation of
these polyQ fragments, and inhibition of proteases or mutation
of their cleavage sites can modulate the disease AO (Ona et al.,
1999; Chen et al., 2000; Graham et al., 2006; Aharony et al.,
2015). Importantly, expression of these fragments containing the
polyQ stretch can already give rise to aggregation and the disease
phenotype (Ikeda et al., 1996), although it is still not entirely
clear why the polyQ fragments display enhanced toxicity when
compared to their respective full-length proteins. Cleavage may
lead to changes in aggregation propensity, conformation of the
protein, localization, and molecular interactions (Matos et al.,
2016a). For SBMA, it has been reported that a conformational
change exposing the polyQ tract is already sufficient to drive
aggregation (Heine et al., 2015) and cleavage might expose the
polyQ stretch in a similar way as such a conformational change
does. Protein domains that would otherwise prevent, or enhance,
the aggregation may be removed, exposing the Q-stretch itself for
aggregation. Finally, recognition sites and binding of molecular
chaperones could be changed, exemplifying once more the
importance of regions outside the polyQ tract in the modulation
of aggregation.

For ATXN3, a cleavage product containing the C-terminal
fragment from amino acid 221 with the 71Q expansion was
found in mice showing the disease phenotype, but rarely in mice
not showing the phenotype (Goti et al., 2004). This polypeptide
was also found in SCA3 patients (Goti et al., 2004) indicating
that fragmentation of the polyQ protein ATXN3 has a strong
correlation with disease. Interestingly, while full-length ATXN3
with an expanded polyQ was mostly non-aggregating, co-
expression with truncated ATXN3 makes the full-length protein
co-localize with the truncated version in perinuclear aggregates
(Paulson et al., 1997). More putative cleavage sites in ATXN3
were identified (Haacke et al., 2006; Colomer Gould et al., 2007)

and it was shown that caspases are not the sole contributors to the
fragmentation of ATXN3, but also the activity of calpains, such as
calpain-2, is involved (Simões et al., 2012; Hübener et al., 2013).
ATXN3 cleavage and translocation to the nucleus, and thus also
aggregation, can be prevented by inhibiting calpains through
overexpression of calpastatin in mice (Simões et al., 2012).
Conversely, knocking down calpastatin worsened aggregation
(Hübener et al., 2013). These data clearly show that under non-
stressed conditions in vivo, fragmentation is both required and
sufficient for aggregation of polyQ containing ATXN3. Similar
data has been found for HTT. In almost all studies on HD,
a fragment containing the first exon of HTT with the polyQ
stretch is being used, since this fragment already gives rise to
the HD phenotype. Toxic N-terminal fragments are found to be
generated through cleavage by caspases, both in animal models
and in patients (Wellington et al., 2002; Sawa et al., 2005; Graham
et al., 2006; Maglione et al., 2006). Like in SCA3, fragmentation
of HTT is crucial for disease progression, since the HD disease
phenotype can be rescued by either mutating the cleavage site of
caspase-6 in exon 13 (Graham et al., 2006), genetically ablating
caspase-6 (Wong et al., 2015), or pharmacologically inhibiting
caspases 1, 3, or 6 (Ona et al., 1999; Chen et al., 2000; Aharony
et al., 2015). We have already discussed the ability of certain
chaperones to bind to the N17 domain, which is present in the
cleaved fragments.

POST-TRANSLATIONAL MODIFICATIONS

Post translational modifications (PTMs) like phosphorylation,
ubiquitination, and SUMOylation, can affect the aggregation
propensity of many polyQ proteins (Humbert et al., 2001; Steffan
et al., 2004; Luo et al., 2005; Warby et al., 2005; Menon et al.,
2012; Matos et al., 2016b; Figure 2). The transient nature of
the PTMs usually indicates differential regulation of proteins
and they can provide an interesting extra layer of modulation,
possibly influencing all of the above-mentioned features of
polyQ aggregation. PTMs can create alternative binding surfaces,
affecting the affinity to binding partners like proteases and
chaperones, and can lead to conformational changes to expose
the Q-stretch. Therefore, either increased or decreased PTMs are
associated with aggregation.

For most of the polyQ proteins there are several residues
known to be modified (see Figure 2B for PTMs that impact
aggregation). For ATXN3 six phosphorylation sites have been
described, in the catalytic JD and in the UIMs (Fei et al.,
2007; Mueller et al., 2009; Matos et al., 2016b; Figure 2).
Phosphorylation of serine (S)340 and S352 in the third UIM did
not change aggregation propensity, but shifted the localization of
the aggregates from the cytoplasm to the nucleus (Mueller et al.,
2009). Phosphorylation of S256 in the second UIM was shown
to inhibit the formation of large insoluble polyQ complexes
(Fei et al., 2007), and phosphorylation of S12 in the JD also
reduces aggregation (Matos et al., 2016b). The protective effect
of constitutive phosphorylation of S12 might be dependent on its
close proximity to the catalytic sites in the JD, causing hindrance
of the intramolecular aggregation. Phosphorylation of HTT on
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S421 (Humbert et al., 2001) and S434 (Luo et al., 2005), leads to
a decrease in polyQ aggregation due to a reduction in caspase-
mediated cleavage thus preventing the formation of fragments
(Luo et al., 2005;Warby et al., 2009). For ATXN1, S776 is themost
studied phosphorylation site since it leads to reduced aggregate
formation (Emamian et al., 2003; Orr, 2012). Another interesting
PTM on ATXN1 is ubiquitination of K589 in the AXH domain.
Mutating this residue leads to reduced degradation and, hence,
more aggregation of ATXN1 (Kang et al., 2015), suggesting that
PTMsmay also affect the degradation of polyQ proteins resulting
in a higher concentration of proteins at risk for aggregation.

Chaperone-dependent degradation of still soluble polyQ
proteins could therefore be another important aspect in
ameliorating disease. Interestingly, the co-chaperone CHIP (C-
terminus of Hsp70-interacting protein), an E3 ligase that can
interact with and modulate Hsp70 activity (Ballinger et al., 1999;
Scheufler et al., 2000), has been implicated as a modulator in
many polyQ diseases (Jana et al., 2005; Choi et al., 2007; Gao et al.,
2011). CHIP interacts with ATXN1 via the phosphorylated S776
and the phospho-dead S776A mutation reduced this interaction.
The CHIP-ATXN1 interaction is likely mediated via Hsp70, since
the tetratricopeptide repeat (TPR) domain of CHIP, with which
it interacts with Hsp70, is needed for the interaction and for
promotion of ATXN1 degradation (Choi et al., 2007). A similar
model of CHIP andHsp70 interaction withHTT andATXN3was
proposed, although no single modified residue was identified as a
recognition site (Jana et al., 2005).

Members of DNAJ family of Hsp70 co-chaperones were also
shown to play a role in the PTM dependent degradation of
polyQ proteins, like in ATXN3 (Gao et al., 2011). DNAJB1 was
identified to suppress aggregate formation of ATXN3 (Chai et al.,
1999), but aggregation of the S256A mutant of ATXN3 could
not be prevented by DNAJB1 (Fei et al., 2007), it is still unclear
whether DNAJB1 has preferential affinity for phosphorylated
ATXN3. Interestingly, Hsp70 can prevent S256A aggregation (Fei
et al., 2007). Next to DNAJB1, DNAJB2 was found to suppress
polyQ protein aggregation via two UIMs that were shown to be
crucial for its interaction with K63-linked ubiquitination of HTT
(Labbadia et al., 2012). Intriguingly, all the PTMs onHTT are less
present in polyQ-expanded HTT, especially in the regions in the
brain that are mostly affected, abolishing the possible protective
effect of the modifications (Luo et al., 2005; Warby et al., 2005;
Aiken et al., 2009). Currently it is unclear whether the drop in
modification is causal or a consequence of aggregation.

PERSPECTIVES

The expanded polyQ stretches in the different disease-associated
proteins are the determining factor of disease onset and
progression in all of the polyglutaminopathies. Above a certain
threshold, Q-stretches are prone to aggregate. However, more
often than not, the Q-stretch and its aggregation propensities
are modulated by secondary events that we categorized here;
flanking regions, which have modulating capacity due to intrinsic
stability issues, binding of partners (including chaperones),
modification by PTMs, and cleavage of the Q-stretch. The

examples of molecular interactions described, clearly indicate
that polyQ protein aggregation is a multifactorial and likely
multistep process that not always has to go through the same
sequence of events toward aggregate formation. For example, the
intrinsic fibrillogenic behavior of the JD and cleavage of ATXN3
(leading to a fragment not containing the JD) can both trigger
aggregation independently. It could very well be that initial
aggregation can be triggered via different mechanisms leading
to secondary events that stimulate aggregation further. Thus, in
vivo aggregation of the JD might stimulate ATXN3 cleavage and,
vice versa, cleavage might destabilize the JD domain resulting in
a fast forward feedback loop of aggregation. Modulating events,
together with the unique expression pattern and level of each
polyQ protein, could explain the variation in AO between the
nine diseases.

Moreover, the modulating events acting on the flanking
regions might also explain the variation of AO among patients
with a similar Q length within a given polyQ disease. By
combining information on Q length (CAG repeat), expression
levels of the chaperone DNAJB6, which modulates Q aggregation
directly, and the expression levels of chaperones that act
on the disease-specific flanking regions, with the PTM and
fragmentation status, perhaps a better predication of AO
could be made. A strategy targeting chaperones acting on the
Q-stretch with those acting on the flanking regions might
provide a synergistic approach for delaying AO, benefiting
individuals diagnosed with an expanded polyQ tract. There
is little information on the factors influencing progression of
disease after onset and it would also be of interest to know
whether progression of disease is influenced by the same factors
that modulate aggregation propensity. If so, these could be used
as a therapeutic modality as well.
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Abstract 

Background: Spinocerebellar ataxia type 3/Machado-Joseph disease 

(SCA3/MJD) is caused by an expanded CAG tract (CAGexp) at ATXN3, coding 

for ataxin-3 protein with an abnormally long polyglutamine (polyQ) stretch. 

Although no disease-modifying therapies are available for SCA3/MJD, several 

molecular chaperones modulate polyQ-induced phenotypes in vitro and in vivo, 

with the HSP70 co-chaperone DNAJB6 being the most prominent candidate. 

Aim: To test whether protein levels of selected chaperones, especially DNAJB6a 

and DNAJB6b isoforms, correlate with age at onset (AO) and velocity of disease 

progression (VDP) in SCA3/MJD. 

Methods: Early-, average-, and late-onset patients, corrected for CAGexp, were 

recruited in Brazil (n=27) and the Netherlands (n=21). Chaperone protein levels 

were measured in fibroblasts derived from skin biopsies and compared among 

AO groups within each cohort. VDP was estimated in the Brazilian cohort by 

clinical scales at baseline and 15.0 ± 4.7 (mean ± S.D.) months follow-up. Mixed 

linear models assessed the relationship between distinct chaperones and VDP. 

