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RESUMO

As Ataxias Espinocerebelares tipo 2 (SCA2) e tipo 3 ou doenga de Machado Joseph
(SCA3/DMJ) fazem parte de um grupo de doengas autossOmicas dominantes
neurodegenerativas conhecidas como poliglutaminopatias, causadas por expansoes
de sequéncias repetitivas traduzidas do trinucleotideo CAG (CAGexp) que por sua
vez codificam tratos expandidos e neurotdéxicos de glutamina nas proteinas
associadas. Na SCA2 e SCA3/DMJ, as CAGexp estao localizadas respectivamente
nos genes ATXNZ2 e ATXN3 e apresentam instabilidades em sua transmissao,
tendendo a aumentar de tamanho a cada geragao. A idade de inicio dos sintomas,
essencialmente motores, apresenta uma correlagao inversa com a CAGexp. Dessa
forma, ha uma tendéncia dos sintomas comecarem mais cedo na prole do que no
genitor afetado, fendbmeno conhecido como antecipagdo. O objetivo deste trabalho
foi ajudar a compreender como doengas neurodegenerativas autossdmicas
dominantes, que tendem a se manifestar mais cedo a cada geragdao, ndo sao
eliminadas pela selecdo natural, através do estudo da dinamica dos seus alelos
expandidos. Inicialmente, realizamos duas revisdes sistematicas - uma para SCA3 e
outra para SCA2 - nas quais consolidamos as evidéncias até hoje obtidas sobre
antecipagao, instabilidade, fithess e segregagdo de alelos. Quando possivel,
metanalizamos as forgas evolutivas que pudessem influenciar a frequéncia alélica
dos CAGexp no ATXN3 e no ATXN2. Na sequéncia, propusemos um modelo
matematico baseado em uma equacao classica da genética de populagdes, mas
voltado a previsdo da dinamica de alelos dominantes CAGexp. Alimentamos este
modelo com os dados obtidos das revisdes sistematicas e metanalises sobre o
ATXN3 e o ATXNZ2 e realizamos simulacdes computacionais para prever em
quantas geragoes os alelos expandidos se manteriam em mil linhagens por gene, e
em simulagdes que durassem até 650 geracdes. Os resultados das simulagdes
apontaram que o ATXN3 e o ATXNZ2 expandidos apresentam dinamicas distintas.
Varias linhagens com o alelo expandido no ATXN3 se mantiveram por 650
geragbes, denotando que a combinagdo do fithess elevado e da distor¢do da
segregacao favorecendo o alelo mutante na SCA3/DMJ - dados observacionais
metanalizados - parecem compensar a selecdo negativa produzida pela

antecipacdo. Nossos resultados convergem com os resultados descritos na



literatura, que apontam que a SCA3/DMJ apresenta poucas origens ancestrais
antigas, sem descricdo de mutagbes de novo. Em contraste, as simulagdes
realizadas para o ATXNZ2 resultaram em extingdo das linhagens em uma mediana
(variagédo) de 10 (1 a 149) geragbes. Se os dados observacionais até hoje obtidos - e
usados nas nossas simulagbes - para fitness, distorcdo da segregacdo e
antecipagao da SCA2 estao corretos, a dinamica que o nosso modelo descreveu
para o ATXNZ2 expandido obriga-nos a prever que mutacdes de novo sejam um fator
que explique a manutencdo da SCA2 nas populacgdes. Para sustentar essa hipotese,
seria necessario se demonstrar que as familias SCA2 tenham origens ancestrais
distintas. Estudos sobre haplétipos ancestrais sdo escassos na literatura. Os mais
robustos genotiparam o rs695871 e apontaram para a existéncia de um haplétipo
comum as familias estudadas. Para responder a essa questao, realizamos entdo o
estudo de 47 familias SCA2 do Brasil, do Peru e do Uruguai, nas quais
determinamos haplétipos intragénicos construidos com os marcadores rs9300319,
rs695871, rs593226, D12S1333 e D12S1672 ligados ao CAGexp no ATXNZ2.
Encontramos seis haplotipos ancestrais nas familias SCA2. Os haplétipos
rs9300319-rs695871-rs593226 mais comuns foram o T-C-G e o C-C-G; digna de
nota foi também a descricdo de trés haplétipos contendo o alelo G no SNP
rs695871: C-G-A, T-G-A e T-G-G. Nossos achados aumentaram sobremaneira a
variedade de origens da SCA2 e vieram ao encontro das inferéncias do nosso
modelo matematico, que previam a necessidade de haver multiplas origens para
sustentar a presenca da SCA2 nas populacdes. Assim, concluimos que o modelo
sobre a dindmica dos CAGexp pareceu ter previsto eventos confirmados pela
observacdo do que acontece com a SCA2 e a SCA3/MJD. Embora esse modelo
ainda precise ser testado para outras poliglutaminopatias, nés propomos que ele
devera dar conta de muitos fendbmenos que ajudam a explicar a existéncia dessas

doencas nas populagoes.
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ABSTRACT

Spinocerebellar ataxias type 2 (SCA2) and type 3 or Machado Joseph's disease
(SCA3/MJD) belong to a group of autosomal dominant neurodegenerative diseases
known as polyglutaminopathies (polyQ diseases). PolyQ diseases are caused by
expansions of translated repetitive sequences of the CAG trinucleotide (CAGexp)
that in turn encode expanded and neurotoxic polyglutamine tracts in associated
proteins. CAGexp are located in the ATXN2 and ATXN3 genes in SCA2 and
SCA3/DMJ, respectively, and are unstable upon transmission, tending to increase in
size with each generation. The age of onset of symptoms, mainly motor, has an
inverse correlation with CAGexp. There is a tendency for symptoms to start earlier in
the offspring than in the affected parent, a phenomenon known as anticipation. The
aim of the present thesis was to help understand how autosomal dominant
neurodegenerative diseases, which tend to manifest earlier in each generation, are
not eliminated by natural selection, through the study of the dynamics of their
expanded alleles. Initially, we carried out two systematic reviews - one for SCA3/MJD
and one for SCA2 - in which we consolidated the evidence obtained so far on
anticipation, instability, fithess and allele segregation. When possible, we
meta-analyzed the evolutionary forces that could influence the allele frequency of
CAGexp in ATXN3 and ATXN2. Next, we proposed a mathematical model based on
a classical equation from population genetics, but aimed at predicting the dynamics
of dominant CAGexp alleles. We fed this model with data obtained from systematic
reviews and meta-analyses on ATXN3 and ATXN2 and performed computer
simulations to predict in how many generations the expanded alleles would remain at
1,000 lineages per gene, and in simulations lasting up to 650 generations. The
simulation results showed that the expanded ATXN3 and ATXNZ2 present different
dynamics. Several lineages carrying the expanded ATXN3 allele were maintained for
650 generations, indicating that the combination of high fitness and segregation
distortion favoring the mutant allele in SCA3/DMJ — meta-analyzed observational
data - seems to compensate for the negative selection produced by anticipation. Our
results converge with the results described in the literature, which indicate that

SCA3/DMJ has few ancient ancestral origins, with no description of de novo
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mutations. In contrast, the simulations performed for the expanded ATXNZ2 resulted in
extinction of all lineages in a median (range) of 10 (1 to 149) generations. If the
observational data obtained so far - and used in our simulations - for fitness,
segregation distortion and anticipation of SCA2 are correct, the dynamics that our
model described for the expanded ATXNZ forces us to predict that de novo mutations
are obligatory to maintain SCA2 in populations. To support this hypothesis, it would
be necessary to demonstrate that SCA2 families have distinct ancestral origins.
Studies on ancestral haplotypes are scarce in the literature. The most robust of them
have genotyped rs695871 and pointed to the existence of one ancestral haplotype,
common to the families studied. To answer this question, we carried out a study of 47
SCA2 families from Brazil, Peru and Uruguay, in which we determined intragenic
haplotypes constructed with the markers rs9300319, rs695871, rs593226, D12S1333
and D12S51672 linked to CAGexp in ATXN2. We found six ancestral haplotypes in the
SCA2 families. The most common rs9300319-rs695871-rs593226 haplotypes were
T-C-G and C-C-G; noteworthy was also the description of three haplotypes
containing the G allele in SNP rs695871: C-G-A, T-G-A and T-G-G. Our findings
greatly increased the variety of SCA2 origins and met the inferences of our
mathematical model, which predicted the need for multiple origins to support the
presence of SCAZ2 in populations. Thus, we conclude that the model on the dynamics
of CAGexp seemed to have predicted events confirmed by the observation of what
happens with SCA2 and SCA3/MJD. Although this model still needs to be tested for
other polyQ diseases, we propose that it should account for the majority of

phenomena that explain the existence of these diseases in populations.
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CAPITULO I. INTRODUGAO E OBJETIVOS

1. INTRODUGAO

1.1 Poliglutaminopatias

As Poliglutaminopatias ou doengas de poliQs sdo um conjunto de
doengas neurodegenerativas autossOmicas dominantes, causadas por expansodes
de repeticoes CAG (CAGexp), nos seus respectivos genes, que passam a codificar
tratos de poliglutamina (poliQ) nas respectivas proteinas traduzidas. Estéo incluidas
nas doencgas de poliQs a doenga de Huntington (HD), a Ataxia espinocerebelar tipo 1
(SCA1), tipo 2 (SCA2), tipo 3 (também conhecida como doenca de
Machado-Joseph, SCA3/MJD), tipo 6 (SCAB), tipo 7 (SCA7), tipo 17 (SCA17), atrofia
dentato-rubro-palido-luisiana (DRPLA) e atrofia muscular espinobulbar (SBMA,

também conhecida como doenga de Kennedy) (Lieberman et al. 2019).

Evidéncias experimentais robustas sustentam que os tratos de
poliglutamina (poliQ) expandidos adquirem um carater neurotoxico, sendo um dos
mais famosos exemplos de mutagdes patogénicas por ganho de fungao téxica. A
neurotoxicidade parece se dar por distintos mecanismos, incluindo modificagdes
poOs-transcricionais e translacionais, e mecanismos autofagicos (Adegbuyiroa et al.
2017; Bunting et al. 2021). A neurodegeneragao causada pela proteina neurotoxica,

leva a sintomas predominantemente motores (Fan et al. 2014).

Nessas doencas, o inicio dos sintomas geralmente se da na vida
adulta, com uma relacdo inversa entre idade de inicio e tamanho das repeticdes
CAG. Ademais, as CAGexp caracterizam-se por serem repeticoes instaveis. Na
maior das doencas de poliQs, as CAGexp tendem a se expandir ao atravessar
meioses e, consequentemente, a se associarem a redu¢des na idade de inicio dos

sintomas na geragao seguinte (Stoyas & Spada. 2018).
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As doengas PolyQ sao raras, sendo a prevaléncia médias de 1-10
casos por 100.000 pessoas (Margulis BA et al. 2013), sendo a HD a mais prevalente
na Europa (Bettencourt et al. 2016). Mundialmente, dentre as ataxias
espinocerebelares as mais prevalentes sdo a SCA3/MJD seguida da SCA2 (Ruano
et al. 2014). As razdes pelas quais a SCA3/MJD e SCA2 sado as mais prevalentes

dentre as ataxias dominantes ndo foram elucidadas até o momento.

1.1.1 SCA3/MJD

1.1.1.1 Descrigao e epidemiologia

Nos anos 1970, duas grandes familias estadunidenses de origem
acoriana foram descritas de forma isolada em trés publicacbes. Membros da familia
Machado, proveniente da Ilha de S&o Miguel (Nakano et al. 1972; Woods et al.
1972), e da familia Joseph, proveniente da llha de Flores (Rosenberg et al. 1976)
apresentavam manifestagdes neuroldgicas autossémicas dominantes desde o inicio
da vida adulta, como falta de equilibrio e dificuldade na coordenagédo motora. Com
base nesses relatos, uma série de estudos observacionais estabeleceram critérios
clinicos para o diagnostico da doenga de Machado Joseph (Lima & Coutinho 1980).
No Brasil, o primeiro relato de individuos com essa doenga ocorreu em 1988, em
S&o Paulo (Radvany et al. 1988).

Em, 1993 o locus associado a doenca foi descoberto no cromossomo
14 (14924.3-932) (Takiyama et al. 1993), e em 1994 uma regido de repeticbes CAG
nesse locus foi associada a individuos com a doenca de Machado Joseph
(Kawaguchi et al. 1994). Essa sequéncia repetitiva CAG esta localizada no gene
hoje chamado de ATXN3 e responsavel pela sintese da proteina Ataxina 3 (Paulson
et al. 1997). A doenca de Machado Joseph, entdo, foi a terceira ataxia
espinocerebelar autossbmica dominante a ter seu gene descoberto, e por isso

passou a ser definida como SCA3/MJD.
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Os primeiros casos de SCA3/MJD gauchos foram identificados em
1997 pela Profa. Laura Bannach Jardim, em colaboracdo com os Profs. Guy
Rouleau (Universidade MacGill, de Montreal) e Jorge Sequeiros (Universidade do
Porto). Suas caracteristicas clinicas e genéticas tém sido relatadas sob variadas
perspectivas desde entdo. Ambulatorios e laboratorio assistenciais bem como
instalagdes de pesquisa voltados a SCA3/MJD foram organizados no Hospital de

Clinicas e no nosso PPG, com a participacao da Profa. Maria Luiza Saraiva Pereira.

Nao existem estudos que estimem a prevaléncia global da SCA3/MJD,
porém dentre as ataxias espinocerebelares ela € a mais comum, sendo responsavel
por 15% a 45% dos casos (Paulson. 2007; Schols et al. 2004). No entanto, sua
frequéncia entre as SCAs apresenta heterogeneidade ao redor do mundo. E
possivel dividi-la em regides com frequéncia mais elevadas: Portugal (58%) (Vale et
al., 2010), Singapura (53%) (Zhao et al. 2002), China (49%) (Jiang et al. 2005),
Holanda (44%) (van de Warrenburg et al. 2002) e Alemanha (42%) (Schols et al.
1997); e regides com frequéncias menores: Canada (24%) (Kraft et al. 2005), EUA
(21%) (Moseley et al. 1998), México (12%) (Alonso et al. 2007), Australia (12%)
(Storey et al. 2000), india (3%) (Faruq et al. 2009), Africa do Sul (4%) (Bryer et al.
2003) e Italia (1%) (Brusco et al. 2004).

O arquipélago dos Agores é a regido do planeta com a maior
prevaléncia estimada mundial com 39:100.000. Como a populacdo dos Acgores é
pequena, de aproximadamente 237.000 pessoas, a populacdo de sujeitos
SCA3/MJD sintomaticos gira em torno de 92 pessoas, naquelas ilhas. E de se notar
que nessa regiao a prevaléncia da SCA3/DMJ tem aumentado nas ultimas duas
décadas (de Araujo et al. 2016).