Results: Levels of all investigated chaperones were similar among Brazilian AO 

groups, but HSP40/DNAJB1, DNAJB6a, HSP60, and HSPA8 levels were 

significantly higher in late-onset Dutch patients. On longitudinal analysis, HSP60, 

DNAJB6a, and DNAJB6b protein levels were significant predictors of VDP. 

Remarkably, both DNAJB6a and DNAJB6b levels at baseline significantly 

correlated with slower Scale for Assessment and Rating of Ataxia (SARA; 

R2=1.000 and R2=0.879, p<0.001, respectively) and SCA Functional Index 

(SCAFI; R2=0.447, p<0.001; and R2=0.142, p=0.016, respectively) progression. 

Discussion: Molecular chaperones, particularly DNAJB6, seem to modulate 

SCA3/MJD phenotype, at least in some groups of patients. Our findings argue in 

favor of therapeutic strategies aiming at manipulating chaperone levels to delay 

AO and/or slow down VDP in this disease. 
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1. Introduction 

Spinocerebellar ataxia type 3/Machado Joseph disease (SCA3/MJD) is a 

neurodegenerative disorder caused by a CAG repeat expansion (CAGexp) at 

ATXN3, which is translated into an abnormally long polyglutamine (polyQ) tract 

in the ataxin-3 protein.1 Expanded polyQ sequences are prone to aggregation, 

and display a toxic gain of function in neurons, leading to cytotoxicity and 

neurodegeneration.2,3 Although SCA3/MJD is an adult-onset disease, meaning 

that carriers are free from symptoms for several years, polyQ-induced toxicity 

probably starts early in life and at preclinical stages.4–6 

Age at onset (AO) is usually defined as the age at which the patient or a 

close relative noticed the first symptom, usually gait ataxia.7,8 However, recent 

data showed that subclinical ataxic manifestations are present well before the 

onset of gait ataxia in SCA3/MJD and in other polyQ diseases.9,10 Although 

CAGexp length shows a strong, inverse correlation with AO, 50% of the 

interpatient variability in AO is not explained by CAGexp, suggesting the 

existence of genetic and/or environmental modifiers of AO.11–15 Another way of 

measuring disease progression is to follow the rate of symptom changes in time 

in longitudinal or natural history studies. Velocity of disease progression (VDP) is 

also likely subject to genetic modulation, either by a common or distinct set of 

modifiers of AO. For instance, CAGexp was related to VDP in Brazilian 

SCA3/MJD patients,16,17 whereas studies performed in European cohorts not 

always find this association.18,19 

Given their well-established role on protein quality control,20 certain 

molecular chaperones are among the best candidates for phenotypic modulation 

of polyQ disorders. Mounting evidence support a prominent role for molecular 

chaperones on prevention of polyQ aggregation and toxicity, including 

observations on cell and animal models of SCA3/MJD.21 Moreover, higher protein 

levels of the HSP40 family member DNAJB1, measured in skin fibroblasts, were 

correlated to later AO in SCA3/MJD patients.22 Subsequent data showed that the 

DNAJB6 and DNAJB8 chaperones are far superior suppressors of polyQ 

aggregation when compared to other HSP40, HSP70, and HSP110 members, 

both in vitro and in vivo.23 While DNAJB8 is detected in the testes only, DNAJB6 
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is ubiquitously expressed, including the central nervous system.24 DNAJB6 not 

only suppresses aggregation of polyQ, but also of different amyloidogenic 

proteins, including α-synuclein,25 amyloid-β,26,27 and some prions.28 Targeted 

neuronal overexpression of DNAJB6 extended life-span of a mouse model of 

Huntington’s disease (HD), resulting in fewer polyQ inclusions and improved 

performance, compared to control HD mice.29 These observations make DNAJB6 

a specially attractive candidate of phenotypic modifier in SCA3/MJD and other 

neurodegenerative diseases caused by amyloidogenic proteins. 

Our aim was to study the potential effect of molecular chaperones, with a 

special focus on DNAJB6, as phenotypic modulators of SCA3/MJD by testing its 

association with the two standard hallmarks of disease state: AO and VDP. We 

used the extreme phenotype sampling, an approach intended to increase 

chances of detecting the effect of our candidate modifier factor: DNAJB6 levels. 

Subjects who started the disease much earlier or much later than expected by 

their CAGexp were compared. We hypothesized that higher levels of molecular 

chaperones, and DNAJB6 in particular, would be protective and then associated 

to later AO and/or slower disease progression in SCA3/MJD. 

 

2. Materials and Methods 

2.1 Patient cohorts and study designs 

This study had two approaches: the cross-sectional arm, used to correlate 

chaperone levels (risk factors) with AO (outcome); and the longitudinal arm, used 

to investigate associations between chaperone levels (risk factors) and VDP 

(outcome; Figure 1). Two cohorts were available. The Dutch and Brazilian 

cohorts comprised the cross-sectional arm, whereas longitudinal data was 

available for the Brazilian cohort only.   

The Brazilian cohort included molecularly confirmed SCA3/MJD patients 

from Rio Grande do Sul30 recruited according to an extreme phenotype sampling 

approach focusing on AO. Between 2015 and 2016, and after informed consent, 

patients underwent a baseline interview to accurately establish AO based on 
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medical records and impression from the individuals and their relatives. AO was 

defined as the age at which the patient or a close relative noticed the first 

symptom. A skin biopsy was collected at baseline, and disease severity was 

assessed by the Scale for the Assessment and Rating of Ataxia (SARA; range: 0 

to 40 points; increasing values indicating worsening),31 the SCA Functional Index 

(SCAFI; results given in Z scores; decreasing values indicating worsening,32 and 

the Neurological Examination Score for Spinocerebellar Ataxia (NESSCA; range: 

0 to 40 points; increasing values indicating worsening)33 at baseline and at a 

planned 1-year follow up visit. Expected AO was calculated by a parametric 

survival model for each CAGexp and validated specifically for Brazilian 

SCA3/MJD carriers published elsewhere.34 Individuals with AO <25th, between 

the 25th and 75th, or >75th percentiles of expected AO comprised early-, average-

, and late-onset cases, respectively, based on CAGexp predictions. 

The Dutch cohort was previously described and included SCA3/MJD 

patients recruited between 2005 and 2010.22 These subjects were also assigned 

to similar extreme AO groups, with AO predictions calculated using the 

parametric survival model validated specifically for European SCA3/MJD carriers 

(Table S1).35  

2.2 Skin biopsies and establishment of fibroblast cultures 

Skin biopsies were collected from the scapular or lower back area with a 

4-mm punch and local anesthesia by a trained physician and placed on sterile 

vials containing Dulbecco’s modified Eagle’s medium (DMEM; Gibco) for 

immediate processing. Biopsies were rinsed with sterile phosphate buffered 

saline (PBS) and cut into 8-10 pieces, placed into T25 culture flasks with 3 ml 

DMEM supplemented with 10% fetal calf serum (FCS; Gibco), and 100 units/ml 

penicillin and 100 µg/ml streptomycin (P/S; Invitrogen, Carlsbad, CA, USA), and 

incubated at 37ºC with controlled humidity and 5% CO2. After about 1-2 weeks, 

biopsies were trypsinized and fibroblast cultures were established by sub-

culturing. 

2.3 Cell extracts and sample preparation 
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Samples were prepared as described previously.22 Fibroblasts were grown 

to 80-90% confluency in T75 culture flasks and harvested by trypsinization. 

Fibroblasts from the prospective Brazilian cohort were all collected at the 7th 

passage. Cells from the retrospective Dutch cohort were collected in different 

passages (mean: 12th passage; Table S1). Cells were pelleted by spinning at 

1.000 rpm for 5 min at 4ºC and resuspended in 100 µl RIPA buffer [25 mm Tris-

HCl pH 7.6, 150 mm NaCl, 1% NP-40, 1% sodium deoxycholate, 1% sodium 

dodecyl sulphate (SDS), and protease inhibitors]. Cells were sonicated for 5 s on 

ice, and protein content was determined with the DC protein assay (Bio-Rad, 

Hercules, CA, USA). Western blot samples were prepared at a final concentration 

of 3 µg/µl in SDS–polyacrylamide gel electrophoresis (PAGE) loading buffer (250 

mm Tris-Cl, 20% glycerol, 4% SDS, 0.001% bromophenol blue and 10% β-

mercaptoethanol), boiled for 5 min, and stored at -20ºC until use. 

2.4 Western blot analysis 

Thirty micrograms of each sample were loaded onto 12% SDS-PAGE gels 

(TGX Stain-Free FastCast system, Bio-Rad), and ran at 230 V. Proteins were 

transferred to nitrocellulose membranes (Schleicher and Schuell, PerkinElmer, 

Waltham, MA, USA), which were subsequently blocked in 10% skimmed milk 

diluted in PBS with 0.1% Tween-20 (PBS-T). Membranes were probed overnight 

at 4°C with: mouse anti-GAPDH (1:10,000; Fitzgerald), rabbit anti-HSP40 

(1:1,000; SPA400, Stressgen Biotechnologies, Victoria, Canada), rabbit anti-

HSP60 (1:500, ADI-SPA-805, Enzo Life Sciences, Farmingdale, NY, USA), anti-

HSPA8 (1:5,000 SPA815, Stressgen Biotechnologies), or rabbit anti-DNAJB6 

(1:500, home-made). Membranes were incubated with with the respective 

horseradish peroxidase-conjugated secondary antibody (1:5,000; Amersham, 

GE Healthcare, Uppsala, Sweden), and detection was performed using the 

ChemiDoc Touch Imaging System (Bio-Rad). Bands were quantified with the 

Image Lab software v. 6.0 (Bio-Rad). Mean protein levels in patient fibroblasts 

were determined from two to four technical replicates, depending on sample 

availability, and always normalized to the protein levels of a single control 

fibroblast line. 

2.5 Statistical analysis 
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Mean protein levels of each chaperone were calculated considering the 

number of technical replicates per fibroblast line, which varied due to sample 

availability. Differences in mean protein levels between AO groups were 

assessed with the Kruskal-Wallis test. Correlations between protein levels and 

age at biopsy, passage number, disease duration, and ΔAO (observed - expected 

AO) were calculated with Spearman rank test. VDP was estimated according to 

the delta between scores obtained in two moments (baseline and follow up) and 

to the disease duration since the start of the first symptom.36 Correlations 

between protein levels and VDP were estimated by linear mixed models adjusted 

for disease duration at baseline and follow up using the lme4 R package. Models 

considered protein levels as both continuous and categorical (high/low 

expression groups, based on median expression values) variables. Analyses 

were performed using the R software v. 3.4.1, and results were considered 

significant when p<0.05. 