No Brasil, nosso grupo descreveu que a SCA3/DMJ é responsavel por
59.6% casos de ataxias espinocerebelares. Por sua vez, nos estados do Rio Grande
do Sul (RS) e Santa Catarina essa proporc¢ao € de 78.4% (de Castilhos et al. 2014).
No RS, a prevaléncia estimada da SCA3/DMJ é de 7:100.000 (Rodriguez-Labrada
et al. 2020), a partir de 770 sujeitos sintomaticos identificados em busca ativa, em
2019. Essa frequéncia elevada de SCA3/MJD tem sido atribuida, pelo nosso grupo,

a um efeito fundador gerado pela migracdo de mulheres e homens originarios dos
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Acores entre 1750 e 1770, estabelecidos no RS para ocupar o espago geografico

recém conquistado pela coroa portuguesa (Jardim et al. 2001).

1.1.1.2 Da neurotoxicidade as Manifestacoes Clinicas

A proteina correspondente ao gene ATXN3 é denominada ataxina-3, e
sua expressao ja foi detectada em todos os tecidos investigados, tanto no periodo
embrionario como na vida adulta (Ichikawa et al. 2001; Riess et al. 2008). De fato, a
regiao promotora do ATXN3 contém caracteristicas de um gene housekeeping, com
um padrédo de expressdo global tanto em células neuronais, como em células
nao-neuronais. A expressao de ataxina-3 € maior mas nao € restrita as areas do
sistema nervoso central mais caracteristicamente afetadas pela DMJ/SCA3 (Riess et
al. 2008). Finalmente, ainda que existam algumas isoformas de ataxina-3 de
significado incerto e que sao detectadas exclusivamente em pacientes com
DMJ/SCA3 (Bettencourt et al. 2010), n&o ha diferengas nos niveis de expresséo de

ataxina-3 entre pacientes e individuos saudaveis.

O trato de glutamina expandido na ataxina-3 mutante parece induzir o
estresse celular devido a sua tendéncia de formar agregados proteicos (Dantuma &
Herzog, 2020). De fato, ha bastante tempo se especula que proteinas com tratos
poliQ expandidos possam afetar os proteassomos devido a toxicidade das espécies
amiloidogénicas, ou ao sequestro de subunidades proteassomais em agregados
(Schmidt et al. 2002; Dantuma & Bott. 2014). Esse mecanismo caracteriza, como ja
dissemos, um ganho de fungdo toxico, levando a disfungcdo e morte neuronal
(Matilla-Duenas et al. 2014).

De fato, a morte de células neuronais do cerebelo, nucleos do tronco
cerebral e ganglios da base, entre outras regides neuronais, tem sido documentada
em todos os estudos post-mortem. Alteracdes neuroanatémicas caracteristicas como
atrofia do tronco cerebral, cerebelo, nucleo rubro, nucleo subtalamico, globo palido e
alguns nucleos talamicos sao vistas nos exames de imagem (Durr et al.1996; Rib et
al. 2013; McLoughlin et al. 2019).
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As principais manifestag¢des clinicas causadas pela neurodegeneragao
dessas regides encefalicas sdo a ataxia de marcha, ataxia de membros, disartria,
espacidade, oftalmoparesia, disartria e marcha espastica. (Saute & Jardim, 2015). A
medida que a neurodegeneragao progride, os sintomas vao se tornando mais
intensos (Schulz et al. 2010). Uma das escalas clinicas mais utilizadas para
mensurar a progressao da SCA3/MJD é a Scale for Assessment and Rating of
Ataxia (SARA) que avalia a marcha, o equilibrio, a fala e a coordenagdo dos
membros, através de tarefas que mensuram a coordenacdo do individuo, gerando
um score que varia de 0 (sem ataxia) a 40 (comprometimento extremo)
(Schmitz-Hubsch et al. 2006). A progressédo anual da SARA foi de 1.41 (0.97 - 1.84)

pontos na SCA3/MJD. (Diallo et al. 2021).

Além de ser uma doenca debilitante, os portadores da SCA3/DMJ
apresentam uma reducdo na expectativa de vida. Nosso grupo estimou que a
sobrevida média foi de 63,96 anos [intervalo de confianga de 95% (IC), 62,09-65,83]
para o grupo afetado e 78,61 anos (IC 95%, 74,75-82,47) para o grupo nao afetado
(p <0,001) (Kieling et al. 2007).

1.1.1.3 O gene ATXN3

1.1.1.3.1 Aspectos gerais

O ATXNS3 apresenta cerca de 48,2 kb e se divide em 13 éxons, e a
sequéncia repetitiva CAG causadora da doenca esta localizada do exon 10
(Bettencourt et al. 2010). A menor CAGexp descrita como associada a sintomas
neuroldgicos continha 51 repeticbes (Gu et al. 2004). Como ja dissemos, 0s
portadores de CAGexp nao apresentaram diferenga em relagdo aos nao portadores
no nivel de expressdo de mRNA do ATXN3 (Nishiyama et al. 1996) ou da proteina
ataxina-3 (Paulson et al. 1997a; Tait et al. 1998).
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Como também ja dissemos, a ataxina-3 é sintetizada em todos tecidos
estudados, tanto no periodo embrionario como na vida adulta (Ichikawa et al. 2001;
Riess et al. 2008). A proteina selvagem apresenta fungbes de enzima de
deubiquitinacdo (DUB) atuando na via de ubiquitina proteossomo. Apesar de
interessante, a funcdo da ataxina-3 ndo estad necessariamente envolvida na
patogénese da SCA3/MJD. Por exemplo, o CAGexp nao abole a funcdo DUB da
ataxina-3. Ao contrario, estudos in vitro indicam que a ataxina-3 mutante possui uma
atividade DUB maior do que a versao selvagem da proteina (Burnett et al. 2003; Todi
et al. 2010). Tampouco camundongos nocaute para os dois alelos de ATXN3
apresentaram efeitos adversos no desenvolvimento embrionario ou diferencas

morfolégicas marcantes em relagdo a camundongos selvagens (Schmitt et al. 2007).

1.1.1.3.2 O polimorfismo no tamanho da CAGexp e sua relagao com a idade de

inicio

No ATXN3 nao expandido, a repeticdo CAG apresentou uma variancia
de 31.80 e heterozigosidade de 0.851, que representam os valores mais altos dentre
as doencas de poliQs, j& o tamanho médio das repeticdes foi de 22.72 CAGs
(Andrés et al. 2003). Em um estudo que analisou 27.090 alelos de uma coorte
europeia, o tamanho das repeticoes no alelo normal variou entre 11 e 44 repeticoes
CAG. Além disso, ficou evidente o GAP existente entre alelos normais e expandidos
(Gardiner et al. 2019).

O tamanho da CAGexp € a principal fonte moduladora da idade de
inicio dos sintomas, e as CAGexp muito grandes podem fazer com que os sintomas
se iniciem na infancia. Em nossa coorte, 8 casos (2.2 %) se iniciaram antes dos 12
anos de idade. Enquanto a média (variagdo) das CAGexp vistas nos sujeitos com
inicio apods os 12 anos foi de 75 (65-87) nos oito sujeitos com inicio na infancia a

mesma foi de 84 (80-91) repeticdes (Donis et al. 2016).

Uma metanalise realizada pelo nosso grupo analisou a correlagao do
tamanho das repeticdes CAG e a idade de inicio de 2099 individuos SCA3/MJD de

12 coortes diferentes. Segundo a mesma, o tamanho da CAGexp explicaria 55,2%
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(95% CI 50,8 to 59,0; p<0,001) da variacao da idade de inicio (de Mattos et al.
2019).

A transmissdo do CAGexp é instavel, o que aumenta o polimorfismo
dentro da faixa de repeticbes expandidas. Apesar dessa instabilidade poder gerar
contragdes ou expansdes, as expansdes sao predominantes (Souza et al. 2016). O
aumento médio das CAGexp a cada geragao foi de 2,22 (Maruyama et al. 1995),
1,66 (Souza et al. 2016), 0,86 (Martins et al. 2008) e 0,59 (Cancel et al. 1995), em

distintos estudos.

Essa tendéncia de aumento das repeticdbes CAG a cada geracgao,
combinado com a idade de inicio ter correlagao inversa ao tamanho das repeticdes
CAG, faz com que a idade de inicio dos sintomas tenha a tendéncia de comecar
mais precocemente a cada geragao, fendbmeno conhecido como antecipacédo. De
fato, a média de idade de inicio dos sintomas apresentou uma reducdo a cada
geracao de 7,32 (Souza et al. 2016), 7,8 (Song et al. 1997) e 9,2 anos (Takayama et
al. 1995).

1.1.1.3.3 Fatores que podem influenciar a variacao da frequéncia alélica do
ATXN3

O aumento do fithess dos portadores da SCA3/MJD é um fator que
pode influenciar a variacdo da frequéncia alélica no ATXN3. Um estudo realizado
pelo nosso grupo comparou o numero de filhos de mulheres portadoras e néao
portadoras da mesma familia e com mais de 45 anos. Como as portadoras
apresentavam uma média de 3.89 filhos, enquanto suas irmas nao portadoras
tinham em média 2,68 filhos (p=0.0037, test T), o fitness das portadoras SCA3/MJD
foi estimado ser de 1,45 (Prestes et al 2008). Esse fenbmeno contribuiria para
aumentar a frequéncia alélica do ATXN3 ou reduzir/retardar a chance dele ser

eliminado.

A distorgdo na segregacgao dos alelos também € um fator que influencia

a frequéncia alélica na populacdo. No ATXN3, um estudo documentou haver
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distorcdo da segregacao a favor do alelo expandido em espermatozoides de seis
individuos com SCA3/DMJ - 629 espermatozoides continham o alelo expandido e
407 tinham o alelo sem expanséo (x* = 47,57, p<0,0001) (Takiyama et al 1997). A
distorcdo a favor do alelo com expansdes também foi observada nos filhos de
portadores da SCA3/DMJ, na nossa coorte do RS. Em 72 transmissdes alélicas de
irmandades completamente genotipadas, 48 (67%) individuos herdaram o alelo
expandido, enquanto 24 (33%) herdaram o alelo sem expansao (X*=4.14, p<0.031)
(Souza et al. 2016).

A distorgao na segregacao também foi observada entre alelos maiores
e menores de alelos ndo expandidos. Um estudo com familias sem SCA3 observou
que 185 pessoas herdaram o ATXN3 nao expandido de menor tamanho enquanto
140 herdaram o ATXN3 ndo expandido de maior tamanho (X?=6,231, p=0,013)
(Bettencourt et al. 2008).

1.1.1.3.4 Haplétipos ancestrais

Estudos de haplétipos tém inferindo as origens e datagdes do ATXN3
expandido. Os primeiros estudos apontaram para dois haplétipos principais, o A-C-A
e 0 G-G-C (Gaspar et al. 2001). Estudos subsequentes ampliaram os marcadores
moleculares, combinando SNPs e STR e informaram que o haplétipo A-C-A teria
uma origem asiatica datada em torno de 5774 + 1116 anos. Ja o haplétipo G-G-C
teria uma origem europeia com datacdo de 1416 £ 434 anos (Martins et al. 2007).
Em 2019 um estudo realizado em uma populacao chinesa, indicou que na verdade a
linhagem A-C-A expandida era mais complexa e composta de dois ramos
sucessivos, datados de 16,335 + 1,966 e 11,837 + 1,871 anos. Assim, de uma forma
geral, os estudos de haplétipos associados a SCA3/MJD tém apontado para poucas

e antigas origens.

1.1.2 Ataxia espinocerebelar tipo 2
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1.1.2.1 Descricao e epidemiologia

Embora o assunto seja controverso, costuma-se dizer que as primeiras
descrigbes da SCA2 ocorreram em 1971 na india. Wadia e Swami relataram a
associagdo de uma ataxia dominante com sacadas oculares lentas - achado hoje
reconhecido como caracteristico - em 37 pacientes de 12 familias. Na época, o
quadro ficou conhecido como ataxia de tipo Wadia—Swami (Wadia & Swami. 1971).
Em 1990 foi descrito um outro grupo, agora de 500 individuos provavelmente
descendentes do mesmo antecessor espanhol, vivendo na provincia de Holguin, em
Cuba, e que apresentavam caracteristicas clinicas similares as da ataxia de
Wadia—Swami (Orozco et al. 1990). No ano de 1995, o locus causador da SCAZ2 foi
identificado no cromossomo 12923-q24.1 (Hernandez et al. 1995). Em 1996, foi
descoberta que a sequéncia repetitiva CAG neste locus estava associada a SCA2. O
tamanho das CAGexp variaram de 35 a 59 repeticdes em dois estudos praticamente

simultaneos (Sanpei et al.1996; Pulst et al.1996).

A regido de maior prevaléncia € a provincia de Holguin, no extremo
oriental de Cuba. Em Holguin, a prevaléncia da doenga atinge 47,9:100.000
habitantes, com uma frequéncia estimada do ATXNZ2 expandido na regido de
188,6:100.000. Essa alta prevaléncia também foi atribuida a um efeito fundador da

doenga na populacéo (Rodriguez-Labrada et al. 2020).

Outros paises onde a frequéncia relativa da SCA2 em relagcdo as
demais ataxias dominantes é elevada sdo o México (Alonso et al. 2007), a Africa do
Sul (Bryer et al. 2003), a india (Faruq et al. 2009), a Italia (Brusco et al. 2007) e a
Venezuela (Paradisi et al. 2015). No Brasil, a SCA2 foi a segunda ataxia
espinocerebelar mais frequentemente diagnosticada. Mesmo assim, representou

apenas 49 dos 518 ataxicos, ou 9,4 % dos casos (de Castilhos et al. 2014).

1.1.2.2 Da neurotoxicidade as Manifestagdes Clinicas:

A ataxina-2 € uma proteina de 145 kDa altamente conservada entre as

espécies. Fortes evidéncias sugerem que a ataxina-2 participa do metabolismo
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citoplasmatico do RNA, através da participagdo na montagem de gréanulos de
estresse, e que ela teria um papel no controle da tradu¢ado em geral (Ostrowski et al.
2017). Como na ataxina-3, o mecanismo exato pelo qual a expansédo poliQ na
ataxina-2 causa neurodegeneragao permanece pouco compreendido. Mas os perfis
de expressdo alterados vistos nos camundongos transgénicos com um ATXNZ2
expandido sdo completamente diversos (ausentes) dos encontrados em
camundongos com ATXNZ2 normal, sugerindo novamente que o mecanismo que

determina a doenga seja o de um ganho de fungéo téxica (Pflieger et al. 2017).

Qualquer que seja o modo de acgdo, a presenca da proteina expandida
resulta em disfungdo e morte neuronal em algum momento na vida adulta,
especialmente no cerebelo, tronco encefalico, medula espinhal e cértex cerebral,
que conduzem o0s mecanismos da sindrome cerebelar progressiva, incluindo a
-caracteristicas cerebelares, que caracterizam clinicamente a doenga (Auburger et
al. 2012; Velazquez-Pérez et al. 2017). Estudos apontam a formacgéo de agregados
polyQ em regides do tronco cerebral de individuos com SCA2, além disso os
agregados citoplasmaticos se correlacionaram com a gravidade da doencga (Seidel et
al. 2017).

Os principais achados clinicos e sua frequéncia encontrados nos
individuos com SCAZ2 foram: sindrome cerebelar progressiva, marcha ataxica,
disartria cerebelar, dismetria, disdiadococinesia associada a movimentos sacadicos
lentos, além de neuropatias periféricas fasciculagdes, dores musculares contraturas,
disturbios do sono e disfagia (Magafa et al. 2012). Na escala SARA a média da

progressao da doenga foi de 1,40 (1,19 -- 1,61) pontos por ano (Diallo et al. 2021).