3. Results 

3.1 Clinical description of patient cohorts 

Twenty-seven symptomatic SCA3/MJD subjects from South Brazil were 

recruited, comprising 12 early-, 5 average-, and 10 late-onset cases (Table S2). 

There were no significant differences in CAGexp length or disease duration 

among groups, but early-onset cases had younger AO and ages at biopsy, on 

average, than late-onset individuals (Table 1). The Dutch cohort comprised 21 

SCA3/MJD patients (8 early-, 7 average-, and 6 late-onset cases; Table S1), 

whose clinical characteristics were described previously.22 AO, age at biopsy, 

disease duration, and CAGexp were not statistically different among Dutch onset 

groups (Table 1). Between the two cohorts, the number of patients in each onset 

group, as well as AO, age at biopsy, and disease duration were not significantly 

different. As expected,15 mean CAGexp length was longer in Brazilian than in 

Dutch patients (Table 2).  

3.2 Chaperone levels and the age at onset phenotype 
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Western blot analysis showed expression of DNAJB6 as both long 

(DNAJB6a, ~40 kDa) and short (DNAJB6b, ~26 kDa) isoforms (Figures 2A and 

2F). There was substantial interpatient variability in DNAJB6 levels, but neither 

DNAJB6a or DNAJB6b were significantly different among AO groups in the 

Brazilian cohort (Figures 2B and 2C). Protein levels of both isoforms neither 

correlated with ΔAO (observed - expected AO; Figures 2D and 2E), nor with age 

at biopsy or disease duration among Brazilian subjects (Table S3). Therefore, 

there was no differential expression of DNAJB6 in fibroblasts of Brazilian 

SCA3/MJD patients with extremely discordant AOs. Among Dutch patients, there 

was a non-significant trend towards higher DNAJB6a levels (Figure 2G), but not 

DNAJB6b (Figure 2H), in late-onset individuals when compared to early- and 

average-onset groups. When protein levels were correlated with ΔAO in the 

Dutch cohort, there was a moderate, statistically significant correlation between 

higher DNAJB6a protein levels and AO significantly later than expected based on 

CAGexp length (Figure 2I and Table S3), but not for DNAJB6b (Figure 2J). 

We have also tested whether differential expression of HSP40/DNAJB1 

could be observed in the Brazilian fibroblast cohort, as reported for the Dutch 

cohort previously,22 and replicated here (Figures 3H-J). However, there were no 

significant differences in HSP40/DNAJB1 levels among Brazilian onset groups 

(Figures 3B), or correlation between HSP40/DNAJB1 and ΔAO (Figure 3C).   

Potential differences in chaperone levels between AO groups were also 

investigated for members of the HSP60 and HSP70 families. Similarly to HSP40, 

a polyclonal anti-HSP60 antibody did not reveal any significant differences in 

chaperone levels in the Brazilian cohort (Figures 3D and 3E). In the Dutch cohort, 

however, HSP60 protein levels were significantly higher in late-onset patients 

when compared to early- and average-onset individuals (Figures 3K and 3L). 

There was also a significant correlation between HSP60 protein levels and age 

at biopsy (ρ=0.475, p=0.030, Table S3) in the Dutch cohort. Again, there were 

no significant differences in levels of the constitutively-expressed HSP70 member 

HSPA8 and AO groups, or other clinical variables, in fibroblasts from Brazilian 

patients (Figure 3F, 3G and Table S3). In the Dutch cohort we replicated the 

findings of Zijlstra et al. (2010), detecting a non-significant trend towards higher 



 

103 

HSPA8 protein levels in late-onset patients, compared to other AO groups 

(Figure 3M).22 However, there was a moderate, significant correlation between 

HSPA8 protein levels and ΔAO in the Dutch cohort (Figure 3N), indicating an 

association between higher HSPA8 protein levels and AO significantly later than 

expected, based on CAGexp length, in the Dutch fibroblast cohort. 

Since the most conspicuous difference between the Brazilian and Dutch 

cohorts was the CAGexp range, we looked for associations between the protein 

levels of the five chaperones and CAGexp in each cohort. As expected, however, 

no statistically significant correlations were found (Table S3). 

3.3 Chaperone levels and the disease progression phenotype 

Nineteen individuals (8 early-, 3 average-, and 8 late-onset cases; 74.1%) 

from the Brazilian cohort had a follow up visit at 15.0 ± 4.7 months (mean ± 

standard deviation) from baseline. SCAFI was not performed in two of the 19 

included individuals. Total SARA (ρ=0.787, p<0.001), SCAFI (ρ=-0.509, p=0.031) 

and NESSCA (ρ=0.746, p<0.001) scores correlated with disease duration at 

baseline. Average SARA, SCAFI, and NESSCA progressions were 1.05 (95% 

C.I.: 0.61 - 1.49), -0.17 (95% C.I.: -0.24 - -0.10; Z-score), and 0.90 (95% C.I.: 0.48 

- 1.32) points per year, respectively.   

Initially, we tested whether extreme early- and late-onset AOs (SARA and 

NESSCA: n=8 each; SCAFI: n=8 early-, n=7 late-onset) could be considered risk 

factors for differences in the outcome velocity of disease progression, as 

measured by SARA, SCAFI, and NESSCA scores using the disease duration 

model. At baseline, early- and late-onset groups had similar average SARA 

(early: 14.5 vs late: 17.5; p=0.485), SCAFI (early: 0.10 vs late: 0.13; p=0.923), 

and NESSCA (early: 18.1 vs late: 18.6; p=0.885) scores. Upon follow up, 

progression velocities of early- and late-onset patients were not statistically 

different for SARA (p=0.983), SCAFI (p=0.790), or NESSCA (p=0.424; Figures 
4A-C). 

Then, DNAJB6 protein levels in fibroblasts were tested as risk factors for 

differences in the outcome velocity of SARA, SCAFI, and NESSCA progression. 
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The risk factor DNAJB6 was treated either as a dichotomous (similar to the 

analysis of AO effect) or as a continuous variable. Dichotomous analysis stratified 

groups between subjects with lower and higher DNAJB6 levels at baseline, based 

on median protein levels. A non-significant trend towards higher progression 

velocities among individuals with lower DNAJB6a and b levels was observed for 

both SARA (Figures 4D and G, respectively) and SCAFI (Figures 4E and H, 

respectively), but not for NESSCA (Figures 4F and I).  

Continuous analysis showed that lower levels of DNAJB6a at baseline 

significantly correlated with faster SARA and SCAFI progressions, while lower 

DNAJB6b levels correlated with faster SARA progression (Table 3). For instance, 

every 0.1 increase in DNAJB6a and DNAJB6b protein levels correlated with a 

mean (95% C.I.) decrease of 0.16 (0.04 - 0.26) and 0.40 (0.01 - 0.74) points per 

year in SARA, respectively. No significant associations between DNAJB6a/b 

levels and NESSCA progression were observed. The correlations between 

DNAJB6a/b and disease progression, as measured by SARA or SCAFI, can be 

depicted as changes in scales slopes (i.e. difference in progression from baseline 

to follow up for each patient) as a function of chaperone levels (Figure 5). Larger 

changes in SARA strongly correlated with lower levels of both DNAJB6a and 

DNAJB6b protein levels (Figures 5A and B). Similarly, worse SCAFI scores at 

the follow up were correlated with DNAJB6a and DNAJB6b protein levels 

(Figures 5C and D, respectively). For the remaining molecular chaperones 

measured (HSP40, HSP60, and HSPA8), the only statistically significant 

association observed was between faster SARA progression and lower 

chaperone protein levels of HSP60 (Table S4). 

 

4. Discussion 

The present study detected associations between protein levels of 

selected chaperones (especially DNAJB6) and variation in two SCA3/MJD 

phenotypes: AO and velocity of disease progression. Higher levels of DNAJB6a, 

HSP40, HSP60, and HSPA8 were observed in patients from the Dutch cohort 

with AO significantly later than expected for CAGexp. The same associations 

were not found in a Brazilian patient cohort. And higher DNAJB6a, DNAJB6b, 
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and HSP60 levels in fibroblasts were associated with reduced velocities of 

disease progression, as measured by the clinical scales related to ataxia 

manifestations SARA and SCAFI, at least in the cohort where this study was 

feasible. 

We initially hypothesized that DNAJB6 could be a candidate modifier of 

AO in SCA3/MJD, based on the powerful anti-amyloidogenic activity of 

DNAJB623,25–27,29,37 and on previous data regarding the role of HSP40/DNAJ 

proteins on polyQ diseases.21 Given the association between higher DNAJB1 

protein levels and later AO than expected by CAGexp in the Dutch SCA3/MJD 

cohort – first described by Zijlstra and colleagues (2010) and replicated here – 

we argued that this could also be the case for DNAJB6, with the advantage that 

DNAJB6 is a stronger suppressor of polyQ aggregation and toxicity than 

DNAJB1.26 Such reasoning assumes that expression patterns and protein levels 

measured in skin fibroblasts are similar to those in neurons, which might not be 

the case. Any modulatory effect of DNAJB6 in SCA3/MJD would only be 

meaningful if present in neurons, and further cellular studies are needed to 

confirm our assumptions. Nevertheless, our results support the notion of 

phenotypic modulation of SCA3/MJD by molecular chaperones, especially 

DNAJB6. 

4.1. The age at onset phenotype 

We observed significant associations between protein levels of molecular 

chaperones (HSP40/DNAJB1, DNAJB6, HSP60, and HSPA8) and AO in the 

Dutch fibroblast cohort only, but not in the Brazilian cohort. Although the effects 

of population background and interpatient variability cannot be discarded, the 

lack of replication between the Brazilian and Dutch cohorts could be partially 

explained by differences in CAGexp length between these populations. Evidence 

suggests that CAGexp might not have a linear correlation with AO in SCA3/MJD, 

with shorter CAGexp tracts exerting a milder effect on AO when compared to 

longer expansions.12–15 In this sense, patients with shorter CAGexp alleles might 

be more susceptible to disease modulation by additional modifiers when 

compared to carriers of longer CAGexp alleles. Chaperone levels could fail to 

modulate AO in the presence of longer CAGexp tracts, as those carried by the 
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Brazilian cohort (Table 2), which probably determine AO in a stronger, more 

dominant manner.12 However, our analysis did not have enough statistical power 

to confirm this hypothesis, and further studies in larger cohorts will be required to 

address this issue. Another population-specific effect, independent from the 

CAGexp, could also explain these differences. A recent meta-analysis revealed 

the existence of substantial AO modification in geographically distinct SCA3/MJD 

populations by yet unknown factors.15 In face of our present results, we speculate 

that a unique or a couple of factors is operating so that it would explain the data 

obtained in the Dutch cohort. We would call it a "stronger chaperone response", 

or a more effective activation of HSP40/DNAJB1, DNAJB6, HSP60, and HSPA8 

in the presence of protein aggregation. Given our results, we hypothesize that in 

the presence of moderate CAG expansions at ATXN3, SCA3/MJD carriers 

equipped with a stronger chaperone response – caused by a yet unknown factor 

– can delay their disease onset.  