1.1.2.3 O gene ATXN2

1.1.2.3.1 Aspectos gerais:

O ATXNZ2 é formado por 25 exons (4,500 bp) e sintetiza a proteina

ataxina-2, com 140kDa (Sahba et al. 1998). O gene contém uma sequéncia
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repetiiva CAG que pode ser pura, ou interrompida por trincas CAA, e que é
considerada normal até 32 ou 33 repeticdes CAG. Este limite tem sido determinado
pelo estudo de diversas populag¢des. Nosso grupo e outros ja descreveram alelos de
33 repeticbes segregando em pessoas assintomaticas (Cancel et al. 1997; Socal et
al. 2009). Finalmente, n&o é claro se a presenca de uma interrupcédo CAA confere ou
retira patogenicidade a esses alelos incertos de 32-33 CAGn. Alelos francamente
patolégicos seriam aqueles com 34 ou mais repeticdes (de Castilhos et al. 2014).
Alelos normais, mas com repeticdbes maiores que 27 estdo associados a um
aumento no risco da Esclerose Lateral Amiotréfica (Lee et al. 2011; Elden et al.
2010). Na faixa da normalidade - a que vai de 13 a 33 repeticbes CAG -, o alelo mais
comum €& o com 22 repeticdes (CAG,,), presente em 90% dos individuos normais
(Mao et al. 2002). Assim, ao contrario do ATXN3 nao expandido, o ATXN2 nao
expandido apresenta a menor variancia e heterozigosidade nas repetigdes CAG,
respectivamente de 1,21 e 0,253. Essa redugao de polimorfismo nas repeticdes
CAG do alelo normal do ATXNZ2 tem sido relacionada a presenca de interrupcoes
CAA entre as repeticdes CAG do CAG,,, num padrdao (CAG)8-CAA-(CAG)4-CAA-
(CAG)8 (Choudhry et al. 2001).

1.1.2.3.2 O polimorfismo nas repeticoes CAG sua relagcao com a idade de inicio

A idade de inicio dos sintomas apresenta uma correlagdo inversa com
o tamanho do CAGexp, com um r? estimado entre 0,46 (Chattopadhyay et al. 2003)
e 0,69 (Figueroa et al. 2017). Um conjunto de casos com idade de inicio dos
sintomas com menos de 1 ano foram descritos com repeticdes CAG podendo chegar
a 500 repeticoes CAG (Singh et al. 2014).

Como era esperado, as CAGexp do ATXNZ2 séao instaveis durante as
transmissdes meidticas, as expansdes foram os fendmenos mais descritos,
ocorrendo em 89,03% dos casos, enquanto as contratagdes ocorreram em 10,97%
(Velazquez Pérez et al. 2009). A média de aumento das CAGexp variou em distintos
estudos entre 2,08 (Almaguer-Mederos et al. 2018), 2,2 (Cancel et al. 1997) e 5,73

(Riess et al. 1997). Assim como na SCA3/MJD, a antecipagdo € comum, com uma
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meédia de reducdo na idade de inicio na geragcao subsequente entre 11,41 (Sena et
al. 2019); 18,8 (Fila et al. 1999) e 21,28 (Giuffrida et al. 1999).

1.1.2.3.3 Fatores que podem influenciar a variagcao da frequéncia alélica do
ATXN2

Da mesma forma que na SCA3/MJD, a SCA2 apresentou um fitness
diferencial em seus portadores em relagdo aos nao portadores. No meu mestrado,
comparei a fertilidade entre afetados e ndo afetados com mais de 54 anos e
pertencentes as mesmas familias. Os individuos afetados e os ndo afetados
apresentaram medianas de filhos respectivamente de 3 e de 2 filhos (p=0,025,
Mann-Whitney U test), os portadores da SCA2 apresentando portanto um fitness de
1,5 (Sena et al. 2019).

No mesmo estudo, se demonstrou haver distorcdo na segregagao
contra o alelo ATXNZ2 expandido, na coorte averiguada. Acompanhei 139
transmissdes de maes e pais com SCA2: 56 (40,4%) de suas filhas e filhos
herdaram o alelo expandido e 83 (59,6%) herdaram o alelo sem expanséo
(qui-quadrado=5,245, p=0,022) (Sena et al. 2019).

1.1.2.3.4 Haplétipos ancestrais

Uma série de estudos foram realizados usando ora STRs ora apenas
SNPs e em algumas situagdes combinando ambos. No entanto, nenhum desses
estudos de haplotipos na SCA2 em escala de colaboracgao internacional apontaram

para o numero de origens e sua datagao.

Estudos que apontam para uma ancestralidade em comum se
basearam em STRs para fazer essa inferéncia. Com base no D12S1672 e o
D12S1333 sugeriu-se que numa coorte japonesa existem duas origens SCA2
(Mizushima et al 1999). Ja outro estudo usando apenas o D12S1672 sugeriu que

familias SCA2 Cubanas, Inglesas, Indianas e Italianas ou apresentam uma origem
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comum, ou que exista uma regido do gene predisposta a expansao (Pang J et al
1999).

Outros estudos apresentam maior polimorfismo entre os STRs, o pode
sugerir a existéncia de multiplas origens para SCA2 (Didierjean et al,). Um fator que
converge com essa sugestdo € a descrigdo de mutagdo de novo em um individuo
SCA2 com 22/35 repeticoes CAG no qual seus pais assintomaticos apresentavam
22/22 e 22/32 repetigdes CAG (Futuyma et al 1998) e da descricdo de casos
esporadicos (Alonso et al 2007).

Outros trés estudos com familias SCA2 da india, Brasil, Portugal e Italia
analisaram os rs695871 e rs695872, onde o haplétipo C-C foi encontrado em 100%
das familias SCA2 (Choudhry et al. 2001; Ramos et al. 2010; Sonakar et al. 2021).
Para esses SNPs, o haplétipo GT nao foi encontrado em nenhum caso de SCA2 e
esteve associado a repeticoes CAG normais menos polimoérficas; ja o haplétipo CC
apresentou uma maior variagao no numero de repeticdes CAG nao expandidas. No
entanto, apesar de estar associado a repeticdes mais estaveis, alelos normais
grandes, com 30-32 CAG, também foram encontradas no haplétipo GT (Choudhry
et al. 2001; Ramos et al. 2010).

1.2 Evolugao e doencas poliQs

Uma definicdo mais classica de evolugao € a mudanga na composi¢cao
genética de populagbes. Nesse sentido, para muitos bidlogos evolucionistas, os
processos que modificam a composicdo genética de uma populagdo seriam a
selegcédo natural, deriva, fluxo génico e mutagdo. No entanto, a teoria evolutiva vem
se transformando ao longo do tempo e incorporando multiplos elementos a tornado
uma teoria mais abrangente (Araujo. 2001). No entanto, nos atentaremos a seguir
nas forgas seletivas que parecem estar associadas com a dinamica dos alelos
CAGexp.
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1.2.1 Antecipagao, uma forca seletiva negativa para manutencado dos alelos

expandidos.

Assim como em outras doengas PoliQ, a antecipagdo € um fendbmeno
encontrado na SCA2 e SCAS3. A tendéncia dos sintomas se manifestarem mais cedo
a cada geragdo gera um desdobramento pratico que impacta negativamente na
manutencado dos alelos expandidos do ATXN2 e ATXNS3. Isso porque, quanto mais
precoce os sintomas se iniciam, menor sera a janela reprodutiva de seus portadores,

reduzindo a chance da transmissao dos alelos com expanséo.

Esse inferéncia pode ser provada empiricamente, pois apesar dos
portadores da SCA3 e SCA2 terem uma fertilidade maior que os nao portadores, os
individuos que manifestam os sintomas mais precocemente tendem a terem menos
filhos do que os que manifestam os sintomas mais tardiamente (Prestes et al. 2008,
Sena et al. 2019).

Assim podemos inferir que existe uma tendéncia intrinseca para
eliminagdo dos alelos expandidos do ATXN3 e ATXNZ2. Isso porque, alelos que
reduzem a aptiddo de um organismo tendem a ser eliminados por sele¢gao negativa
ou também chamada de selecao purificadora (Loewe L. 2008). Dessa forma, os
alelos expandidos do ATXN3 e ATXNZ2 sao exemplos de Darwinian puzzle, nos
fazendo refletir de por que esses alelos permanecem na populagao? Assim forgcas

evolutivas compensadoras possam vir a explicar esse processo.

1.2.2 Equilibrio selegao mutagao

Um dos fenbmenos que podem levar alelos deletérios a ter sua
frequéncia estavel é o processo conhecido como equilibrio sele¢cdo mutagao, no qual
novas mutagdes repdem os alelos que sao eliminados pela selegao natural. Para
alelos dominantes esse equilibrio se estabelece a partir da equagao abaixo(Hartl &
Clark 2007):
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Onde:

q = frequéncia alélica em equilibrio
u = taxa de mutacao

s = coeficiente de selecao

h = coeficiente de dominéancia

Em algumas doencas a sua manutencdo pode ser explicada por uma
taxa mutacional similar/proxima a taxa de selegdo, como por exemplo, a Atrofia
muscular espinhal (Wirth et al. 1997) e a Distrofia Muscular de Duchenne (Lee et al.
2013).

1.2.3 Pleiotropia Antagonica

A pleiotropia antagbénica é o processo no qual um gene controla mais
de uma caracteristica, sendo que pelo menos uma exerce um aumento na aptidao
do organismo e outra uma piora no valor adaptativo. Esse conceito foi proposto pela
primeira vez pelo bidlogo evolucionista George C. Williams em 1957 (Williams.
1957).

Inicialmente a Pleiotropia Antagbnica teve como objetivo explicar a
senescéncia, propondo que os alelos de genes que levariam a maiores chances de
sobrevivéncia e/ou reprodugao nas etapas iniciais das vidas estivessem associadas
a caracteristicas deletérias em um segundo momento, levando a perda de
homeostase e autodestruicao (Rose. 1991; Mitteldorf. 2019). Essa mesma hipotese
foi aventada para explicar a ocorréncia frequente de doengas neurodegenerativas na

espécie humana e, entre elas, as doencas de poliQs.

Uma associagao favoravel entre eventos biologicos e presenca de
CAGexp tem sido repetidas vezes descrita: a redug¢ao na frequéncia de cancer entre
seus portadores (Sgrensen et al. 1999; Ji et al 2012; Ji et al. 2012; Souza et al. 2017;

McNulty et al. 2018). Embora essa vantagem aparente conferida pela presenga de
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uma CAGexp nao nos interesse diretamente, por provavelmente nao ter repercussao
na sobrevida de descendentes, ela € um argumento interessante a sustentar o

pleiotropismo antagonistico das CAGexp.

O que é de fato de interesse para uma abordagem evolutiva é que a
SCA3/MJD e a SCA2, entre outras doencas poliQs, parecem se associar a fitness
elevados, como vimos nas seg¢des 1.1.1.3.3 e 1.1.2.3.3, acima. Na secao 1.1.1.3.3,
vimos também que o alelo ATXN3 expandido é segregado preferencialmente.
Fecundidade elevada e segregacao preferencial seriam duas caracteristicas
biologicas favoraveis, manifestas em periodos vitais e em fungdes vitais nao
neurologicas, e antagonistas as caracteristicas desfavoraveis dos CAGexp nos

neurdnios.

Dessa forma, para o ATXN2 e ATXN3 expandidos, além dos aspectos
que prejudicam a aptiddo dos portadores como os sintomas da doenga e a
antecipagao, tempos também elementos associados a melhora da aptiddo como o
aumento da fertilidade. Além disso, a distor¢do na segregacgao contribui de forma
distinta na variagcado da frequéncia alélica para o ATXN3 e ATXN2 expandido. Por
esses aspectos, nos encontramos diante de dois exemplos de Pleiotropia

antagodnica.

1.2.4 Abordagens evolutivas nas poliQs

O fato da antecipacdo ser um fendbmeno presente nas doencas de
poliQs impds a reflexdo sobre as razdes da sua permanéncia nas populagoes, e fez
com que abordagens evolutivas tenham sido usadas para entender a sua
manutengdo. Para SCA1, uma abordagem evolutiva foi usada para compreender o
aumento da prevaléncia na Republica de Sakha, na Russia (Platonov et al. 2016).
Na doenga de Huntington, além dos estudos sobre a fertilidade dos portadores
(Shokeir at al. 1975, Walker et al. 1983, Morrison et al. 1995, Pridmore & Adams.
1991, Frontali et al. 1996), uma perspectiva mais abrangente foi utilizada no artigo “A
Darwinian approach to Huntington's disease: subtle health benefits of a neurological
disorder” (Eskenazi et al. 2007).
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Abordagens evolutivas também tém sido utilizadas para compreensao
da manutencdo e diversidade fenotipica associadas a SCA3 (Lima et al. 2001), e
que interpretam a manutencao do ATXN3 expandido em decorréncia de seu carater
pleiotrépico antagbnico, devido as multiplas forgas seletivas associadas ele (Saute &
Jardim. 2015).

Meu mestrado também tentou auxiliar no entendimento sobre a
ocorréncia de uma doencga de poliQs, a despeito das suas intensas antecipacgdes,

estudando a fertilidade e a distor¢ao na segregacao da SCA2 (Sena et al. 2019).

Apesar dessas abordagens, nenhuma delas combinou diferentes
evidéncias e mensurou o0 seu peso das distintas forgas seletivas que pudessem
apontar uma dinamica da frequéncia alélica dos alelos expandidos em uma

perspectiva mais geral.
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2 Objetivo

2.1 Objetivo Geral

Estudar como se da a dindmica da transmissao da SCA2 e da SCA3/MJD, tal

que, apesar de deletérias aos afetados e as suas proles, essas doencas

continuem aparentemente se mantendo nas populagoes.

2.2 Objetivos especificos:

1)

Revisar e metanalizar as forgas seletivas associadas ao ATXN3

expandido.
Revisar e metanalizar as forgas seletivas associadas ao ATXNZ2
expandido.
Construir um modelo matematico que abranja as forgas seletivas

associadas ao ATXN2exp e ATXN3exp.

Calcular a tendéncia de variagao da frequéncia alélica via simulagdes
computacionais, combinado o modelo matematico e as forgas seletivas
associadas ao ATXN2exp e ATXN3exp.

Estimar o numero de geragdes que o ATXN2exp e ATXN3exp

permaneceram na populagao a partir de um evento fundador.

Relacionar os resultados das simulagcbes da variacdo da frequéncia
alélica e geragdes de permanéncia do ATXN2exp e ATXN3exp com 0s

dados empiricos.

Descrever os haplétipos ancestrais associados a SCA2 em familias
brasileiras, uruguaias e peruanas, e averiguar se os resultados virdo ao

encontro das dinamicas propostas pelo modelo matematico.
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1 | INTRODUCTION

Jordania dos Santos Pinheiro®® |
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Laura Bannach Jardim¥%#*%7

Abstract

Spinocerebellar ataxia type 3/Machado-Joseph disease (SCA3/MJD) is a dominant
neurodegenerative disease caused by the expansion of a CAG repeat tract in ATXN3.
Anticipation and worsening of clinical picture in subsequent generations were repeat-
edly reported, but there is no indication that SCA3/MJD frequency is changing. Thus,
we performed a systematic review and meta-analysis on phenomena with potential
effect on SCA3/MJD recurrency in populations: instability of CAG repeat transmis-
sions, anticipation, fitness, and segregation of alleles. Transmission of the mutant
allele was associated with an increase of 1.23 CAG repeats in the next generation,
and the average change in age at onset showed an anticipation of 7.75 years per gen-
eration; but biased recruitments cannot be ruled out. Affected SCA3/MJD individuals
had 45% more children than related controls. Transmissions from SCA3/MJD carriers
showed that the expanded allele was segregated in 64% of their children. In contrast,
transmissions from normal subjects showed that the minor allele was segregated in
54%. The present meta-analysis concluded that there is a segregation distortion
favoring the expanded allele, among children of carriers. Therefore, further studies
on transmissions and anticipation phenomena as well as more observations about
fertility are required to clarify these selective forces over SCA3/MJD.

KEYWORDS
allele segregation, ancestral haplotypes, anticipation, fertility, Machado-Joseph disease, meta-
analysis, spinocerebellar ataxia type 3, unstable transmissions

reading frame, and produces an augmented polyglutamine stretch into

the translated protein, ataxin-3. PolyQ-expanded ataxin-3 is prone to

Spinocerebellar ataxia type 3, also known as Machado-Joseph disease
(SCA3/MID), is an autosomal dominant neurodegenerative disease
caused by the expansion of a CAG repeat tract in the ATXN3.>2 Nor-
mal alleles range from 11 to 44 repeats. Pathological alleles usually
have 60 or more CAG repeats, although the shortest CAG repeat
associated with a neurological picture in a SCA3/MJD family was

51 repeats long.>* The expanded repeat (CAGexp) is in the open

aggregation. The presence of this polyQ-expanded ataxin-3, or of
peptides produced after its proteolysis, is associated with neuronal
toxicity and degeneration.’

The most important and well-known consequence of CAGexp at
ATXN3 is the late onset of predominantly neurological disabilities.
Affected subjects and their relatives note the first symptoms, usually

gait ataxia, at 36-40 years-old, on average. However, disease can

Clinical Genetics. 2020;1-12. wileyonlinelibrary.com/journal/cge
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actually start from 4 to over 72 years of age.® The main reason for this
wide variation in age at onset (AO) relies on length of CAG expansion,
which explains on average 55.2% of AO variation.” Only small size
effects over the remaining variability have been postulated to be asso-
ciated with other genes, such as ATXN2, FAN1, IL6, APOE, TRIM29,
and RAG.”” Besides gait problems, other symptoms appear progres-
sively, including for instance speech and swallowing difficulties, diplo-
pia, sensory losses, pyramidal and extrapyramidal findings. The
CAGexp length was associated with velocity of disease progression.
Survival following onset of symptoms is reduced to an average of
23 years.®

Anticipation of AO and worsening of clinical picture in subse-
quent generations have been frequently documented and were in part
due to the instability of the CAGexp length during meiosis, more fre-
quently detected as further expansions.* Although never directly
studied, anticipation might be associated with shortage of the repro-
ductive period, and to lower reproduction rates of SCA3/MJD
carriers.

Despite this tendency to produce worse functional disabilities as
generations progresses, SCA3/MJD has the peculiarity of being
among the most common forms of hereditary ataxia worldwide.® In
contrast to the relatively large number of symptomatic carriers found
in many different populations, haplotype studies detected few ances-
tral haplotypes. A recent study dated the most frequent of them,
known as the ACA haplotype, to be over 16 000-years-old.** To com-
plete a real Darwinian puzzle, de novo mutations have never been
reported in SCA3/MJD.

How to explain that severe neurological disabilities associated
with anticipation can occur in a disease with quite a few and very old
ancestral origins? Some authors proposed that the maintenance of
disadvantageous alleles in the population could be due to compensa-
tory evolutionary forces.*?®

A detailed review may help to clarify whether there is evidence
about positive selective forces, and might help to predict epidemiolog-
ical changes of SCA3/MJD in generations to come. Thus, our purpose
was to perform a systematic review and meta-analysis on non-
neurological outcomes related to the CAGexp at ATXN3 with poten-
tial effect over SCA3/MJD recurrence in populations as follows:
(a) instability of the expanded repeat when crossing meiosis;
(b) changes in AO among different generations; (c) differences in
reproductive rates between carriers and noncarriers; and (d) meiotic
segregation. In order to test if there is subsidiary evidence in line with
these previous main outcomes, (e) a systematic review about ancestral

haplotypes was also included.

2 | METHODS
A detailed methodology protocol for this study was registered
(CRD42020170173) prior to data extraction, and is available at
https://www.crd.york.ac.uk/PROSPERO/.

The term “carrier” was used here to indicate subjects, symptom-
atic or not, with the heterozygous state for SCA3/MJD, that is, with

the presence of one ATXN3 allele with 251 CAG repeats in her/his
genotype. The term “fitness” was used to mean the reproductive suc-
cess of a phenotype, more specifically, the ratio between the mean
number of children of carriers over the mean number of children of
controls. The term “emeritus” was used to indicate that a person
probably reached the end of reproductive age, by being older than an
age determined by each study.

2.1 | Literature search and data extraction

MEDLINE (PubMed) was searched from January 1995 to December
2019 for reports on four main outcomes as well as to the fifth subsidi-
ary question under study: (a) instability of the expanded repeat when
crossing meiosis (contractions and/or expansions); (b) differences in
AO between different generations, named as “anticipation”;
(c) reproductive rates (or success) of the carriers compared to noncar-
riers, called “genetic fitness”; (d) meiotic segregation—if Mendelian or
distorted; and (e) ancestral haplotypes. Five searches were performed,
one for each outcome under study. All five searches started with
terms: (“Machado Joseph” OR “SCA3” OR “Spinocerebellar ataxia
type 3” OR Machado-Joseph OR “SCA 3” or “MJD/SCA3” OR “MJD”
OR “Spinocerebellar ataxia type-3”). Following that, search for
(a) continued with “instability” OR “contraction” OR “further expan-
sion” OR “meiosis” OR “transmission” OR “parent-child”. Search for
(b) continued with “age at onset” OR “AO” OR “age of onset” OR
“anticipation”. Search for (c) continued with “fitness” OR “number of
children” OR “children” OR “reproduct*”. Search for (d), with “segre-
gation” OR “meiotic drift”. And, finally, search for (e), with “haplo-
type” or “ancestral origin” or “mutational origins” or “common
ancestor”.

Peer-reviewed articles and meeting abstracts in English language
were included, and references were checked to assure maximal cover-
age. Two reviewers (L. S. S. and J. S. P.) assessed and extracted data
into evidence tables independently. Any disagreement regarding eligi-
bility was discussed with two other reviewers (M. L. S-P. and L. B. J.).
Results of any systematic review would be described if found in one

search subject.

2.2 | Population, exposure, comparators,
outcomes, and inclusion and exclusion criteria

Populations from diverse geographical origins comprised the popula-
tion under study. Being a carrier of a CAGexp at ATXN3 and length of
CAGexp were the main exposure considered for meta-analysis. The
outcomes were (1) instability of the expanded repeat when crossing
meiosis (contractions and/or expansions); (2) differences in AO
between different generations (anticipation); (3) genetic fitness;
(4) meiotic segregation; (5) ancestral haplotypes identified so far.
Inclusion criterium for all searches was the confirmed molecular
diagnosis of SCA3/MJD in symptomatic and/or asymptomatic hetero-
zygotes. In addition, a case-control design was among the inclusion
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criteria for outcome (3). If multiple publications from the same study
group and/or institutions were detected, only the most updated and

complete data set was included in order to avoid overrepresentation.

2.3 | Risk of bias assessment and quality control
Risk of bias was assessed according to the search questions. Inclusion
of all offspring of a given carrier, and balance between parental sexes
were used to assess risk of bias on studies of instability of the
expanded repeat when crossing meiosis. Inclusion of all offspring of a
given carrier, exclusion of the present generation (to avoid bias
toward cases of younger age at onset), and balance between parental
sexes were the criteria used to assess bias on studies about differ-
ences in AO between different generations. In the search on genetic
fitness, risk of bias was assessed by the type of controls, that is, gen-
eral population versus relatives, determination of the noncarrier status
by genotype or emeritus phenotypes, number of generations under
study, and inclusion of all family members. The noninclusion of all
individuals from a given sibship and the genotype attribution based on
phenotype were considered as risks of bias on segregation studies.
Finally, if a high heterogeneity of results was detected between stud-
ies, a careful reanalysis was performed in order to detect any addi-
tional risk of bias in the discrepant study. Heterogeneity of results
was considered low if results differed from 0% to 50%, medium, from
50% to 75%, or high, if above 75%. High heterogeneity was consid-
ered acceptable in studies related to ancestral haplotypes only.
Quality control for the instability of the expanded repeat was per-
formed by comparing results of recent versus older reports, or by dif-
ferences in laboratory techniques, when reported. Quality control for
ancestral haplotypes included the presence of a control group from
the original populations. All potential biases and quality parameters

were summarized in the Results section, if appropriate.

2.4 | Analysis and data synthesis

Descriptive measures of central tendency and dispersion were esti-
mated according to the data distribution. A meta-analysis was per-
formed using the R Program version 3.6.2 (2019-12-12), package meta
version 4.9-7, when two or more studies on one of the outcomes
reached inclusion criteria. Random effects model was chosen in order to
avoid effects related to differences between inclusion criteria, sample
sizes, and/or variances of the studies selected. Summary statistics from
aggregated databases (ADs) were planned to be used for all outcomes
under study, except for ancestral haplotypes. A confidence interval of

95% was chosen to attribute significance to results.

3 | RESULTS

A total of 366 papers were obtained after searching databases. Some

papers were found in more than one of the five searches: 62 were
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selected twice and 27 were selected three times (Figure 1). After anal-
ysis, eligibility was reached in 13 articles on instability of the
expanded repeat, eight on anticipation, one on fertility, nine on segre-
gation distortion, and 13 on ancestral haplotypes. Six papers were
selected for two outcomes, and one paper was selected for three out-
comes under analysis. Therefore, 32 papers were selected in our sys-
tematic review in total. Studies obtained from our five searches and
reasons for inclusions or exclusions can be found in Supplemental

material Data S1.

3.1 | Instability

Twelve studies described potential instabilities of CAGexp length
when transmitted from affected parents to their children (Figure 1
(A))}42¢ (Supplemental Material Data $2).

Transmission of the mutant allele, regardless of sex of the
affected parent, was associated to an increase of 1.23 CAG repeats in
the next generation (Figure 2(A)). The average change of the CAGexp
was of 0.79 CAG (Figure 2(B)) and 2.11 CAG repeats in maternal and
paternal transmissions, respectively (Figure 2(C)).

None of the studies clearly stated that all offspring of a given car-
rier were included. None of them stated to have made efforts to
recruit balanced samples of maternal or paternal transmissions: the
number of maternal transmissions was always bigger than the

paternal ones.

3.2 | Anticipation

Seven papers studied differences between AO of children and their

14.16,18,22,24.2527 (Sypplemental Material

affected parents (Figure 1(B))
Data S3). All of them used the term “age at onset” as the time when
the first symptom was noted by the patient and/or his/her relatives,
without specifying the symptom (usually gait ataxia but not always).
None of them stated that all children of the studied carriers were
included; none of them excluded the present generation to avoid bias
toward cases of younger age at onset. The number of maternal trans-
missions was larger than those of the paternal transmissions in the
studies (n = 6) that stratified results according to parental sexes.

The average change between generations was toward an antici-
pation of 7.75 years per generation (Figure 2(D)). The anticipation was
7.13 in case of maternal transmission (Figure 2(E)), and 8.02 years in

case of paternal transmission (Figure 2(F)).

3.3 | Fitness

Two studies reported on “fitness” in SCA3/MJD, but only one truly
compared the number of children of SCA3/MJD carriers with those of
controls, presented a clearcut criteria to determine the noncarrier sta-
tus (emeritus phenotypes) (Figure 1(C)), and stated that the
researchers tried to include all family members.?® This study used the
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FIGURE 1 PRISMA flowchart of studies selected for the following meta-analyses. (A) Instability of the CAG expanded repeat upon
transmissions; (B) Anticipation of the age at onset between generations; (C) Fertility rates; (D) Segregation of alleles; (E) Ancestral haplotypes

census of a general population by the year 2000 as the main control
group and, therefore, partially avoided to include the most recent
SCA3/MJD diagnoses into analysis. The number of children of
222 SCA3/MJD symptomatic women was reported, using both the
general female population and nonsymptomatic female relatives
older than 45 years (the cutoff chosen by these authors for the
emeritus phenotypes) as controls. Populational data described just
the number of children of mothers to avoid overrepresentation;
due to that, only SCA3/MJD women were included in the group of
cases. The number of children of the general population and of
SCA3/MJD subjects were 1.90 and 2.93 +2.3, respectively
(p = 0.0037). The fitness estimated among emeritus subjects from
SCA3/MJD families and from the general population was not so dif-
ferent (3.52 vs. 3.89). When comparisons among emeritus subjects
between SCA3/MJD and related controls were done, significant
differences reappeared: the mean number of children of unaffected
and affected women older than 45 years were 2.68 and 3.89,
respectively (p = 0.0037). Therefore, emeritus fitness of the
affected SCA3/MJD individuals was 1.45 when compared to their
unaffected relatives.

34 | Segregation distortion

Literature search retrieved nine articles that met the inclusion criteria
proposed (Figure 1(D)). Three distinct approaches to study segregation
were found: description of the total number of children of SCA3/MJD
carriers that inherited and that did not inherited the mutant allele; com-
parison between the number of expanded versus nonexpanded alleles
in sperm samples collected from SCA3/MJD subjects; and report of the
total number of children of normal subjects that inherited the shorter
versus the longer normal CAG alleles, aiming to analyze the potential
distortion among normal alleles (Supplemental Material Data S4).

Three studies analyzed the segregation distortion by comparing
the genotypes of all children of some SCA3/MJD carriers to the
expected Mendelian segregation.**?%%° A fourth study used a combi-
nation of genotypic and phenotypic information to characterize the
sibships.3! A total of 783 allelic transmissions of the ATXN3 gene from
SCA3/MID carriers were followed. At first analysis, the expanded
allele was segregated in 59% (Cl 51%-66%) of children, therefore dif-
ferent from the 50% expected from a Mendelian segregation. How-
g32

ever, the results from Bettencourt et al. 200 were considerably
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FIGURE 2

Forest plots of instabilities of the CAG expanded repeat number when crossing generations and of anticipation of the age at onset.