4.2. The disease progression phenotype 

Higher DNAJB6a/b and HSP60 protein levels, measured at baseline in 

skin fibroblasts, were associated with slower rate of ataxia progression in 

Brazilian SCA3/MJD patients, as determined by SARA. Similarly, slower SCAFI 

progression was correlated with higher DNAJB6a protein levels (see Table 3 and 
Figure 5). 

Unfortunately, longitudinal data on disease progression was not available 

for the Dutch cohort. Dutch and Brazilian cohorts were recruited at different 

periods of time (2005-2010 and 2015-2016, respectively). Although this 

difference has not impacted on laboratory analysis performed on established 

culture cells, the study of the Dutch subjects was not planned to perform 

longitudinal evaluations. Therefore, the velocity of disease progression was 

studied only in the Brazilian cohort.  

The results obtained by two different instruments in the Brazilian group - 

SARA and SCAFI - were convergent. However, the same association was not 

obtained with NESSCA. Although SARA, SCAFI and NESSCA correlate quite 

well in SCA3/MJD,31-33 they do not measure exactly the same neurologic 
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outcomes. SARA is a semi-quantitative scale and SCAFI is a quantitative, 

temporal task scale and both measure ataxic manifestations. In contrast, 

NESSCA quantifies the overall neurologic examination, addressing pyramidal, 

extrapyramidal, cerebellar, and sensory findings; extrapyramidal manifestations, 

for instance, have been shown to progress slower than the ataxic ones in 

SCA3/MJD.16,31,40 The present results relating chaperone levels to a modulation 

of the ataxic progression can either be taken literally – i.e. one can propose that 

chaperone levels might change cerebellar but not the other neurological 

deteriorations - or can be taken as an effect of a “power threshold”. The relatively 

low sensitivity of NESSCA to detect significant neurological changes in a short 

period of time, when compared to ataxic scales, might need larger sample sizes 

or longer study timeframes to detect the same phenomenon. The Rio Grande do 

Sul cohort, from which the Brazilian patients were recruited for the present study, 

has presented a substantial association between CAGexp and progression rate, 

measured by NESSCA and SARA.16,17 The present subjects were recruited by 

the extreme phenotype sampling based on AO, which is a powerful approach to 

discover additional factors that modulate AO. Quite interestingly, both early- and 

late-onset groups from the Brazilian cohort showed similar progression rates for 

SARA, SCAFI, and NESSCA (see Figure 4). The unknown factors that 

determined those extreme AOs (independent from CAGexp) did not impact on 

progression rate - at least in the presence of the CAGexp range carried by this 

Brazilian cohort. We have seen that differences in chaperone levels, proposed to 

delay AO in carriers of short CAGexp, did not explain differences in AO 

independent from CAGexp among Brazilians, and we suggested that this could 

be due to their large CAGexp range. Therefore, it is quite impressive that 

DNAJB6a/b and HSP60 levels can impact on progression rate of this group. 

Again, further longitudinal studies on distinct SCA3/MJD cohorts are urgently 

needed to confirm our results. If we are correct, chaperone levels can be very 

important pharmaceutical candidates to modify disease progression in 

SCA3/MJD.  

4.4 Concluding remarks 
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 We suggest that molecular chaperones might contribute to the modulation 

of both AO and progression rate of disease in SCA3/MJD. The strong effect of 

larger CAGexp (such as those carried by Brazilian SCA3/MJD subjects) seems 

to neutralize the effect of molecular chaperones on the outcome AO. Given the 

promising in vitro and in vivo roles of DNAJB6 in suppressing aggregation and 

toxicity of polyQ 23,29,37 and other amyloidogenic proteins,25–28 this chaperone is 

a strong candidate for further clinical investigations. If our observations are 

validated in other cohorts, the manipulation of protein levels of DNAJB6 and other 

chaperones could have deep therapeutic implications not only for affected, 

asymptomatic individuals (AO delay), but also for symptomatic patients 

(reduction of neurological deterioration rate).  
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Tables and Figure Legends: 

Table 1: Comparison of clinical variables of patients from the Brazilian and 
Dutch SCA3/MJD fibroblast cohorts divided in early-, average-, and late-
onset groups, according to deviation from the expected age at onset of 
symptoms. P-values refer to the comparisons within each cohort. 

Table 2: Comparison of clinical variables of the Brazilian and Dutch 
SCA3/MJD fibroblast cohorts. 

Table 3: Velocity of disease progression in SCA3/MJD patients from the 
Brazilian fibroblast cohort as a function of DNAJB6 protein levels at 
baseline. Correlations were performed for both DNAJB6a and b isoforms 

separately. For each scale, chaperone levels were considered a continuous 

variable. 

Figure 1: Patient recruitment scheme and study designs. SCA3/MJD patients 

were recruited according to an extreme phenotype sampling approach focused 

on age at onset (AO). Early- (squares), average- (circles), and late-onset 

(triangles) individuals, corrected for the effect of CAG length at the expanded 

ATXN3 allele (CAGexp), were recruited. Dashed regression lines divide patients 

below the 25th (early-onset), between the 25th and 75th (average-onset), and 

above the 75th (late-onset) percentiles of expected AO based on CAGexp. A 

cross-sectional design compared chaperone protein levels between AO groups 

in the Brazilian and Dutch cohorts. A longitudinal design evaluated SARA, SCAFI, 

and NESSCA progression scores (outcomes) as a function of AO groups and 

chaperone protein levels (risk factors). 

Figure 2: DNAJB6 protein levels in cultured skin fibroblasts from Brazilian 
and Dutch SCA3/MJD patients. A and F: Representative Western blot images 

of DNAJB6 protein levels in selected individuals from the Brazilian (A) and Dutch 

(F) SCA3/MJD cohorts. DNAJB6 was expressed as both long (DNAJB6a; ~40 

kDa) and short (DNAJB6b; ~26 kDa) isoforms. Not all individuals are 

represented. B and C: Quantification of DNAJB6a (B) and DNAJB6b (C) protein 

levels in Brazilian SCA3/MJD patients divided into groups according to deviation 
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from expected age at onset. Mean protein levels for each sample were estimated 

from three independent technical replicates. P-values refer to comparisons 

between AO groups. D and E: Relationship between DNAJB6a (D) and DNAJB6b 

(E) protein levels and age at onset deviation (observed - expected) in Brazilian 

SCA3/MJD patients. Spearman rank correlation coefficients (rs) with p-values are 

also shown. G and H: Same as in B and C, respectively, but for patients from the 

Dutch cohort. I and J: Same as in D and E, respectively, but for patients from the 

Dutch cohort. 

Figure 3: Quantification of HSP40, HSP60, and HSPA8 protein levels in 
cultured skin fibroblasts from Brazilian and Dutch SCA3/MJD patients. A 

and H: Representative Western blot images of HSP40, HSP60, and HSPA8 

protein levels in selected individuals from the Brazilian (A) and Dutch (H) 

SCA3/MJD cohorts. Not all individuals are represented. B, D, and F: 

Quantification of total HSP40 (B), HSP60 (D), and HSPA8 (F) protein levels in 

Brazilian patients divided in groups according to deviation from expected age at 

onset. Mean protein levels for each sample were estimated from three 

independent technical replicates. P-values refer to comparisons between AO 

groups. C, E, and G: Relationship between HSP40 (C), HSP60 (E), and HSPA8 

(G) protein levels and age at onset deviation (observed - expected) in Brazilian 

SCA3/MJD patients. Spearman rank correlation coefficients (rs) with p-values are 

also shown. I, K, and M: Same as in B, D, and F, respectively, but for patients 

from the Dutch cohort. J, L, and N: Same as in C, E, and G, but for patients from 

the Dutch cohort. 

Figure 4: Velocity of SARA and SCAFI progressions in Brazilian SCA3/MJD 
patients according to disease duration model. A and B:  SARA (A) and SCAFI 

(B) progression scores obtained in groups built by the presence of determinants 

of AO independent from the CAGexp, studied by the extreme phenotype 

sampling strategy. Progressions from extremely early- and late-onset individuals 

were estimated and depicted. Mean slope values with 95% confidence intervals 

(C.I.) are also shown for each group. C and D: Mean progressions from patients 

stratified in groups with 50% lowest or highest DNAJB6a protein levels, as 
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measured in skin fibroblasts, for SARA (C) and SCAFI (D) clinical scales. E and 

F: Same as in C and D, respectively, but for DNAJB6b protein levels.  

Figure 5: Relationship between SARA and SCAFI progression rates and 
DNAJB6 protein levels. A and B: Individual SARA slopes estimated from the 

differences in scores at baseline and follow up are shown as a function of 

DNAJB6a (A) and DNAJB6b (B) protein levels. R2 correlation coefficients and p-

values are also shown. C and D: Same as in A and B, respectively, but for SCAFI. 

 
Supplementary material 

Supplementary Table 1: Assignment of samples from Dutch SCA3/MJD 
patients to age at onset groups (early, intermediate, or late) based on 
deviation from the expected age at onset. Underlined cases denote 

differences between the present classification and the one used by Zijlstra and 

colleagues (2010). Additional clinical characteristics of these samples were 

described by Zijlstra et al., 2010. 

Table S2: Clinical characteristics of Brazilian SCA3/MJD patients recruited 
for this study. 

Supplementary Table 3: Spearman rank correlation coefficients between 
selected chaperone protein levels and clinical variables in Brazilian and 
Dutch SCA3/MJD fibroblast cohorts. 

Supplementary Table 4: Velocity of disease progression in SCA3/MJD 
patients from the Brazilian fibroblast cohort as a function of protein levels 
of selected chaperones at baseline. Correlations were performed for HSP40, 

HSP60, and HSPA8 separately. For each scale, chaperone levels were 

considered either a continuous or dichotomous variable. 
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Table 1: Comparison of clinical variables of patients from the Brazilian and Dutch SCA3/MJD fibroblast cohorts divided in early-, 
average-, and late-onset groups, according to deviation from the expected age at onset of symptoms. P-values refer to the 
comparisons within each cohort. 

 

 Brazilian cohort (onset groups)  Dutch cohort (onset groups)  
Variable Early Average Late p-value Early Average Late p-value 

n (%) 12 (44.4) 5 (18.6) 10 (37.0) 0.236 a 8 (38.1) 7 (33.3) 6 (28.6) 0.867 a 

Age at  
onset * 

21.2 ± 9.5 
(5 – 38) § 

47.0 ± 7.7 
(36 – 55) ¥ 

48.3 ± 
10.3 

(31 – 65) ¥ 
<0.001 b 

30.0 ± 
12.0 

(13 – 49) § 

35.3 ± 7.5 
(29 – 49) § 

41.2 ± 5.8 
(35 – 47) § 0.151 b 

Age at  
biopsy * 

30.2 ± 
12.0 

(11 – 45) § 

59.6 ± 5.7 
(54 – 69) ¥ 

58.2 ± 
11.1 

(38 – 70) ¥ 
<0.001 b 

45.9 ± 
15.6 

(24 – 66) § 

50.8 ± 9.4 
(32 – 59) § 

58.3 ± 
11.6 

(42 – 75) § 
0.302 b 

Disease  
duration * 

9.0 ± 5.4 
(2 – 18) § 

12.6 ± 5.3 
(4 – 18) § 

9.9 ± 4.9 
(4 – 18) § 0.461 b 

15.9 ± 
14.1 

(4 – 40) § 

15.6 ± 9.2 
(0 – 26) § 

17.2 ± 
11.3 

(4 – 28) § 
0.932 b 

CAGexp * 76.6 ± 4.0 
(69 – 82) § 

73.0 ± 2.7 
(70 – 77) § 

73.9 ± 3.5 
(68 – 80) § 0.128 b 69.4 ± 6.6 

(61 – 80) § 
68.8 ± 3.4 
(64 – 72) § 

72.5 ± 3.4 
(68 – 78) § 0.303 b 

CAGnorm * 21.1 ± 6.3 
(14 – 33) § 

22.2 ± 1.3 
(20 – 23) § 

21.4 ± 4.4 
(14 – 28) § 0.980 b NA NA NA NA 

* Mean ± standard deviation (range); a Pearson’s Chi-squared test; b Kruskal-Wallis test. For each cohort, means sharing the 
same symbol are not statistically different (Tukey-adjusted comparisons); CAGexp/CAGnorm: CAG repeat length at the 
expanded/non-expanded ATXN3 allele; NA: not available. 
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Table 2: Comparison of clinical variables of the Brazilian and Dutch SCA3/MJD 
fibroblast cohorts. 

 

Variable Brazilian 
cohort 

Dutch 
cohort p-value 

Onset group, n (%)    
Early 12 (44.4) 8 (38.1) 

0.495 a Average 5 (18.6) 7 (33.3) 
Late 10 (37.0) 6 (28.6) 

Age at onset * 36.0 ± 16.3 
(5 – 65) 

35.0 ± 9.9 
(13 – 49) 0.777 b 

Age at biopsy * 46.0 ± 17.8 
(11 – 70) 

51.1 ± 13.1 
(24 – 75) 0.262 b 

Disease duration * 10.0 ± 5.2 
(2 – 18) 

16.1 ± 11.3 
(0 – 40) 0.118 c 

CAGexp * 74.9 ± 3.8 
(68 – 82) 

70.1 ± 4.9 
(61 – 80) 

<0.001 
b 

* Mean ± standard deviation (range); a Pearson’s Chi-
squared test; b Welch two sample t-test; c Wilcoxon rank 
sum test; CAGexp: CAG repeat length at the 
expanded/non-expanded ATXN3 allele. 
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Table 3: Velocity of disease progression in SCA3/MJD patients from the 
Brazilian fibroblast cohort as a function of DNAJB6 protein levels at 
baseline. Correlations were performed for both DNAJB6a and b isoforms 
separately. For each scale, chaperone levels were considered a continuous 
variable.  
 

Scale Chaperone Effect a p-value 

NESSCA 
DNAJB6a -0.06 (-0.18 – 0.07) 0.349 

DNAJB6b -0.05 (-0.45 – -0.45) 0.818 

SARA 
DNAJB6a -0.16 (-0.26 – -0.04) 0.002 

DNAJB6b -0.40 (-0.74 – -0.01) 0.025 

SCAFI 
DNAJB6a 0.02 (0.00 – 0.04) 0.046 

DNAJB6b 0.03 (-0.02 – 0.09) 0.271 

a Change in progression score (points/year) for every 0.1 
increase in chaperone levels, mean (95% C.I.). NESSCA: 
Neurological Examination Score for Spinocerebellar Ataxia; 
SARA: Scale for the Assessment and Rating of Ataxia; 
SCAFI: Spinocerebellar Ataxia Functional Index. 
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Table S1: Assignment of samples from Dutch SCA3/MJD patients to age at 
onset groups (early, intermediate, or late) based on deviation from the 
expected age at onset. Additional clinical characteristics of these samples were 
described by Zijlstra et al., 2010. 
  
  

ID AO group 
(Zijlstra et al., 2010) 

Expected 
AO a, b ΔAO a AO group 

(this study) 
Harvesting 

passage number 

1 Late 38.7 8.3 Late 10 

2 Early 38.7 -8.7 Early 11 

3 Late 22.0 16.0 Late 11 

4 Average 34.6 0.4 Average 10 

5c Average 29.2 5.8 Late 13 

6 Average 30.9 -0.9 Average 9 

7c Late 48.5 0.5 Average 11 

8 Late 32.7 12.3 Late 11 

9 Average 48.5 -6.5 Average 8 

10c Early 34.6 -4.6 Average 11 

11 Late 32.7 14.3 Late 11 

12 Average 32.7 -3.7 Average 8 

13 Early 26.1 -4.1 Early 11 

14c Average 57.4 -8.4 Early 24 

15c Average 48.5 -9.5 Early 12 

16 Late 27.6 7.4 Late 12 

17c Average 40.9 -5.9 Early 11 

18 Early 45.8 -10.8 Early 14 

19 Early 26.1 -9.1 Early 9 

20 Early 19.7 -6.7 Early 15 

21 Average 32.7 -0.7 Average 7 

a In years; b calculated with the AO prediction model described by Tezenas du Montcel et 
al., 2014; c denotes differences between the present classification and the one used by 
Zijlstra and colleagues (2010).  AO: age at onset. 
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Table S2: Clinical characteristics of Brazilian SCA3/MJD patients recruited 
for this study. 
 

ID Sex CAG 
norm 

CAG 
exp 

Age at 
biopsy a 

Disease 
duration a AO a Expected 

AO a ΔAO a AO 
group 

1 M 22 69 45 17 28 54.8 -26.8 Early 

2 F 14 82 11 6 5 20.0 -15.0 Early 

3 M 14 76 33 12 21 36.0 -15.0 Early 

4 M 24 73 36 6 30 44.1 -14.1 Early 

5 F 18 79 36 18 18 28.0 -10.0 Early 

6 F 27 76 32 6 26 36.0 -10.0 Early 

7 M 24 74 40 12 28 41.4 -13.4 Early 

8 F 33 81 11 2 9 22.6 -13.6 Early 

9 F 14 81 14 2 12 22.6 -10.6 Early 

10 F 14 78 28 9 19 30.7 -11.7 Early 

11 F 22 78 34 13 21 30.7 -9.7 Early 

12 F 27 72 43 5 38 46.8 -8.8 Early 

13 M 23 74 58 15 43 41.4 1.6 Average 

14 M 23 77 54 18 36 33.4 2.6 Average 

15 M 23 70 69 14 55 52.1 2.9 Average 

16 M 22 71 57 4 53 49.4 3.6 Average 

17 M 20 73 60 12 48 44.1 3.9 Average 

18 M 23 78 43 8 35 30.7 4.3 Late 

19 F 24 74 57 10 47 41.4 5.6 Late 

20 F 23 74 65 18 47 41.4 5.6 Late 

21 F 22 80 38 7 31 25.3 5.7 Late 

22 M 23 73 63 13 50 44.1 5.9 Late 

23 M 14 75 50 5 45 38.7 6.3 Late 

24 F 28 68 70 5 65 57.5 7.5 Late 

25 M 20 70 64 4 60 52.1 7.9 Late 

26 F 23 72 70 15 55 46.8 8.2 Late 

27 F 14 75 62 14 48 38.7 9.3 Late 

a In years. AO: age at onset; CAGnorm/exp: length of CAG repeats at the non-expanded/expanded ATXN3 allele; ΔAO: 
difference between observed and expected AO; F: female; M: male. 
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Table S3: Spearman rank correlation coefficients between selected chaperone protein levels and clinical variables in 
Brazilian and Dutch SCA3/MJD fibroblast cohorts. 
 
  

    Age at biopsy Disease duration ΔAO a Passage number CAGexp b 

Cohort Chaperone Spearman ρ p-value Spearman ρ p-value Spearman ρ p-value Spearman ρ p-value Spearman ρ p-value 

Brazilian 

DNAJB6a -0.085 0.675 0.219 0.273 -0.132 0.512 NA NA 0.146 0.469 

DNAJB6b -0.112 0.579 -0.013 0.947 -0.288 0.145 NA NA -0.076 0.705 

HSP40 -0.250 0.208 -0.364 0.062 -0.106 0.598 NA NA 0.266 0.180 

HSP60 -0.093 0.645 -0.255 0.199 -0.115 0.569 NA NA -0.054 0.788 

HSPA8 -0.003 0.988 -0.154 0.444 -0.215 0.281 NA NA -0.137 0.495 

Dutch 

DNAJB6a 0.216 0.346 0.183 0.428 0.488 0.025 0.146 0.528 0.366 0.103 

DNAJB6b 0.207 0.369 0.034 0.884 0.022 0.924 0.206 0.370 -0.200 0.385 

HSP40 0.288 0.206 -0.023 0.920 0.653 0.001 -0.302 0.183 -0.082 0.725 

HSP60 0.475 0.030 0.150 0.516 0.548 0.010 0.142 0.540 0.080 0.729 

HSPA8 0.175 0.449 -0.044 0.849 0.491 0.024 0.088 0.704 0.128 0.580 

a Observed - expected age at onset; b expanded ATXN3 allele; NA: not applicable.     
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Table S4: Velocity of disease progression in SCA3/MJD patients from the 
Brazilian fibroblast cohort as a function of protein levels of selected 
chaperones at baseline. Correlations were performed for HSP40, HSP60, and 
HSPA8 separately. For each scale, chaperone levels were considered either a 
continuous or dichotomous variable. 
 