(A) Overall instability of the CAG expanded repeat; (B) Instabilities observed when women transmitted the expansion; (C) Instabilities observed when
men transmitted the expansion; (D) overall anticipation of the age at onset; (E) Anticipation observed when women transmitted the disease;

(F) Anticipation observed when men transmitted the disease. Results with 95% confidence interval were calculated using a random-effects meta-analysis.
I? quantifies heterogeneity; p for heterogeneity. r> magnitude of the heterogeneity between studies from random-effect model; RE: random-effect

heterogeneous when compared to the other results (heterogeneity of
78%, Supplemental Material Data S5). After further review, an incon-
sistency was found between the total number of subjects analyzed
and the number of symptomatic and asymptomatic individuals
included in the analysis. Since a significant risk of attribution bias was
found, this article was excluded. The final meta-analysis then showed
that the expanded allele was segregated in 64% (Cl 59-68) (Figure 3
(A)). In maternal lineages, the expanded allele was segregated in 68%
(Cl 60-75) (Figure 3(B)), and in paternal transmissions, it was segre-
gated in 60% (Cl 52-68) (Figure 3(C)).

The proportion of spermatozoids carrying an expanded allele in
the sperm of SCA3/MJD carriers was Mendelian (50%) in one study
and non-Mendelian (60%, p < 0.05) in the second study retrieved from
the literature.®*** Considering these two reports were the only ones
related to sperm cells analysis and their results were considerably dif-

ferent, they were excluded from the meta-analysis.

Three papers studied the segregation between shorter and longer
nonexpanded CAG alleles of normal individuals.%%>% In the meta-
analysis, the segregation of shorter alleles was established to be 54%
(CI 51%-57%), a proportion significantly different from the 50%
expected from a Mendelian segregation (Figure 3(D)). When the trans-
missions were stratified according to sex of the transmitting parent,
this segregation distortion favoring the shorter allele was maintained
in 638 maternal transmissions, but was not detected in 604 paternal

transmissions under study (Figure 3(E,F)).

3.5 | Haplotypes

Thirteen studies were published in the literature on this subject
(Figure 1(E)). The haplotypes described here covered at least the clas-
sical three SNPs, as proposed by the first paper that described SCA3/
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(A)
Study Events Total Proportion 95%-Cl
Souza et al. 2016 143 218 —f—o— 0.66 [0.59; 0.72]
Riess et al. 1997 96 155 —_— 0.62 [0.54;0.70]
Ikeuchi et al. 1996 50 80 0.62 [0.51;0.73]
Random effects model 453 ————— 0.64 [0.59; 0.68]
Heterogeneity: 12 = 0%, T T T 1
t?=0,p=074 04 0.5 0.6 0.7
(B)
Study Events Total Proportion  95%-CI
i
Souzaet al. 2016 88 123 —+—=—— 0.72 [0.63;0.79]
Riess etal. 1997 51 70 — % 0.73 [0.61;0.83]
Ikeuchi etal. 1996 26 47 9 0.55 [0.40;0.70]
'
i
Random effects model 240 ————  0.68 [0.60; 0.75]
Heterogeneity: 1* = 28%, r T T 1
t#=0.0246, p = 0.09 04 0.5 0.6 0.7
©
Study Events Total Proportion  95%-Cl
|
Souza et al. 2016 59 95 —_— 0.62 [0.52;0.72)
Riess et al. 1997 45 85 . 0.53 [0.42; 0.64)
Ikeuchi et al. 1996 24 33 * 0.73 [0.54; 0.87]
|
i
Random effects model 213 — 0.60 [0.52; 0.68]
Heterogeneity: 12 = 15%, T T T 1
t2=0.0116,p = 0.13 04 0.5 06 0.7
FIGURE 3

(D)

Study Events Total Proportion 95%~-Cl

Bettencourt et al. 2008 148 250
MacMillan et al. 1999 229 433

0.59 [0.53; 0.65]
0.53 [0.48; 0.58]

Rubinsztein et al. 1997 292 559 0.52 [0.48; 0.56]

Random effects model 1242 0.54 [0.51;0.57]

Heterogeneity: 12 = 0%, r T T )

t2=0,p =0.16 04 0.5 0.6 0.7

(E)

Study Events Total Proportion  95%-CI
1

Bettencourt et al. 2008 73 124 T — 0.59 [0.50; 0.68]

MacMillan et al. 1999 18 224 a1 0.53 [0.46; 0.59]

Rubinsztein et al. 1997 166 290 —— 0.57 [0.51; 0.63)
I
i

Random effects model 638 —— 0.56 [0.52; 0.60]

Heterogeneity: |7 = 0%, r T T 1

t?=0,p =0.45 0.4 0.5 06 0.7

(F)
Study Events Total Proportion  95%~-Cl
i

Bettencourt et al. 2008 75 126 —— 0.60 [0.50; 0.68]

MacMillan et al. 1999 11 209 —_— 0.53 [0.46; 0.60]

Rubinsztein etal. 1997 126 269 ————%— 0.47 [0.41;0.53]

Random effects model 604 —— 0.52 [0.47; 0.58]
Heterogeneity:| “= 47% r - T |
t2=0.0190 p = 0.06 0.4 0.5 0.6 0.7

Forest plots of allele segregation. (A) Overall segregation between the normal and the expanded allele, when one parent was a

spinocerebellar ataxia type 3/Machado-Joseph disease (SCA3/MJD) carrier; (B) Segregation between the normal and the expanded allele, when the
mother was a SCA3/MJD carrier; (C) Segregation between the normal and the expanded allele, when the father was a SCA3/MJD carrier; (D) Overall
segregation between the normal short and the normal large allele, when the parent was a normal control; (E) Segregation between the normal short
and the normal large allele, when the parent was a female control; (F) Segregation between the normal short and the normal large allele, when the
parent was a male control. I quantifies heterogeneity; p for heterogeneity; r? magnitude of the heterogeneity between studies from random-effect
model; RE, random-effect. Segregation distortions with 95% confidence interval were calculated using a random-effects meta-analysis

MJD ancestral haplotypes: A%°TG/G®*°TG (rs1048755), C°®’GG/
GGG (rs12895357), and TAAM8/TAC™8 (rs7158733).%” From
these 13 publications, five included both SCA3/MJD index cases as
well as controls,**374° six included SCA3/MJD subjects only,**"#¢
and two studied the general population only.#”*® Besides those three
classical SNPs (rs1048755, rs12895357, and rs7158733), these stud-
ies included different combinations of 31 additional intragenic
markers (other SNPs and the CAG repeat tract) and/or four short tan-
dem repeats (STRs) close to ATXN3. This wide range of markers makes
it difficult to homogenize data for analysis. General results of haplo-
types based on the three classical SNPs, from these 13 studies, are
summarized in Table 1. Haplotype proportions obtained in SCA3/
MJD families were presented near the proportions obtained by stud-
ies performed in the general population from the same geographical
origin.

Six haplotypes built with the classical SNPs (rs1048755,
rs12895357, and rs7158733), and probably identifying ancestral line-
ages, were detected in SCA3/MJD families: ACA (219 families from all
papers, around the world), AGA (40 families from China, Morocco,
United States, and Yemenite Israel), GGC (33 families from Portugal,
Spain, and United States), GGA (one family from China and one from
French Guiana), GCC (one family from Portugal), and GCA (one family

from China). However, these haplotypes based on three SNPs are
more probably oversimplifications. For instance, the most common
haplotype, ACA, was recently subdivided into two lineages of
descents in a study that included Chinese SCA3/MJD families; the
oldest one being haplotype A%%*(rs1048755)-A(rs56268847)-
C?®(rs12895357)- A'%8(rs7158733), or haplotype A, and the most
recent being A%?-(rs1048755)-G(rs56268847)-C?%7-(rs12895357)-
A18(,57158733), or haplotype B.!*

Genetic distances among populations were estimated by four
studies, considering the most parsimonious number of single mutation
steps between alleles built with SNPs and STRs. According to these
analyses and to most recent data, ACA, AGA, and AGC haplotypes
would have Asian origins, while GGC would have originated in the
Portuguese population. Age estimations, in mean (SD), were 16 335
(1966) years for the ACA (the oldest form, called haplotype A), 11 837
(1871) years for the AGA, and 1291 + 553 years for the GGC.**43

4 | DISCUSSION

The coexistence of few and old ancestral strains of a mutation with

the tendency for important anticipations of age at onset has been one
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of the most intriguing queries for anyone studying SCA3/MJD. The
contradiction between the two phenomena denotes that some posi-
tive selective force exists and acts on this condition. Bearing that in
mind, we performed a systematic review of the evidence gathered on
forces that influence the maintenance or removal of the mutant
ATXNS alleles from the population pool to date. Studies on instability
of the CAGexp and on changes in the AO across generations con-
cluded in favor of successive expansions and anticipations across gen-
erations. However, we detected potential bias favoring the
recruitment of affected children with further expansions over those
with contractions. Fitness of SCA3/MJD was properly analyzed and
revealed increased fertility rates; but fitness was studied once only.
Segregation of gametes was the approach with more robust results:
meta-analysis showed that segregation favors the transmission of the
mutant over the normal ATXN3 allele. Therefore, we propose that
increased fitness and meiotic drive are among the positive forces that
compensate the negative selection produced by anticipation, all
related to the expanded repeat at ATXN3, allowing the potentially
long survival of these mutations in the human population.

Thirteen studies on CAGexp instabilities concluded in favor of
successive increases of the CAGexp length across generations. How-
ever, one can assume that the strength of this line of evidence
remains limited, since none of these reports stated the analysis of all
children of carriers. Bias in favor of pairing more severe offspring with
less severe parents was not avoided. The time span of these studies
per se can limit observations.?® Observers will probably be unable to
report, for instance, a pair of a 40-years-old onset parent and a
60-years-old onset child. This hypothetical parent will be probably
deceased by the time of the child's recruitment or diagnostic. Detec-
tion of such a potential CAGexp contraction could not be simulta-
neous in parent and child, but would depend on institutional reports
covering 30-40 chronological years, a timespan not yet available since
the discovery of the ATXN3 mutation.

Although rarely obtained in SCA3/MJD, results of studies on
somatic mosaicism in polyglutaminopathies could be seen as an indi-
rect support for speculation on the way instability during meiotic cell
divisions may affect the repeats. Post-mortem studies in affected
patients by SCA3/MJD, and especially in those with Huntington's dis-
ease and SCA1, revealed the presence of expanded CAG repeat insta-
bilities in multiple tissues.**">* The result of instability in most tissues
was toward expansions, although the tendency for the predominance
of contractions has been seen in ovaries and testicles of HD trans-
genic mice.’? In humans, the study of HD cases was more focused on
assessing the expansion and not the instability.> Even so, this study
described that the gonads presented low expansion rates, with the
exception of a subject with juvenile HD and a large original expansion.
We expect that these researchers will report in-depth analysis of CAG
instability (contractions, stability, and further expansions) observed in
the gonads of these post-mortem studies. Meanwhile, long-term
cohorts, including more than one generation and, more essentially,
including all transmissions, will be another good tool to clarify if insta-
bility of the CAGexp is indeed a negative or neutral force related to

the maintenance of mutation in the population.

In contrast, differences between instabilities inherited from pater-
nal and maternal transmissions seem to reflect a real biological phe-
nomenon. Proposed mechanisms have been summarized elsewhere.>®
The overall effect over progeny of SCA3/MJD carriers is not well esti-
mated, as none of the studies clearly stated that efforts were done to
recruit balanced samples of transmitting mothers and fathers.

The results related to changes in AO between parents and chil-
dren seemed to have been more prone to bias than those related to
CAGexp instabilities. The risk of this specific bias has been acknowl-
edged early after the discovery of ATXN3 mutation.?° There are at
least two different levels of bias: those due to different AO measures
among studies, and those due to recruitment biases. AO was defined
in all articles as age at the first symptom as noted by the patient
and/or his/her relatives. Cultural and family differences can possibly
affect different perceptions of AO among different SCA3/MJD
populations studied. However, the meta-analysis of factors that influ-
ence AO in SCA3/MJD’ showed that the mean as well as variability
of AO was similar in 10 different populations studied (more than
2000 subjects). If memory biases occurred, they must have reached
different populations in a similar manner. On the other hand, reasons
for potential recruitment bias here were similar to those detected in
studies about instabilities. Papers did not state that all children of the
included parents were analyzed; none of them clearly excluded the
present generation to avoid bias toward cases at younger age at
onset; none of them balanced maternal and paternal transmissions.
Among these sources of bias, maybe the most important was the
absence of an age cutoff for the inclusion of contemporary subjects.
As many mutation carriers could be still asymptomatic during the
observation, anticipation might have been overestimated.

There is another reason to make us skeptical about the anticipa-
tion meta-analyzed here: the order of magnitude. The CAGexp was
related to 55% of variability in AO.” If numbers estimated here are
correct, then to each CAG repeat added due to an unstable transmis-
sion, the change in AO would be 3.5 years (or 55% of the 7.75 years
minus AO divided per 1.23 added to CAG in the expanded repeat, per
average transmission). This value is much more than the larger
CAGexp effect estimated in a large meta-analysis with more than
2000 individual participant data: for each additional CAG in the
expanded repeat, a reduction of 2.58 years in the AO would be
expected.”

The fact remains that, despite of the apparent real differences in
instabilities inherited from affected mothers or fathers, the average
change in the direction of a strong anticipation of 7.75 years per gen-
eration did not present substantial differences related to sex of the
transmitting parent, and there is no explanation for this similarity.
Since the CAGexp explains 55% of variability in AO” and since the
variability in the inherited CAGexp was wider in male than in female
transmissions, then other factors influencing anticipation would be
more present in female than in male transmissions.

Trinucleotide repeat expansions related to neurodegenerative dis-
orders are more frequently studied due to the negative impact on
health of people. Ascertaining whether or not there are positive

effects associated with the presence of CAG expansions appears to
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be counterintuitive and even futile, and perhaps that is the reason for
few studies conducted from this perspective. The effects of expansion
on fertility and meiotic segregation fall into this field of potentially
positive effects from the point of view of natural selection. Only one
study compared the number of children of SCA3/MJD carriers to
those of noncarriers, a previous publication of our group.2® Emeritus
SCA3/MJD carriers have 45% more children than related noncarriers.
This result cannot be generalized to other SCA3/MJD cohorts, since it
was observed just in the Rio Grande do Sul cohort. However, evi-
dence of similar increased fitness was also obtained in other polyQ
diseases, such as Huntington disease, SCA1, and SCA2°%°°
suggesting that other SCA3/MJD cohorts can present similar findings.

Meiotic drive or segregation distortion is the phenomenon in
which the presence of one allele (D) at a locus reduces the chances of

gametes carrying the alternative allele (d).>¢

The segregation analysis
by the inclusion of all children of a given affected carrier was per-
formed four times in the literature. In three reports, the noncarrier
status was acceptably established. Results included in this meta-
analysis point to a favorable selection of the expanded repeat at some
point between meiosis and childbirth. In contrast, different results
obtained by the only two studies on sperm cells prevented them to be
meta-analyzed and are difficult to explain. We speculate whether such
results would be due to diverse cell conditions such as temperature
and time between collection and analysis.

A collateral but very interesting result was the one related to seg-
regation distortion among normal persons carrying normal CAG length
alleles in the general population. Indeed, the shorter CAG repeat allele
is more transmitted than the larger normal one in controls. Thus, dur-
ing ATXN3 allele segregations, there is a selection of both extreme
length CAG alleles: the expanded one, when present, and the shortest
one, when there is no expanded allele, in a classic case of disruptive
selection. This phenomenon might be related to the virtual empty
range of CAG repeats between 45 and 50 repeats. Normal subjects
present up to 44 repeats, while SCA3/MJD carriers present one allele
with 51 or more CAG repeats. This range of six repeats between nor-
mal and expanded alleles was never populated with observations - at
least they were never formally described. At the same time, this range
(45-50 repeats) could theoretically be called “intermediate alleles”
(Al, in the literature). Al are usually conceptualized as nonpathogenic
alleles that are prone to instabilities when crossing meiosis, and there-
fore as source of de novo mutations. The lack of carriers of 45-50
CAG repeats at ATXN3 might be associated with the fact that de novo
mutations were never reported in SCA3/MJD.

In fact, ancestral origins of SCA3/MJD seem to be few, the oldest
one dating of 16 000 years back, or around 640 generations or more.*!
These older lineages originated in the ancestral Chinese populations.
The ancestral haplotype ACA, through one or two haplotypic variants A
and B,*! is the oldest and most common worldwide and seems to have
spread through migrations to different parts of the contemporary
world. Presence of so old ancestral haplotypes would be hard to be
matched with a predominance of negative selection.

We are aware of difficulties related with the study of natural

selection in humans. It is well known that natural selection is the
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weakest on traits manifested after the majority of an organism's
reproduction is complete. Even taking this into account, many mono-
genic diseases, including those related to neurodegenerative diseases,
are present at higher frequencies than would be expected from the
elimination carried out by natural selection over time. One possible
explanation would be the antagonistic pleiotropy of a gene, that is,
pleiotropic functions acting antagonistically in different cells, tissues,
or periods of time. A number of empirical examples of antagonistic
pleiotropy associated with deleterious genes in humans have already
been described or proposed, suggesting that the phenomenon may be
much more frequent than expected.*® Antagonistic pleiotropy associ-
ated with exonic CAG expansions can produce events as diverse as
the selective advantages studied here, or as the lower predisposition
to cancer described in patients with SCA3/MJD and in other polyQ

diseases®” 61

as well as neurodegeneration.

The overall effect of these forces over the epidemiology of
SCA3/MJD will take time to be demonstrated, as many generations
need to be monitored. So far, only one study has followed changes in
the prevalence of SCA3/MJD over 44 years in a geographic region,
the Azores.®? The disease prevalence increased from 23/100 000 in
1981 to 39/100 000 in 2015. At this point, it is hard to say whether
this was due to recruitment biases or if it was a true effect.

In addition, the balance between negative and positive selective
forces is also likely to vary according to the severity of the pheno-
types of parents with SCA3/MJD. The various phenotypes associated
with the disease should change these evolutionary vectors at each
phenotype aggravation. One study on the classical SCA3/MJD sub-
phenotypes®® detected that subjects with type 1 had fewer children
than subjects with types 2 and 3.°* Type 1 is characterized by early
AO, longer CAG repeat expansions, and presence of intense spasticity
and dystonia. However, the reduction in fertility disappeared from
type 1 subjects with AO similar to AO of type 2 and 3 individuals,
suggesting that the reduction in fertility was more probably related to
the early AO than to the neurological manifestations per se, in that
cohort. In fact, this result was similar to the results reported in the
study that addressed fitness??: cases with later AO had more children.
Adding the effects of two different evolutionary forces (fertility on
one hand and segregation distortion on the other), we can say that
the reproductive success would ensure that the meiotic drive takes
effect, that is, more affected than nonaffected children were gener-
ated. All of this happens in an opposite direction among cases with
early AO (less children, less effect of the meiotic drive). However,
there is no doubt that the characterization of the phenotype only
through AO is limited, especially in a condition such as SCA3/MJD.
More papers relating fertility to the neurological severity such as this

former one®*

are required, because the severity of the disease
manifested in a subject should greatly influence his/her reproductive
capacity. For instance, sicker people will have less chance of adapting
to social life, and less chance of taking care of their children.

If the effect of selective forces is relevant to the epidemiology of
genetic diseases, it is essential that clues about positive versus nega-
tive selection be further studied in human populations. Whether posi-

tive and negative selective forces are at balance in SCA3/MJD or if one
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of them prevails, remains to be established. If they are at balance, the
frequency of disease would not change substantially in time, provided
that other bottleneck effects did not occur. If negative forces predomi-
nate, frequency of SCA3/MJD would be reduced in human populations.
We are convinced that at least the segregation of alleles is a positive
force that increases SCA3/MJD frequency. SCA3/MJD fitness is possi-
bly but not surely increased. If these forces predominate, then SCA3/
MJD frequency would increase in the future years.

In conclusion, the present meta-analysis gave satisfactory results
on segregation distortion, while other outcomes under study should
be better addressed in the future. Better studies on unstable transmis-
sions are required, with genotyping of all sibships to avoid bias in
favor of more severe cases. Better studies on anticipation are also
necessary, where all offspring of a parent should be genotyped and/or
a minimum age should be a criterion to include children with late AO
and, therefore, without anticipation. More studies are also required
on genetic fitness in SCA3/MJD, so that the increased fertility might
be validated. If these selective forces would be better clarified, the
impact on prevalence prediction and on information about recurrence
will undoubtedly assist health policies and help the genetic counseling
of carriers of SCA3/MJD.
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1 | INTRODUCTION

Abstract

Dominant diseases due to expanded CAG repeat tracts, such as spinocerebellar ataxia
type 2 (SCA2), are prone to anticipation and worsening of clinical picture in subse-
qguent generations. There is insufficient data about selective forces acting on the
maintenance of these diseases in populations. We made a systematic review and
meta-analysis on the effect of the CAG length over age at onset, instability of trans-
missions, anticipation, de novo or sporadic cases, fitness, segregation of alleles, and
ancestral haplotypes. The correlation between CAG expanded and age at onset was
r? = 0.577, and transmission of the mutant allele was associated with an increase of
2.42 CAG repeats in the next generation and an anticipation of 14.62 years per gen-
eration, on average. One de novo and 18 sporadic cases were detected. Affected
SCAZ2 individuals seem to have more children than controls. The expanded allele was
less segregated than the 22-repeat allele in children of SCA2 subjects. Several ances-
tral SCA2 haplotypes were published. Data suggest that SCA2 lineages may tend to
disappear eventually, due to strong anticipation phenomena. Whether or not the
novel cases come from common haplotypes associated with a predisposition to fur-

ther expansions is a question that needs to be addressed by future studies.

KEYWORDS
allele segregation, ancestral haplotypes, anticipation, fertility, meta-analysis, spinocerebellar
ataxia type 2, unstable transmissions

repeats, being the most frequent of them the 22 repeats long allele

that represent 75%-90% of alleles in several populations.® The reason

Spinocerebellar ataxia type 2 (SCA2) is an autosomal dominant neuro-
degenerative disease caused by the expansion of a CAG repeat in
ATXN2. Normal CAG tracts in ATXN2 range from 12 to 32-33

for that remains unknown. Tracts with more than 33 repeats are path-
ogenic, with autosomal dominant expression. The most accepted

pathogenetic mechanism relates ataxin-2 with the expanded

Clinical Genetics. 2021;1-10. wileyonlinelibrary.com/journal/cge
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polyQ—the entire protein or peptides produced after its proteolysis—
to intracellular aggregation, neuronal toxicity, and degeneration.?
Some lines of evidence link the role of ataxin-2 in RNA and protein
homeostasis to events in SCA2 pathogenesis; even in this context,
toxic gain-of-function rather than loss-of-function mechanisms seems
to be the key driver of the disease.®

SCA2 onset starts around the mid-30s, and includes gait ataxia and
dysarthria, associated with slow saccadic eye movements.* The age at
onset (AO) of first symptoms correlates with CAG expansion length.>”
There is a progressive worsening of the clinical picture as the individual
gets older, with successive involvement of motor neurons, basal ganglia,
and peripheral afferent pathways, among others.® Several clinical scales
focused on neurological manifestations documented the speed of this
deterioration. A recent meta-analysis estimated that the Scale of Assess-
ment and Rating of Ataxia (SARA) worsened on average 1.40/40
(1.19-1.61) points per year after onset of symptoms in SCA2.° Earlier
AO were associated with faster progression, meaning that the sooner
SCA2 starts, the more severe and faster the disease progresses.10 Sur-
vival is reduced to 68 [95% Cl: 65-70] years of age, usually after a
wheelchair period.!? Longer expansions are one of the strongest con-

tributing risk factors for early death.*?

The expanded CAG repeat is unstable upon transmissions.®
Although the disease might start, in theory, at a later or earlier age
than in the transmitting parent, further expansions and, consequently,
anticipation of AO in the offspring have been more frequently
observed, with several reports of carriers starting the disease during
childhood.*®* Since early onset can affect the reproductive chances
of the carriers, anticipation is a selective force that would contribute
to elimination of expanded ATXN2 lineages from populations.
However, SCA2 is one of the most common SCAs worldwide.
The contradiction between anticipation and the relative frequency of
the disease raises the question of possible selective forces acting over
SCA2. Thus, our aim was to perform a systematic review and meta-
analysis on some outcomes related to the CAG repeat expansion at
ATXN2 with potential effect over SCA2 recurrence. In order to
achieve that, the following aspects were reviewed: (1) the correlation
between AO and length of the expanded CAG repeat; (2) the instabil-
ity of the expanded repeat when crossing meiosis; (3) changes in AO
among different generations; (4) de novo or sporadic cases; (5) differ-
ences in reproductive rates between carriers and non-carriers; (6) mei-

otic segregation; and (7) ancestral haplotypes.

2 | METHODS
The methodology protocol for this study was registered at Prospero
platform (https://www.crd.york.ac.uk/PROSPERO/) under the num-
ber CRD42020182293, and prior to data extraction (https://www.
crd.york.ac.uk/PROSPEROY/).

This review, the term “carrier” means an individual, symptomatic
or not, heterozygous for one ATXN2 allele with more than 33 CAG
repeats in her/his genotype. The term “fitness” stands for the repro-

ductive success of a phenotype, and was estimated by the ratio

between the mean number of children of carriers over the mean num-
ber of children of controls. The term “emeritus” was the term used for
a person that probably reached the end of her/his reproductive age,
by being older than an arbitrated age by a given study. The term “de
novo” stands for subjects or alleles (in which a CAG tract with more
than 33 repeats was inherited from parents with documented alleles
equal or shorter than 33 repeats. The term “sporadic case” refers to
symptomatic SCA2 subjects without a family history of ataxia, whose

parents were no more available for genotyping.

2.1 | Literature search and data extraction

MEDLINE (PubMed) was searched from November 1996 to July 2020
for reports on the following main outcomes: (1) correlation between
AO and the expanded CAG repeat length; (2) instability of the
expanded repeat when crossing meiosis (contractions and/or expan-
sions); (3) differences in AO between different generations, usually
named as “anticipation”; (4) de novo or sporadic cases; (5) reproduc-
tive rates of the carriers compared to those of non-carriers, also called
“genetic fitness”; (6) meiotic segregation; and (7) ancestral haplotypes.
Each research question was answered by one search; therefore, seven
searches were performed in total. Each search started with terms:
(“SCA2” OR “Spinocerebellar ataxia type 2” or “SCA 27). After them,
search (1) continued with terms AND (“age of onset” OR 'age-of-
onset' OR 'age at onset' OR 'age-at-onset'). Search (2) continued with:
AND (“instability” OR “contraction” OR “further expansion” OR “mei-
osis” OR “transmission” OR “parent-child”). Search (3) proceeded
with: AND (“age at onset” OR “AO” OR “age of onset” OR “anticipa-
tion”). (4) AND (“De novo mutation” OR “sporadic cases”) Search
(5) continued with: AND (“fitness” OR “number of children” OR “chil-
dren” OR “reproduct*”). Search (6) added: AND (“segregation” OR
“meiotic drift”). And search (7) added: AND (“haplotype” or “ancestral
origin” or “mutational origins” or “common ancestor”).

Peer-reviewed articles and meeting abstracts in English were
included, and references were checked to guarantee maximal cover-
age. Three reviewers (LSS, JSP, and AH) independently assessed and
extracted data into evidence tables. Any disagreement regarding eligi-

bility was discussed with the other two reviewers (MLSP and LBJ).

2.2 | Population, exposure, comparators,
outcomes, and inclusion and exclusion criteria

Studies performed in 10 or more SCA2 subjects were included. The
main exposures considered for meta-analysis were carrier status for
SCAZ2 and length of the expanded CAG repeat. Outcomes under study
were (1) correlation between age of onset and CAG length; (2) instabil-
ity of the expanded repeat when crossing meiosis (contractions
and/or expansions); (3) differences in AO between different genera-
tions (anticipation); (4) de novo mutation or sporadic cases; (5) genetic
fitness; (6) meiotic segregation; and (7) the ancestral haplotypes

described up to date.
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The molecular confirmation of SCA2 in symptomatic and/or asymp-
tomatic heterozygotes was a requirement to include studies in all searches.
For the search question related to fitness, the case-control design was also
an inclusion criterium. The most updated and complete data set was
selected if multiple publications from the same study group and/or institu-
tions were detected, in order to avoid gross overrepresentation.

2.3 | Risk of bias assessment and quality control

A priori, three potential causes of heterogeneity between studies that
correlated AO with CAG repeat length (search 1) were identified. Bias
related to incomplete ascertainment of subjects was partially controlled
by the exclusion of studies with less than 10 subjects and with non-
significant correlations. Different definitions of the onset of symptoms
were controlled and analyzed if appropriate. Finally, since detailed labo-
ratory methodology was lacking in most studies, differences in precision
of the CAG measurements due to diverse laboratory protocols were con-
trolled by comparing studies performed before and after the median year
between the first and the last studies included in the meta-analysis.

Ascertainment bias was also an important risk for search (2): this risk
was assessed by controlling if inclusion of all offspring of a given carrier
and balance between parental sexes were respected. Inclusion of all off-
spring of a given carrier, exclusion of the present generation (to avoid bias
towards younger AO), and balance between parental sexes were the
criteria used to assess bias on studies retrieved by search 3. A priori, de
novo mutations or sporadic cases (search 4) are expected to get case
reports only or reports among series of general ataxic subjects without a
dominant inheritance; both under-detection - including cases with more
access to diagnosis - and erroneous allocation due to unknown parent-
hood are expected to occur and go undetectable. Studies on genetic fitness
(search 5) could be prone to allocation and chronological biases; these risks
were assessed by the type of controls considered as non-carriers - general
population versus relatives -, number of generations under study, and inclu-
sion of all family members. Studies on segregation of alleles (search 6) were
considered free from ascertainment bias if all individuals from a given
sibship were included and genotyped. Heterogeneity of results was consid-
ered low if results differed from 0% to 50%, medium, from 50% to 75%, or
high, if above 75%.1> High heterogeneity of results between studies was
considered suggestive of the presence of bias, or methodological discrep-
ancies between studies. If present, re-analysis was performed in order to
detect studies with potential problems.

Participation in quality control programs were valued and men-
tioned, if available. Quality of studies on ancestral haplotypes was also
evaluated by the existence of a control group from the original
populations. All potential biases and quality parameters were summa-

rized in the Results section (Section 3), if appropriate.