  

Model Chaperone Effect a p-value 

NESSCA; continuous 
chaperone levels 

HSP40 0.01 (-0.08 – 0.11) 0.814 

HSP60 0.04 (-0.12 – 0.20) 0.636 

HSPA8 0.04 (-0.09 – 0.18) 0.565 

NESSCA; dichotomous 
chaperone levels b 

HSP40 0.04 (-0.06 – 0.15) 0.421 

HSP60 0.01 (-0.08 – 0.10) 0.858 

HSPA8 0.03 (-0.05 – 0.11) 0.454 

SARA; continuous 
chaperone levels 

HSP40 -0.06 (-0.16 – 0.04) 0.184 

HSP60 -0.05 (-0.20 – 0.10) 0.468 

HSPA8 0.01 (-0.12 – 0.15) 0.856 

SARA; dichotomous 
chaperone levels b 

HSP40 -0.04 (-0.14 – 0.07) 0.512 

HSP60 -0.09 (-0.18 – -0.01) 0.033 

HSPA8 -0.02 (-0.10 – 0.08) 0.698 

SCAFI; continuous 
chaperone levels 

HSP40 0.00 (-0.01 – 0.02) 0.539 

HSP60 0.01 (-0.01 – 0.02) 0.285 

HSPA8 0.00 (-0.02 – 0.02) 0.683 

SCAFI; dichotomous 
chaperone levels b 

HSP40 -0.01 (-0.03 – 0.01) 0.222 

HSP60 0.00 (-0.02 – 0.01) 0.582 

HSPA8 0.01 (-0.01 – 0.02) 0.313 

a Change in progression score (points/year) for every 0.1 increase in 
chaperone levels, mean (95% C.I.). For dichotomous models, effects for the 
“high” expression group are shown; b protein levels of each fibroblast line 
were assigned to a “high” or “low” expression group based on median 
expression values; NESSCA: Neurological Examination Score for 
Spinocerebellar Ataxia; SARA: Scale for the Assessment and Rating of 
Ataxia; SCAFI: Spinocerebellar Ataxia Functional Index. 
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Figure 1: Patient recruitment scheme and study designs. SCA3/MJD patients 

were recruited according to an extreme phenotype sampling approach focused on 

age at onset (AO). Early- (squares), average- (circles), and late-onset (triangles) 

individuals, corrected for the effect of CAG length at the expanded ATXN3 allele 

(CAGexp), were recruited. Dashed regression lines divide patients below the 25th 

(early-onset), between the 25th and 75th (average-onset), and above the 75th (late-

onset) percentiles of expected AO based on CAGexp. A cross-sectional design 

compared chaperone protein levels between AO groups in the Brazilian and Dutch 

cohorts. A longitudinal design evaluated SARA, SCAFI, and NESSCA progression 

scores (outcomes) as a function of AO groups and chaperone protein levels (risk 

factors). 
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Figure 2 (next page): DNAJB6 protein levels in cultured skin fibroblasts from 
Brazilian and Dutch SCA3/MJD patients. A and F: Representative Western blot 

images of DNAJB6 protein levels in selected individuals from the Brazilian (A) and 

Dutch (F) SCA3/MJD cohorts. DNAJB6 was expressed as both long (DNAJB6a; ~40 

kDa) and short (DNAJB6b; ~26 kDa) isoforms. Not all individuals are represented. 

B and C: Quantification of DNAJB6a (B) and DNAJB6b (C) protein levels in Brazilian 

SCA3/MJD patients divided into groups according to deviation from expected age 

at onset. Mean protein levels for each sample were estimated from three 

independent technical replicates. P-values refer to comparisons between AO 

groups. D and E: Relationship between DNAJB6a (D) and DNAJB6b (E) protein 

levels and age at onset deviation (observed - expected) in Brazilian SCA3/MJD 

patients. Spearman rank correlation coefficients (rs) with p-values are also shown. 

G and H: Same as in B and C, respectively, but for patients from the Dutch cohort. 

I and J: Same as in D and E, respectively, but for patients from the Dutch cohort. 
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Figure 3 (next page): Quantification of HSP40, HSP60, and HSPA8 protein 
levels in cultured skin fibroblasts from Brazilian and Dutch SCA3/MJD 
patients. A and H: Representative Western blot images of HSP40, HSP60, and 

HSPA8 protein levels in selected individuals from the Brazilian (A) and Dutch (H) 

SCA3/MJD cohorts. Not all individuals are represented. B, D, and F: Quantification 

of total HSP40 (B), HSP60 (D), and HSPA8 (F) protein levels in Brazilian patients 

divided in groups according to deviation from expected age at onset. Mean protein 

levels for each sample were estimated from three independent technical replicates. 

P-values refer to comparisons between AO groups. C, E, and G: Relationship 

between HSP40 (C), HSP60 (E), and HSPA8 (G) protein levels and age at onset 

deviation (observed - expected) in Brazilian SCA3/MJD patients. Spearman rank 

correlation coefficients (rs) with p-values are also shown. I, K, and M: Same as in B, 

D, and F, respectively, but for patients from the Dutch cohort. J, L, and N: Same as 

in C, E, and G, but for patients from the Dutch cohort. 
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Figure 4 (next page): Velocity of SARA and SCAFI progressions in Brazilian 
SCA3/MJD patients according to disease duration model. A and B:  SARA (A) 

and SCAFI (B) progression scores obtained in groups built by the presence of 

determinants of AO independent from the CAGexp, studied by the extreme 

phenotype sampling strategy. Progressions from extremely early- and late-onset 

individuals were estimated and depicted. Mean slope values with 95% confidence 

intervals (C.I.) are also shown for each group. C and D: Mean progressions from 

patients stratified in groups with 50% lowest or highest DNAJB6a protein levels, as 

measured in skin fibroblasts, for SARA (C) and SCAFI (D) clinical scales. E and F: 

Same as in C and D, respectively, but for DNAJB6b protein levels. 
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Figure 5: Relationship between SARA and SCAFI progression rates and 
DNAJB6 protein levels. A and B: Individual SARA slopes estimated from the 

differences in scores at baseline and follow up are shown as a function of DNAJB6a 

(A) and DNAJB6b (B) protein levels. R2 correlation coefficients and p-values are 

also shown. C and D: Same as in A and B, respectively, but for SCAFI. 
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5 Capítulo 5. Discussão 

 A presente tese teve como objetivo geral identificar novos modificadores 

genéticos da AO e da velocidade de progressão neurológica da DMJ/SCA3.  

 Para definirmos o estado da arte e partirmos em busca de bons candidatos 

ainda não completamente estudados, realizamos uma revisão sistemática e 

metanálise sobre fatores modificadores da AO na DMJ/SCA3. Disto resultou o 

primeiro artigo da presente tese, intitulado “Genetic risk factors for modulation of 

age at onset in Machado-Joseph disease/spinocerebellar ataxia type 3: a 

systematic review and meta-analysis”. Utilizando dados primários de 10 coortes de 

pacientes e dados agregados de 2 outras coortes, determinamos que o CAGexp no 

ATXN3 determina 55,2% da variabilidade fenotípica da AO, em média. Desse 

modo, cerca de metade da variância da AO deve ser explicada por outros fatores 

(genéticos e/ou ambientais) que influenciam a idade em que um indivíduo com 

DMJ/SCA3 inicia com os primeiros sintomas. Esse trabalho também validou a 

influência de outros modificadores da AO que já haviam sido propostos na literatura: 

fatores familiais e o comprimento do trato CAG no ATXN2 foram os mais relevantes, 

seguidos em menor medida pelo gênero do indivíduo afetado. Desse modo, estes 

fatores deverão ser levados em conta em futuros estudos de modificadores da AO 

na DMJ/SCA3.  

 No entanto, o principal e mais original achado da metanálise foi a observação 

de diferenças muito claras do efeito do CAGexp sobre a AO entre populações 

distintas de pacientes com DMJ/SCA3. Isso demonstra que um modelo universal 

para estimar o efeito da mutação causal da DMJ/SCA3 sobre sua AO pode não ser 

a melhor estratégia para comparar o impacto de moduladores em populações 

distintas. Isso fica claro quando observamos as dispersões do CAGexp e da AO 

entre coortes de pacientes com DMJ/SCA3 de origens distintas (de Castilhos et al. 

2014; Tezenas du Montcel et al. 2014a; Raposo et al. 2015; Chen et al. 2016). A 

variabilidade do CAGexp entre populações de pacientes é muito maior do que a 

variabilidade da AO (ver a figura 2 do artigo 1). Se o efeito do CAGexp fosse o 

mesmo em todas as populações, coortes com tratos CAGexp mais longos – como 
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é o caso dos pacientes com DMJ/SCA3 no Estado do Rio Grande do Sul (Souza et 

al. 2016) – deveriam ter casos predominantemente de origem na infância, o que 

não ocorre na maioria dos indivíduos (Jardim et al. 2001a; Jardim et al. 2010; de 

Castilhos et al. 2014; Souza et al. 2016). 

 Propusemos a existência de três grandes grupos de pacientes com 

DMJ/SCA3 no mundo, com efeitos distintos do CAGexp sobre a AO, com base no 

efeito do CAGexp sobre a AO e nas suas relações de proximidade étnica: o grupo 

com ancestralidade europeia não-portuguesa, o grupo geral (ou intermediário) e o 

grupo com ancestralidade portuguesa. A figura 3 do artigo 1 dá a sustentação 

empírica para essa proposição. Do primeiro grupo, fazem parte as coortes 

recrutadas pelo consórcio europeu EUROSCA – e que praticamente apenas não 

incluiu portugueses – e pelos holandeses. Do último grupo, fazem parte as coortes 

recrutadas em Portugal continental, nos Açores e no Rio Grande do Sul. As demais 

coortes compreenderam o grupo geral e provieram de regiões muito distantes umas 

das outras: China continental, Taiwan, Brasil (à exceção do Rio Grande do Sul) e 

Cuba. Apesar da heterogeneidade geográfica, esse grupo geral apresenta uma 

relação CAGexp versus AO relativamente semelhante; por isso, propusemos que 

esta seja a relação “média”, ou geral, da causalidade da AO atribuível ao CAGexp 

na DMJ/SCA3.  

 O leitor poderá questionar em que se distinguem os sujeitos DMJ/SCA3 

brasileiros do Rio Grande do Sul (pertencentes ao grupo tardio) dos demais 

brasileiros (pertencentes ao grupo geral). Ainda não há uma resposta objetiva para 

essa questão. No entanto, a colonização do Rio Grande do Sul por europeus foi 

bastante distinta daquela ocorrida no resto do território brasileiro. Açorianos (e não 

portugueses continentais) colonizaram o atual Rio Grande do Sul a partir de 1755, 

e estima-se que em um intervalo de não mais do que vinte anos mais de 2.000 

pessoas tenham vindo como colonos e ocupado um até então vazio geográfico no 

sul do Brasil. A informação da ancestralidade genética dos indivíduos com 

DMJ/SCA3 do Rio Grande do Sul já é conhecida, e todas as famílias (salvo uma 

emigrada recentemente) apresentam o mesmo haplótipo ancestral ACA (Saraiva-

Pereira, comunicação pessoal). Em contraste, o restante do território brasileiro 
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recebeu o aporte de portugueses tanto continentais como das ilhas açorianas, além 

de diversas outras etnias. Por isso, é provável que os sujeitos com DMJ/SCA3 que 

vivem em outros estados brasileiros tenham origens étnicas também mais 

heterogêneas. 

 Em relação ao grupo que denominamos de geral no artigo 1, os pacientes 

de origem europeia não-portuguesa parecem estar em desvantagem. Para um trato 

CAGexp de mesmo tamanho, esses pacientes manifestam AO mais precoce do 

que aqueles no grupo intermediário. Ao contrário, pacientes de Portugal, ou com 

ancestralidade mais definidamente portuguesa, como é o caso da coorte Rio 

Grande do Sul, iniciam os sintomas significativamente mais tarde do que indivíduos 

de outros grupos, para um trato CAGexp de mesmo tamanho. Essas observações 

sugerem que europeus não-portugueses (grupo “precoce”) e portugueses e 

gaúchos (grupo “tardio”) possuem fatores que predispõem a AO mais precoce e 

tardia, respectivamente. Em relação especificamente à coorte gaúcha, chama a 

atenção que esse efeito protetor se dê mesmo na presença de tamanhos de 

CAGexp relativamente maiores do que os tamanhos médios encontrados entre 

seus distantes “primos” açorianos - separados por cerca de 20 a 25 gerações.  

 Não é possível ainda sequer propor quais seriam esses fatores 

modificadores. Nosso “viés cognitivo” tende a supor que se tratem de genes 

modificadores, cujos alelos mais ou menos impactantes tenham distribuições 

diferentes entre as populações. Fenômenos epigenéticos também seriam 

plausíveis. Embora se possa pensar em fatores ambientais, será bem mais difícil 

encontrar hipóteses que unifiquem de forma aceitável, por exemplo, gaúchos e 

portugueses continentais em relação a seus hábitos ou exposições – além de 

distingui-los dos demais. É provável que o estudo comparativo de coortes desses 

dois grupos extremos de pacientes venha a ser de grande ajuda na busca dos reais 

modificadores da AO responsáveis por essas diferenças. 

 Os resultados da revisão sistemática e metanálise serviram como referencial 

teórico para os demais manuscritos desta tese. Primeiro, o efeito diferencial do 

CAGexp na AO de pacientes com DMJ/SCA3 de populações distintas foi abordado 
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no segundo artigo, intitulado “Age at onset prediction in spinocerebellar ataxia type 

3 changes according to population of origin”. Esse trabalho teve como ponto de 

início as equações publicadas por Tezenas du Montcel e colaboradores (2014b) 

para a predição da AO em indivíduos europeus portadores de tratos CAGexp, mas 

ainda assintomáticos para a DMJ/SCA3 (Tezenas du Montcel et al. 2014b). Há 

diversas vantagens em se desenvolver métodos estatísticos para a predição 

acurada da AO em sujeitos assintomáticos. Por exemplo, tanto o aconselhamento 

genético como o delineamento de novos ensaios clínicos se beneficiariam 

enormemente de estimativas mais precisas de quando determinado paciente com 

DMJ/SCA3 irá iniciar os sintomas. 

 De forma marcante, a fórmula europeia para a predição da AO foi muito 

imprecisa para pacientes com DMJ/SCA3 de populações não-europeias. 

Demonstramos nesse artigo que a fórmula europeia subestimou a AO, tanto de 

pacientes da coorte Rio Grande do Sul, como de Taiwan. Por outro lado, a predição 

europeia foi mais acurada para pacientes portugueses açorianos, ainda que erros 

também tenho sido produzidos. Esses resultados corroboraram os dados do artigo 

1, que indicaram que pacientes europeus com DMJ/SCA3 parecem ter fatores que 

predispõem à AO mais precoce, em relação a pacientes de outras populações. Uma 

vez que a fórmula europeia de predição da AO foi baseada em dados de CAGexp 

e AO de pacientes europeus, esse efeito população-específico foi incorporado nas 

predições. Isso ficou evidente quando a fórmula europeia foi testada em pacientes 

do Rio Grande do Sul e de Taiwan. 

 Desse modo, optou-se por desenvolver fórmulas população-específicas para 

a predição da AO em pacientes gaúchos e taiwaneses. Isso só foi possível porque 

ambas as coortes possuíam portadores do CAGexp assintomáticos, o que permitiu 

o desenvolvimento de modelos paramétricos de sobrevida similares aos propostos 

para a doença de Huntington (Langbehn et al. 2004; Langbehn et al. 2010). Os 

modelos brasileiro e taiwanês para predição da AO na DMJ/SCA3 foram validados 

em grupos distintos de pacientes oriundos das mesmas populações para as quais 

as fórmulas foram geradas, demonstrando sua aplicabilidade clínica. Além disso, 

optou-se por deixar as equações de predição disponíveis a todos os pesquisadores, 
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de modo que esses dados possam contribuir para o desenvolvimento de novas 

equações população-específicas e para a pesquisa de novos moduladores da AO 

na DMJ/SCA3. 

 Depois desse estágio de levantamento do estado da arte, passamos a testar 

o efeito de dois candidatos a modificadores fenotípicos na DMJ/SCA3. O 

manuscrito 3, intitulado “ApoEε4 allele is associated with earlier age at onset in 

spinocerebellar ataxia type 3” abordou um candidato específico a modificador 

genético da AO na DMJ/SCA3: o gene da apolipoproteína E (apoE). A revisão 

sistemática realizada no artigo 1 apontou o apoE como um dos mais promissores 

candidatos a modulador da AO, e que já havia sido estudado em três coortes 

distintas de pacientes com DMJ/SCA3 (Bettencourt et al. 2011; Zhou et al. 2014; 

Peng et al. 2014). A presença de alelos apoE ε4 é o principal fator genético de risco 

conhecido para o desenvolvimento da doença de Alzheimer, em suas formas não 

monogênicas (Corder et al. 1994; Huynh et al. 2017a; Lautner et al. 2017; Liu et al. 

2017). Na DMJ/SCA3, entretanto, dois dos três estudos existentes apontaram para 

um efeito deletério do alelo ε2 do apoE, ao invés de ε4, que estaria contribuindo 

para o desenvolvimento da AO mais precoce, em relação a pacientes sem alelos 

apoE ε2 (Bettencourt et al. 2011; Peng et al. 2014). Por outro lado, o terceiro estudo 

do apoE na DMJ/SCA3, realizado em uma grande coorte chinesa, não identificou 

nenhuma diferença significativa nas AOs de pacientes com diferentes genótipos do 

apoE (Zhou et al. 2014). Assim, não estava completamente claro se apoE modula 

de fato a AO na DMJ/SCA3. 

 O manuscrito 3 compreendeu a maior avaliação do apoE na DMJ/SCA3 já 

reportada na literatura, incluindo 482 pacientes da coorte Rio Grande do Sul. Esse 

tamanho amostral permitiu a detecção de uma frequência de indivíduos 

homozigotos para apoE ε4 significativamente maior do que nos estudos anteriores 

(Bettencourt et al. 2010; Zhou et al. 2014; Peng et al. 2014). Mais do que isso, em 

relação a outros genótipos, a presença de dois alelos apoE ε4 foi correlacionada 

com uma antecipação média de 6 anos da AO do primeiro sintoma e de mais de 11 

anos da AO da ataxia de marcha. Nenhum efeito significativo do apoE ε2 sobre a 

AO foi detectado, contrariando os achados dos estudos anteriores (Bettencourt et 
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al. 2010; Peng et al. 2014). Contudo, a associação do apoE ε4 com AO mais 

precoce na DMJ/SCA3 vai ao encontro de todas as evidências in vitro e in vivo que 

demonstraram piores desfechos clínicos entre pacientes com as doenças de 

Alzheimer e Parkinson que eram portadores de alelos ε4, em relação a portadores 

do apoE ε2 ou ε3 (Tsuang et al. 2013; Emamzadeh et al. 2016; Lautner et al. 2017; 

Liu et al. 2017; Robert et al. 2017; Nuriel et al. 2017). Uma vez que tanto as doenças 

de Alzheimer e Parkinson, quanto a DMJ/SCA3 e demais poliglutaminopatias 

possuem mecanismos moleculares similares de patogenicidade, a modulação dos 

níveis neuronais da ApoE pode ser uma estratégia terapêutica interessante para 

doenças com tratos poliQ expandidos, assim como se tem observado para a 

doença de Alzheimer (Huynh et al. 2017b). 

 Enquanto temos a convicção do efeito do alelo apoE ε4 sobre a AO da 

DMJ/SCA3 a partir dos nossos achados – e basicamente permitidos pelo poder da 

nossa amostra –, o mesmo não se pode dizer sobre o efeito do alelo apoE ε2. 

Quando resultados controversos são obtidos em populações distintas, a primeira 

hipótese explicativa que vem à mente é a da presença de estratificação 

populacional. A distribuição dos alelos pode divergir muito entre diferentes 

grupamentos humanos. Nós sugerimos que esta controvérsia sobre se os alelos 

apoE ε2 afinal tenham ou não um efeito sobre a AO na DMJ/SCA3 seja dirimida, 

no futuro, por uma metanálise com os dados dos participantes individuais (IPDs) à 

maneira do que realizamos no artigo 1 com os dados disponíveis da literatura à 

época. 

 Por fim, os dois últimos manuscritos da presente tese foram dedicados às 

chaperonas moleculares, consideradas por muitos autores como um dos grupos 

mais promissores de potenciais modificadores do fenótipo nas poliglutaminopatias 

e outras doenças com mecanismo semelhante (Bukau et al. 2006; Balchin et al. 

2016; Ciechanover and Kwon 2017; Mannini and Chiti 2017). Deve-se frisar que 

boa parte do trabalho realizado em ambos os manuscritos foi realizado durante 

estágio sanduíche no Departamento de Biologia Celular do Universitair Medisch 

Centrum Groningen, Universidade de Groningen, Holanda. Esse estágio aconteceu 
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dentro de um projeto de pesquisa financiado pelo Programa Ciência sem Fronteiras 

do Conselho Nacional de Desenvolvimento Científico e Tecnológico. 

 O artigo 4, intitulado “Chaperones in Polyglutamine Aggregation: Beyond the 

Q-Stretch” consistiu em uma revisão da literatura sobre chaperonas moleculares e 

doenças desencadeadas por tratos poliQ expandidos, como é o caso da 

DMJ/SCA3. Nesse manuscrito, abordou-se o papel das chaperonas na modulação 

diferencial de poliglutaminopatias distintas devido às composições diferentes de 

cada uma das nove proteínas com tratos poliQ ligadas a doenças 

neurodegenerativas. Realizamos uma extensa revisão da literatura sobre os fatores 

moleculares determinantes para a modulação da agregação e toxicidade das 

diversas proteínas poliQ. Além disso, esse artigo explorou a hipótese de que 

diferenças fenotípicas em poliglutaminopatias distintas possam ser devidas à 

variabilidade de ação dos sistemas de controle de qualidade proteica (e das 

chaperonas, especificamente) entre pacientes. De acordo com esse cenário, 

diferenças no padrão de expressão de certas chaperonas, por exemplo, poderiam 

ajudar a explicar a variabilidade da AO na DMJ/SCA3 e em outras 

poliglutaminopatias (Zijlstra et al. 2010). 