2.4 | Analysis and data synthesis

Descriptive measures of central tendency and dispersion were

retrieved from original studies, and described according to the data

distribution. Aggregate measures of the expanded CAG repeat length,
AO, number of children, and number of segregated gametes for the
entire cohorts were obtained to perform the meta-analyses using R
Program version 3.6.2 (2019-12-12), package meta version 4.9-7, if
two or more studies reached inclusion criteria. Random effects model
was chosen in order to avoid effects related to differences between
inclusion criteria, sample sizes and/or variances of the studies
selected. Summary statistics from aggregated databases were planned
to be used for all outcomes under study, with exception of the ances-
tral haplotypes. A confidence interval of 95% was chosen to attribute

significance to results.

3 | RESULTS

A total of 339 papers were obtained after searching databases.
Some papers were found in more than one of the seven searches:
47 were selected twice, 16 were selected three times, and four
were selected four times. None of the papers mentioned that their
institutions participated in quality control programs. After analy-
sis, eligibility was reached in 21 papers on correlation between
CAG and AO of the symptoms, six papers and one unpublished
data on instability of the expanded repeat, eight on anticipation,
10 articles on de novo mutation or sporadic cases, one on fertility,
one on segregation distortion, and 11 on ancestral haplotypes.
Studies obtained from our seven searches as well as reasons for
inclusions or exclusions can be found in Supplemental materials
1and 2.

31 |
length

Correlation between age at onset and CAG

Twenty-one studies™®>16-34

length of expanded CAG repeats found in SCA2 cohorts
(Supplemental Materials 1 and 3).

reported on correlations between AO and

Ten papers defined AO as the age when the first symptom was
noticed by the subject or relatives, three papers defined AO as the
onset of gait ataxia, and 11 did not present AO definition. In the unique
paper that described both criteria, AO were exactly the same for the
first symptom and for gait ataxia of each individual analyzed.?® Since
most SCA2 patients develop gait ataxia as the first symptom, we con-
sidered that both concepts were equivalent, allowing all data to be ana-
lyzed together. The global linear correlation coefficient between CAG
expanded and AO was r = 0.75 [0.71-0.79] (r? = 0.577) in 1406 indi-
viduals, meaning that, on average, 57.7% of the AO variability in SCA2
worldwide is determined by the causative mutation. The mean age at
which symptoms started was 33.85 (32.14-35.56) years and the mean
length of the expanded CAG was 40.62 (39.86-41.37) repeats.
Figure 1 summarizes the chronological information from papers
included as well as the global results of this meta-analysis. In addition,
Figure 2 compares CAG repeat length dispersions with those of the AO
for those studies that reported this data.
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Correlation Age at onset CAG Length

Study N Mean 95%-Cl Weight Mean  95%-Cl  Weight Mean  95%-ClI Weight
Sena et al. 2019 49 —*r— 070 [052;082] 6.0% 36.50 [34.27;38.73] 74% 4000 [38.89;41.11] 7.7%
Stezin et al. 2018 73 —=— 0.46 [0.26;062] 7.6% 27.90 [25.03;30.77) 6.8% 4200 [41.01;42.99] 80%
Tezenas et al. 2014 309 . 0.79 [0.74;0.83] 12.4% 36.00 [34.55;37.45] 80%  39.00 [38.67;39.33] 9.1%
Hoche et al. 2011 19 ——=—  0.76 [047;090] 2.8% 47.37 [4147,53.27] 42%  36.00 [34.50;37.50] 6.8%
Sulek-Piatkowska et al. 2010 49 — 0.66 [0.47;0.79] 6.0% 32.80 [28.74;36.86] 57%  40.80 [39.85;41.75] 8.0%
Almaguer-Mederos et al. 2010 530 - 0.78 [0.74;0.81] 13.5% 33.10 [31.91;34.29] 8.1% 40.30 [39.89; 40.71] 9.0%
Infante et al. 2005 25 —%— 0.83 [0.65;0.92] 3.6% 36.90 [31.26;42.54] 4.4%

Sinha et al. 2004 21 —Ls— 0.82 [0.60;092] 3.1% 24.40 [20.02;28.78] 54% 4664 [42.31;50.97) 2.3%
Chattopadhyay et al. 2003 30 —=1— 068 [042;0.84] 4.2% 33.80 [30.69;36.91] 6.6%

Lee et al. 2003 17 ———=—1—  0.62 [0.20;0.85] 2.5% 32.80 [26.76;38.84] 4.1%  44.90 [42.38;47.42] 4.6%
Maruyama et al. 2002 20 —=— 066 [0.31;0.85] 2.9% 35.20 [30.12;40.28] 4.8%  40.70 [39.21;42.19]  6.8%
van de Warrenburg et al. 2002 15 ——  0.77 [043;092] 2.2% 34.70 [26.96;42.44] 3.1%

Filla et al. 1999 62 ~4#  0.81 [0.70;0.88] 6.9% 36.70 [33.17;40.23] 62%  39.60 [38.80;40.40] 8.3%
Pareyson et al. 1999 40 —— 0.70 [0.50;0.83] 5.2%

Giuffrida et al. 1999 29 —#1— 069 [043;0.84] 4.1% 37.30 [31.22;43.38] 4.1%  39.40 [38.38;40.42]  7.9%
Sasakietal. 1998 27 —— 0.81 [0.62;091] 3.8% 33.10 [28.32;37.88) 5.1%  41.60 [40.24;4296] 7.1%
Zhou et al. 1998 16 —:—o— 0.83 [0.57;0.94] 2.3% 32.80 [27.51;38.09] 4.7%

Mizushima et al. 1998 13 ——— 0.90 [0.69;097] 1.9% 3220 [22.85;41.55] 24% 4130 [3875;43.85] 4.5%
Schéls etal. 1997 21 —++—  0.82 [0.60;092] 3.1% 31.50 [26.50;36.50] 4.9% 4143 [39.73;43.13]  63%
Geschwind et al. 1997 15 —— 081 [0.51;093] 22% 30.00 [23.67;36.33] 3.9% 4330 [4033;46.27) 3.8%
Imbert et al. 1996 26 +—%— 086 [0.71;094] 3.7%

1
1
Random effects model 1406 > 0.75 [0.71; 0.79] 100.0% 33.85 [32.14; 35.56] 100.0%  40.62 [39.86; 41.37] 100.0%

FIGURE 1

Heterogeneity: I = 42%, {* = 0.0139,p= 0.02

Heterogeneity: I 77%,1 % = 8.9653,p <0.01 Heterogeneity: 17= 88%,1 %= 16126,p <0.01

Forest plots of the correlation between age at onset (AO) and length of expanded CAG repeats found in SCA2 cohorts. Results

with 95% confidence interval were calculated using a random-effects meta-analysis. RE: random-effect; I? quantifies heterogeneity; t is
magnitude of the between-study variance in our meta-analysis, p for heterogeneity

CAG Length Age at onset FIGURE 2 Forest plots of the
. . CAG repeat length and age at
StUdy Mean 95%-Cl Weight Mean 95%-Cl Weight onset (AO) dispersions for studies
el Bogh: |—— 4664 [42.31;5097] 25% - | 24.40 [2002;28.78]  7.3% that reported these data. The
Geschwind at al. 1997 | 44.90 [42.38;47.42] 4-9:/0 — 32.80 [26.76;38.84] 5-7:/0 studies were listed in descending
B aoal oo = 4330 [40.33;4627] 41% = —*T 30.00 [2367;36.33] 5.5% order according to the average
e erch ; 42.00 [41.01;4299] 86% : 27.90 [2503;30.77] 8.8% !
sakietal 1990, 41.60 [40.24:4296) 7.7% & 3310 [2832:37.88] 6.9% length of the CAG expansion,
3?“5'1?‘3' s & 4143 [39.73;4313) 68% - 3150 [2650;36.50]  6.7% compared to their respective ages
M:::jsyal:: :t :|. 2002 - 41.30 [38.75;4385] 4.9% H 3220 [22.85;41.85]  3.5% at onset. Results with 95%
A o 15010 . 40.70 [39.21;4219] 7.3% —— 3520 [30.12;40.28]  6.6% confidence interval were
o gt Itk . 40.30 [39.89;40.71] 9.7% . 3310 [31.91;34.29] 10.1% culated usi dom-effect
F,"“af |a'1 ot _ 40.00 [39.14:40.86] 8.9% i 36.50 [34.27;38.73]  9.4% calculated using a random-efrects
G:ijf?id: : el 555 3 39.60 [38.80;40.40] 9.0% b 36.70 [33.17;40.23] 8.1% meta-analysis. RE: random-effect;
Torenanichial 5014 ] 39.40 [38.38;4042] 85% = 37.30 [3122;43.38] 57% 12 quantifies heterogeneity; t2 is
Hoche elal 2011 11 se00 Beraed Sar i —aavey Mrases) ow  magnitude of the between-study
! : D = ! ’ e = variance in our meta-analysis,
Random effects model ¢ 40.60 [39.81; 41.39] 100.0% 3 33.79 [31.66; 35.93] 100.0% p for heterogeneity
Heterogeneity: I = 89%, £ = 1.6324, p < 0.01 Heterogeneity: 12=83%, t2=11.3599 ,p <0.01 )
3.2 | Instability paternal ones in all papers included, we assume that samples were not

26:34-38 \vere retrieved to describe potential instabilities

Seven papers
of CAG expanded length when transmitted from affected parents to
their children (Supplemental Materials 1 and 4). Transmission of the
mutant allele, regardless of sex of the affected parent, was associated
to an increase of 2.42 CAG repeats in the next generation (Figure 3
(A)). The average increase was larger in paternal (3.84 CAG) than in
maternal (1.19 CAG) transmissions (Figure 3(B),(C)).

None of these studies clearly stated that all offspring of a given
carrier were included. The papers did not mention that efforts were
made to recruit balanced samples of transmitting mothers and fathers.

Since the number of maternal transmissions was larger than the

balanced, and may have missed a substantial number of paternal

transmissions.

3.3 | Anticipation

Eight papers studied differences between AO of children and their

16,26,28,33,39-42 (g nplemental Materials 1 and 5). The

affected parents
average AO change between generations was towards an anticipation
of 14.62 years per generation. However, the heterogeneity between
these results was 78%. After excluding the most discrepant data, het-

erogeneity between papers was acceptable while the average
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(A) Overall Instability (D) Overall Instability
Study Mean 95%-Cl Weight Study Mean MRAW  95%-Cl  Weight
Our data 2020 ——— 391 [1.71;6.11 66% Sena 2019 — 1071 [7.97;13.45] 23.4%
Almaguer-Mederos at al. 2018 —= 208 [1.06;3.10] 250% Filla 1999 —— 15.00 [10.19;19.81] 14.4%
Filla et al. 1999 —Er— 190 [0.54;3.26] 158% Gambardella 1998 —+*#— 1575 [10.60;20.90] 13.3%
Giunti et al. 1998 — 223 [1.14;332] 226% Burk 1997 +—— 1840 [13.83;22.97) 15.2%
Riess et al. 1997 T+ 573 [223,923] 27% Stevanin 1996 —_— 14.70 [10.99; 18.41] 18.7%
Cancel etal. 1997 —— 220 [0.96;3.44] 183% [ ezin 1996 — 12.00 [7.36;16.64] 15.0%
Imbert at el. 1996 —— 313 [1.26;5.00] 89% !
1
| . . Random effects model > 14.11 [11.69; 16.53] 100.0%
'I:a:\dom gffg;tf ::/:del <> 242 [1.84;3.01] 1000%  oorogeneity: 1= 51%, | T 1
lze:[fgg's‘;";‘: ot 0 : {2=4.5828,p=0.07 10 0 10 20
(B) Partenal Instability (E) Partenal anticipation
Study Mean MRAW 95%-Cl Weight  Study Mean MRAW  95%-Cl  Weight
Our data 2020 —:—*’— 5.83 [269; 8.97] 100%  Sena2019 — 1141 [7.37;15.45] 25.4%
Fllaist al. 1999 s 320 [097; 543] 154%  Ejj, 1999 ——%—— 1880 [1261:24.99] 18.0%
Al_maguer-MederosataLzow + 3.10 [0.655 5.55] 13.8% Biirk 1997 _;__._ 2010 [14.07:26.13) 18.5%
Giunti at al. 1998 —_— 345 [1.22; 5.68) 154% ° H
Ri | X o Stevanin 1996 —_— 16.10 [10.49;21.71] 19.8%
iess at al. 1997 | ——=——— 9.57 [4.44;14.70] 4.6% v : “
Cancel atal. 1997 —= 2.70 [1.07; 4.33] 206%  Lezin19% _“'—'—: 11.00 [4.87:17.13] 18.2%
Schls at al. 1997 ——=——  6.80 [2.77;10.83] 6.8% |
Imbert at al. 1996 —_— 2.82 [0.32; 5.32) 13.5% Random effects model et 1521 [11.52; 18.89] 100.0%
' Heterogeneity: 1% = 55%, | ! ! L
Random effects model —_— 3.87 [2.69; 5.05] 100.0% tz=9.6669.p=0.06 -10 0 10 20
Heterogeneity: 12 = 39%,
t2=1.0602, p =0.12 -5 0 5
(C) Maternal Instability (F) Maternal Anticipation
Study Mean MRAW 95%-Cl Weight Study Mean MRAW 95%—Cl Weight
Our data 2020 F—=— 1.60 [0.00;3.20] 109% gena 2019 E— 11.41 [7.37;1545] 25.4%
Almaguer-Mederos atal. 2018 _T— 1.16 [0.32;2.00] 20.1% Filla 1999 —_— 18.80 [12.61; 24.99] 18.0%
Filla atal. 1999 e | 0.30 [-0.04;0.64] 27.7% g 100 A% 2010 [14.07: 26.13] 18.5%
Giunti et al. 1998 —_ 1.33 [0.60;2.06] 21.9% ° \ : Ao 0
Riess at al. 1997 i 238 [-1.23 509 3.0% Stevanin 1996 —— 16.10 [10.49; 21.71] 19.8%
Cancel atal. 1997 —— 1.60 [0.17;3.03] 125% Lezin 1996 — & 11.00 [4.87;17.13] 18.2%
Imbert at al. 1996 —— 3.50 [0.36;6.64] 3.9% )
' Random effects model - 15.21 [11.52; 18.89] 100.0%
Random effects model < 1.19 [0.53;1.85] 100.0% Heterogeneity: 12 = 55%, | ! ! !
Heterogeneity: 12 = 62%, I 1 1% =9.6689, p = 0.06 -10 0 10 20
t?=0.3802, p = 0.01 -5 0 5

FIGURE 3

Forest plots of instabilities of the CAG expanded repeat length when crossing generations and of anticipation of the

AO. (A) Overall instability of the CAG expanded repeat; (B) instabilities observed when paternal transmitted the expansion; (C) instabilities
observed in maternal transmitted the expansion; (D) overall anticipation of the age at onset; (E) anticipation observed in paternal transmitted the
disease; (F) anticipation observed in maternal transmitted the disease. Results with 95% confidence interval were calculated using a random-
effects meta-analysis. RE: random-effect; I? quantifies heterogeneity; t? is magnitude of the between-study variance in our meta-analysis, p for

heterogeneity

anticipation was of 14.11 years per generation (Figure 3(D); see Sup-
plemental Material 6 for the overall results). Paternal and maternal
transmissions were associated with anticipations of 15.21 and

11.69 years, respectively (Figure 3(G),(F)).