 Essa hipótese foi testada no manuscrito que encerra a presente tese, 

intitulado “The molecular chaperone DNAJB6 as a phenotypic modulator of 

spinocerebellar ataxia type 3/ Machado-Joseph disease”. Nosso objetivo foi estudar 

o potencial efeito modulador das chaperonas moleculares sobre dois fenótipos da 

DMJ/SCA3: a AO e a velocidade de progressão da doença. Testamos o efeito de 

diversas chaperonas, mas houve um foco especial na co-chaperona DNAJB6. 

Como discutido no capítulo 1 desta tese, estudos recentes sugerem que a DNAJB6 

é uma poderosa supressora da agregação e toxicidade de proteínas 

amiloidogênicas, como é o caso das proteínas com tratos poliQ expandidos 

(Hageman et al. 2010; Månsson et al. 2014; Kakkar et al. 2016; Reidy et al. 2016; 

Aprile et al. 2017). Além disso, observações anteriores do grupo holandês 

colaborador deste manuscrito sugeriram que diferenças nos níveis de certas 

chaperonas podem ajudar a explicar a variabilidade da AO na DMJ/SCA3 (Zijlstra 

et al. 2010). Essa publicação demonstrou maiores níveis da chaperona DNAJB1 
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em fibroblastos de pacientes com AO significativamente mais tardia do que o 

esperado, em comparação a pacientes com AO na média ou mais precoce do que 

o esperado. 

 Desse modo, o referencial teórico do manuscrito 5 foi centrado em dois 

pontos principais: (i) tanto a DNAJB1 como a DNAJB6 pertencem à mesma família 

de chaperonas (HSP40/DNAJ) (Hageman and Kampinga 2009), sugerindo 

mecanismos e rotas de ação potencialmente similares; e (ii) a DNAJB6 é mais 

efetiva do que a DNAJB1 na inibição da agregação e toxicidade de proteínas poliQ 

(Hageman et al. 2010). Supondo que os potenciais benefícios advindos dos 

maiores níveis da DNAJB1 na DMJ/SCA3 (Zijlstra et al. 2010) são relacionados à 

supressão da agregação e toxicidade da proteína ataxina-3 expandida, é de se 

esperar que um efeito similar, porém de maior magnitude, ocorra na presença de 

maiores níveis da DNAJB6. 

 O ponto de partida do manuscrito 5 foi o recrutamento de pacientes com 

DMJ/SCA3 da coorte Rio Grande do Sul que eram outliers extremos para a AO. 

Esse método de amostragem de fenótipos extremos é extremamente vantajoso e 

classicamente utilizado em estudos de associação de condições multifatoriais (Li et 

al. 2011; Barnett et al. 2013; Peloso et al. 2015). Ao se recrutar indivíduos que estão 

nos extremos de um espectro fenotípico, aumentam-se as chances de detecção de 

variantes genéticas raras de alto impacto sobre o fenótipo em questão. De modo 

análogo, quaisquer diferenças na variabilidade de um fenótipo específico de uma 

condição monogênica, como a DMJ/SCA3, são potencialmente exacerbadas 

quando indivíduos nos extremos do fenótipo são comparados. Particularmente na 

DMJ/SCA3, esse procedimento amostral pode garantir que quaisquer associações 

detectadas são independentes do grande efeito da mutação causal (CAGexp) sobre 

a AO (de Castilhos et al. 2014; Tezenas du Montcel et al. 2014a; Raposo et al. 

2015; Chen et al. 2016) e, potencialmente, sobre a progressão da doença (Jardim 

et al. 2010; Donis et al. 2016). 

 Dado o grande número de pacientes da coorte Rio Grande do Sul (Souza et 

al. 2016), nosso grupo de pesquisadores pôde recrutar, em pouco mais de um ano, 
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um número expressivo de pacientes outliers para a AO que compreenderam a 

coorte brasileira do manuscrito 5. Além disso, a colaboração com o grupo holandês 

possibilitou a utilização das mesmas amostras em que a associação entre DNAJB1 

e AO foi descoberta (Zijlstra et al. 2010). Essa coorte holandesa serviu como grupo 

de validação da coorte brasileira. Como discutido no manuscrito 5, a AO é um 

parâmetro muito mais simples de ser obtido do que a velocidade de progressão da 

doença, ainda que ambas sejam mensurações do estado da DMJ/SCA3. O 

recrutamento de outliers para a progressão da doença exigiria o acompanhamento 

de indivíduos durante um longo intervalo de tempo antes de categorizá-los, o que 

tornaria o estudo menos viável, pelo menos neste momento. Assim, ainda que os 

sujeitos tenham sido recrutados com base em AOs extremas, a velocidade da 

progressão da DMJ/SCA3 foi também mensurada na coorte brasileira pelas escalas 

neurológicas SARA (Schmitz-Hübsch et al. 2006) e NESSCA (Kieling et al. 2008), 

o que possibilitou as correlações entre os níveis de chaperonas e a taxa de 

progressão da doença. 

 Na coorte holandesa, foi possível validar o achado anteriormente publicado 

de maiores níveis da DNAJB1 em pacientes com AO mais tardia do que o esperado 

(Zijlstra et al. 2010). Além disso, maiores níveis da isoforma a da DNAJB6 

(DNAJB6a), da HSP60 e da HSPA8 também mostraram correlação significativa 

com a AO mais tardia em pacientes holandeses. Contudo, nenhuma dessas 

observações foi replicada na coorte brasileira. Discutiu-se no manuscrito 5 que essa 

falta de replicação do efeito modificador de chaperonas sobre a AO entre as coortes 

pode ter diversas causas. O tamanho do CAGexp determina a maior parte da AO 

na DMJ/SCA3, e o comprimento médio do CAGexp é significativamente maior na 

coorte Rio Grande do Sul do que nas coortes europeias, como demonstrou a 

metanálise do artigo 1. Assim, é possível que o efeito das chaperonas sobre a AO 

tenha sido mascarado na coorte brasileira devido a um efeito mais “dominante” do 

CAGexp. De fato, alguns autores sugerem que o efeito do CAGexp sobre a AO na 

DMJ/SCA3 segue uma distribuição quadrática, com comprimentos maiores do 

CAGexp tendo uma influência muito mais marcante sobre a AO, em relação a tratos 

CAGexp menores (Tezenas du Montcel et al. 2014a; Chen et al. 2016). Por outro 

lado, é também possível que o efeito das chaperonas sobre a AO seja população-
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específico. Estudos futuros em coortes maiores serão necessários para testar 

essas hipóteses. De qualquer modo, os dados do manuscrito 5 sugerem um papel 

importante para as chaperonas moleculares, especialmente DNAJB6a, na 

determinação da AO na DMJ/SCA3, pelo menos em pacientes de origem europeia. 

 Contudo, o achado mais interessante do manuscrito 5 foi a forte correlação 

entre os níveis proteicos da DNAJB6 (tanto da isoforma a como da b) e a taxa de 

progressão da DMJ/SCA3, medida pela escala SARA, na coorte brasileira. 

Similarmente, detectou-se uma correlação significativa entre maiores níveis da 

DNAJB6a e progressão mais lenta, medida pela escala SCAFI. Apesar da baixa 

amplitude de variação dos níveis proteicos da DNAJB6a e b entre pacientes, do 

pequeno tamanho amostral e das inconsistências inerentes às escalas clínicas, os 

níveis da DNAJB6 em fibroblastos foram excelentes preditores da progressão das 

escalas SARA e SCAFI. Foram discutidas no manuscrito 5 as razões pelas quais 

isso não foi observado para a NESSCA, a outra escala neurológica utilizada no 

estudo. Muito provavelmente, a falta de correlação entre níveis da DNAJB6 e a 

progressão da NESSCA tenha sido devida ao maior número de indivíduos com 

escores de NESSCA não informativos (ou seja, escore menor no seguimento do 

que no início do estudo, o que é uma impossibilidade em uma doença 

neurodegenerativa progressiva e ainda sem tratamento, como a DMJ/SCA3) do que 

para a SARA e SCAFI. Por outro lado, as escalas SARA, SACFI e NESSCA não 

são inteiramente complementares, já que a SARA e a SCAFI avaliam apenas 

sintomas atáxicos (Schmitz-Hübsch et al. 2006; Schmitz-Hübsch et al. 2008), 

enquanto a NESSCA leva em conta também os sintomas não-atáxicos (Kieling et 

al. 2008). Entre os sintomas não-atáxicos, sobressaem-se as manifestações 

extrapiramidais na SCA3/MJD, que sabidamente evoluem bem mais lentamente do 

que as atáxicas (Jardim et al. 2010; Jacobi et al. 2012). Talvez os efeitos benéficos 

de maiores níveis da DNAJB6 sejam mais expressivos para os sintomas atáxicos, 

do que para outros achados clínicos. Ou talvez a progressão dos sintomas atáxicos 

seja rápida o suficiente para permitir a distinção entre os grupos com mais e menos 

expressão da DNAJB6. Estudos subsequentes serão necessários para esclarecer 

essa singularidade. 
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 Assim, a presente tese traz fortes evidências em favor da modulação de 

fenótipos da DMJ/SCA3 pelas chaperonas moleculares, especialmente pela 

DNAJB6, uma poderosa supressora de agregação e toxicidade de espécies 

amiloidogênicas. Esse achado é corroborado pela plausibilidade biológica do efeito 

da DNAJB6 e de outras chaperonas sobre proteínas com tratos poliQ expandidos 

(Hageman et al. 2010; Kakkar et al. 2016; Reis et al. 2016). Mais do que isso, o 

manuscrito 5 argumenta em favor da exploração terapêutica da DNAJB6 e, 

possivelmente, de outras chaperonas na modulação da DMJ/SCA3. Seja através 

de intervenções no período assintomático ou na fase sintomática da doença, a 

DNAJB6 pode ter um efeito muito significativo no retardamento da AO ou na 

lentificação da progressão, respectivamente, da DMJ/SCA3 e de outras doenças 

neurodegenerativas com bases moleculares semelhantes. 

 Em conclusão, essa tese avaliou, através de abordagens distintas, diversos 

potenciais moduladores do fenótipo na DMJ/SCA3. Uma importante contribuição 

de fatores população-específicos que modulam a AO na DMJ/SCA3 foi descoberta 

(artigo 1), testada e validada (artigo 2). Além disso, a variabilidade do gene para a 

apolipoproteína E (apoE) foi significativamente correlacionada com a AO, 

detectando-se AOs mais precoces entre indivíduos homozigotos para o alelo de 

risco ε4 (manuscrito 3). Por fim, abordou-se o papel das chaperonas moleculares 

na determinação da AO e da velocidade de progressão da DMJ/SCA3 (artigo 4 e 

manuscrito 5). Os dados aqui apresentados argumentam fortemente em favor da 

manipulação dos níveis de expressão de diversas chaperonas – e da DNAJB6 em 

particular – para a lentificação da progressão da DMJ/SCA3 e, possivelmente, de 

outras doenças semelhantes. 
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