3.4 | De novo expansions and sporadic cases

One de novo mutation and 18 sporadic cases were detected from ten

3243-51 (Supplemental Materials

papers retrieved from the literature
1 and 7).

Three papers described de novo expansions. However, only one
fitted our strict criteria: Futamura et al.>® described a symptomatic
individual with 22/35 CAG repeats at ATXN2 and onset of symptoms
at 36 years of age; his asymptomatic mother and father carried 22/22

and 22/32 repeats, respectively. In a time when the pathogenic

cutoffs of the CAG repeats were still to be determined, a seminal
paper about instabilities in SCA2 described a symptomatic individual
with 41 repeats at ATXN2 whose deceased and non-ataxic father was
discovered to carry 34 repeats®?—a length in the pathogenic range,
nowadays. Finally, Laffita-Mesa et al.*® described a family with recur-
rent cases of amyotrophic lateral sclerosis (ALS). One ALS case carry-
ing 22/35 CAG repeats at ATXN2 was the son of a woman with
22/25 CAG repeats, who were presented as the transmitting parent.
However, the lack of data about the father's genotype prevented a
definitive characterization of that ALS subject as a de novo case, for
the present review.

Six papers were characterized as case series of sporadic or iso-
lated cases of ataxia of adult onset - ie, ataxic subjects without a fam-
ily history of ataxia and without molecular information about their
parents44'46'48'49'51; however, one study was excluded due to uncer-

tainty about presence of family history.”* One additional paper was a
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TABLE 1
diseases
SCA2
Correlation between CAGexp and AO (r?) 0.577
Did the correlation between CAGexp and AO vary No

across ethnic groups?

CAGexp instability upon meiosis
Mean [95% Cl]

Anticipation
Mean [95% ClI]

de novo expansions reported in the literature Yes
Ancestral haplotypes identified so far
Fitness 1.50

Segregation of the expanded allele 40.4%

2.42[1.84;3.01]

14.62 [11.59;17.65]

Undetermined

Some biological characteristics of SCA2 and SCA3/MJD that might act or express underlying selective pressures over these

SCA3/MJD References
0.552 Mattos et al. 2018; present data
Yes Mattos et al. 2018; present data

1.23[0.761.70] Sena et al. 2021; present data

7.75 [6. 63-8.88] Sena et al. 2021; present data

No Sena et al. 2021; present data

At least seven Sena et al. 2021; present data

1.45 Prestes et al. 2008; Sena et al 2019
64.0% Sena et al. 2019 and 2021

Abbreviations: AO, age at onset of symptoms; CAGexp, the expanded CAG repeat; Cl, confidence interval.

case series on sporadic Parkinson disease patients.*” The number of
sporadic SCA2 subjects per sporadic ataxic subjects studied were
1/20 in India, *® 1/39 in Korea,** 6/123 in Mexico,* 1/15 in Japan,*®
9/237 in China,** and 1/242 PD in Taiwan.*’

3.5 | Fitness

One study'® estimated fitness of SCA2 carriers (Supplemental material
1). Number of children of symptomatic and asymptomatic relatives
older than 65.7 years (2 SD from the mean AO of the 164 subjects
from that cohort) were compared. The median number of children of
the non-carriers and carriers included in the reproductive success analy-

sis were 2 and 3 (p < 0.025), respectively; fitness of carriers was 1.5.

3.6 | Segregation distortion

Literature search on segregation distortion included one paper'® only
(Supplemental material 1). The non-carrier status was defined as the
absence of ataxic symptoms in subjects older than 65.7 years (2 SD
from the mean AO of the 164 subjects from that cohort). One hundred
thirty-nine sibs, children of symptomatic subjects, met this criteria and
were included in the segregation analysis: 56 (40.4%) were affected,
while the remaining 83 (59.6%) were unaffected. The (CAG),, allele
corresponded to 78% of the 51 normal alleles analyzed. Segregation
distortion favoring the normal allele was more evident in women:
among 62 daughters of affected parents, 21 (33.86%) were symptom-
atic (carriers) and 41 (66.14%) were healthy (non-carriers) (p = 0.011).

3.7 | Haplotypes

Eleven papers?13652-¢0 (Sypplemental Materials 1 and 8) studied

ATXN2 haplotypes associated with SCA2. Three SNPs and 18 STRs

were used to construct haplotypes in different combinations across
the literature. SCA2 alleles were universally associated with C allele at
rs695871 and C allele at rs695872.545% The most used STRs were
D12S1332, D1251672, D1251333, but different codings were used
between papers, and in most of them the primers employed were not
described. Considering that a common set of SNPs and STRs markers
has not been chosen by the authors of original papers, meta-analysis

was not possible.

4 | DISCUSSION

There are still many weaknesses affecting the knowledge of forces
that interact in the maintenance of CAG expansions in ATXN2 in
human populations, such as recruitment bias, lack of standards in hap-
lotype studies, and scarcity of studies. Nevertheless, the documented
data is sufficient to state that peculiar selective pressures act on the
expanded allele at ATXN2. On the one hand, further expansions of
the expanded tract with each transmission were prevalent, although
contractions may not have been observed due to recruitment bias.
The absolutely unusual occurrence of de novo SCA2 cases suggests
that contractions prior to these cases are in fact extremely rare
events. If the general trend is to anticipate the onset of symptoms,
then extinction of SCA2 lineages would be expected. Though, the
variety of ancestral haplotypes points to the existence of multiple
ancestral origins. These two different groups of data suggest that
SCA2, as a neurological phenotype, can appear, disappear, and then
reappear in populations. The study of ancestral haplotypes may clar-
ify, in the future, whether sporadic cases represent novel lineages or
the return of positive phenotypes in previous contracted lineages.
Finally, studies on the effects of ATXN2 CAG expansion on
reproduction—a sphere independent of neuronal damage associated
with SCA2—are still very rare. Evidence that fitness and allele segrega-
tion are influenced by the presence of CAG expansion requires

confirmation.
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We have followed, on purpose, the same approach as the system-
atic review carried out on another polyQ ataxia, SCA3/MJD.®* Our
intention was to compare the evolutionary destinies of different
polyQ diseases by following the same systematic questions. Similari-
ties would indicate common mechanisms, linked to the polyQ tracts
themselves, while differences would point out to the role of the origi-
nal protein (Table 1).

The correlations between the expanded CAG at ATXN2 and AO
varied widely between studies, with r between 0.46 and 0.86
(Figure 1). However, there are many studies with a small number of
patients, with probable recruitment bias. In fact, the data suggest
more similarities than differences between different ethnic origins:
there is an almost perfect reciprocity between variations in CAG
repeats lengths versus variations in AO, in the case series represented
in Figure 2. In other words, the distributions of AO correspond to
those predicted by the expanded CAG distributions, regardless of the
origin of subjects. The same is not true for SCA3/MJD (Table 1). In
this disease, the effect of CAG expanded allele on AO depends upon
the origin of population,®? which suggests the occurrence of ATXN3
internal modifiers that vary according to different geographical areas
and likely founding effects. In contrast, Figure 2 did not detect a
SCA2 population where the effect of expanded CAG on the SCA2 AO
is different from that of other SCA2 populations. Therefore, there is
no suggestion that other variations within ATXN2, present in one geo-
graphic group but not in others, would be influencing AO. The
remaining 42.3% of AO variation in SCA2, independent of the CAG
expanded length, should probably be sought in other genetic or envi-
ronmental factors.

Recruitment biases were not clearly avoided in studies on insta-
bility and anticipation in SCA2, as observed previously in SCA3/
MJD.! However, it is important to note that the main recruitment
problems would tend to operate in opposite directions. The potential
bias of not including offspring with shorter expansions (still asymp-
tomatic) would distort instabilities towards large expansions. The bias
of including more data on transmitting mothers than fathers would
reduce the average instability observed. In any case, the instabilities
of the expanded CAG in SCA2 were on average much more intense
than those detected in SCA3/MJD (Table 1).

Among 19 sporadic SCA2 cases, only one was categorically docu-
mented as carrying a de novo expansion, originating from a large nor-
mal allele. In other sporadic cases, the late onset probably prevented
the family from being accurately investigated. Intermediate alleles or
normal alleles prone to instability would be one of the most important
factors explaining the maintenance of the expanded allele in the pop-
ulation.®® In any case, this finding diverges from the total absence of
reports of novel SCA3/MJD cases (Table 1).

SCA7 is another polyQ SCA in which there are clear records of rel-
evant instabilities. Five de novo SCA7 cases®**® and 28 SCA7 cases
with onset at childhood, six of them inherited from asymptomatic
transmitting parents®” have been reported. SCA7 also resembles SCA2
in the length of pathogenic repeats. Expanded CAG tracts are more
than 33 and 38 repeats long in the genes that cause SCA2 and SCA?7,
respectively. But the literature suggests that the sources of the novel
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cases - confirmed or suspected (sporadic) - may be different in SCA2
and SCA7. Contractions in the expanded CAG may have occurred in
pedigrees, several generations before reappearance of SCA2 as a spo-
radic case. The heredogram presented by Lafita-Mesa et al seems to
illustrate this phenomenon.*® In contrast, although there is some
debate about common ancestral haplotypes,® the cases of new SCA7
described to date appear to have been associated with a variety of
independent haplotypes. In summary, we cannot rule out that molecu-
lar characteristics—intragenic or in the protein—common to SCAs
2 and 7 may explain both the range in which repetitive sequences are
pathogenic as well as expansion instabilities associated either with
severe anticipations or with sporadic cases of these diseases. On the
contrary, the population dynamics of SCA2 and SCA?7 differs from that
of SCA3/MJD, where the expanded CAG is longer, there are very few
ancestral lineages, and no reported novel cases to date.

Studies on the fitness of polyQs have shown mixed results. Fit-
ness in SCA1 was estimated to be increased®” or unchanged’® while
increased fitness was reported in SCA3/MJD’? and in SCA2.%¢ Stud-
ies on HD have described increased fitness®® in one study and
unchanged fitness in another,”? but the latter was performed prior to
HD gene discovery. In other words, there are very few studies, or
almost a single study on each polyQ disease, on this topic. Further
observational studies would be essential to assist the comprehension
whether polyQ tracts, regardless of the protein they are inserted in,
would have a general effect on fertility.

Our study confirmed that there is a slight meiotic drift favoring
the normal ATXN2 allele. This finding supports the hypothesis that
this gene may indeed influence gametogenesis or early intrauterine
life. Interestingly, this effect was the opposite of that observed in
SCA3/MJD, where expanded alleles are favored in segregation.®® The
different directions that the segregation distortion takes place
between these two diseases may mean that the polyQs in ataxin-2
and ataxin-3 would not be the real segregation modifiers (Table 1).
They could be tags only, being linked to variants that are actually
functional in ataxin-2 and ataxin-3. In SCA2, the distorted segregation
may not be exactly in favor of normal alleles but may be in favor of
the 22-repeats allele, the most common normal and almost universally
present in the genotypes of SCA cases. This finding converges with a
study that showed that the 22-repeats allele in the following
sequence (CAG)gCAA(CAG),CAA(CAG)g is undergoing positive selec-
tion.”® Of note, the CAA interruptions seem to provide stability to
CAG repeat.>® Thus, stability plus segregation distortion might help
explain why this 22-repeats allele is so common in human
populations.

Finally, we need to point out that the search performed was lim-
ited to PubMed as well as to papers published in English. Those limita-
tions may have had an impact on the included studies, which can be
overcome by future, complementary meta-analyzes on the topic.
However, the entire database is available to the community, as sup-
plementary material, and data from other databases or from papers
published in other languages may then be included.

According to our analysis of the present data, it is likely that for

each polyQ disease, different biological conditions would lead to
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different evolutionary pressures. After all, selective pressures on
SCA2 were shown to be quite diverse from those observed in SCA3/
MJD (Table 1). In this sense, SCA2 and SCA3/MJD can serve as two
different evolutionary models for polyQs. SCA2 could represent a
group of polyQs caused by pathogenic expansions from 34-40 CAG
repeats that are characterized by severe anticipations with lineages
extinctions, and novel cases with multiple ancestral origins, such as
SCA7. Further and more comprehensive studies on instabilities, fit-
ness, segregation of alleles, and ancestral haplotypes should shed light

upon selective pressures of SCA2.
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CAPITULO VI. CONCLUSOES, LIMITES E PERSPECTIVAS

A abordagem evolutiva apresentada nesta tese buscou compreender a
manutenc¢ao dos alelos expandidos nos genes ATXN2 e ATXN3. Revisei de forma
sistematica as evidéncias disponiveis sobre as forgas seletivas que atuam sobre os
alelos expandidos desses loci, quando possivel agregando os resultados através de
metanalises. Depois, propus uma adaptagcao de uma equagao classica da genética
de populagdes para estimar a dinamica de alelos CAGexp. As simulacdes realizadas
utilizando os resultados das metanalises prévias estimaram permanéncias de
linhagens compativeis com os dados empiricos obtidos de estudos observacionais
feitos ao redor do mundo sobre a SCA2 e a SCA3/MJD. A excec¢do que permanecia
a descoberto era a previsao, a partir do meu modelo, de que a SCA2 tivesse
multiplas origens. A deteccdo de ao menos seis haplotipos SCA2 nas familias
sul-americanas estudadas na presente tese ndo s6 expandiu o numero de origens
ancestrais identificadas até hoje para essa condi¢do, como confirmou as previsées
do meu modelo. Houve, portanto, uma convergéncia entre as forgas seletivas
associadas a cada gene, os progndsticos obtidos nas simulacbes e os nossos

resultados nos estudos de haplotipos SCA2 e com os da literatura na SCA3/MJD.

A tese foi estruturada para abordar antes a SCA3/MJD e depois a
SCA2, pois as evidéncias empiricas existentes para a SCA3/MJD eram mais
numerosas e robustas do que as existentes para a SCA2. Agora eu modificarei a
ordem do debate. Comecgarei com a SCA2, pois foi nela que justamente nossas

observagdes empiricas trouxeram novidades substanciais.

De uma forma geral, podemos inferir que a dinamica da SCA2 passa
por linhagens que, apesar do aumento de fertilidade do seus portadores, seréo
extintas devido a distorcdo da segregacao e a intensidade da antecipagdo a cada
geracao. Todas as 1000 simulacbes realizadas com ATXN2 expandidos foram
extintas em uma mediana de 10 geragdes (figura 3B, Capitulo IV). Segundo esses
resultados, o modelo previu que a aparente manutengao da doenga nas populacoes

dependeria de expansdes de novo geradas a partir de sequéncias CAG normais
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instaveis. Nossos resultados obtidos no capitulo V a partir dos alelos néao
expandidos estavam de acordo com essa previsdo tedrica. O tamanho das
repeticdes CAG normais foi maior no grupo com o haplétipo G-C-C, com uma média
(sd) de 27,45(5,317), comparado dos haplétipos A-G-C e G-C-T que tiveram
respectivamente tamanhos médios de 22,08 (0,577) e 22,44(1,933). Os multiplos
haplétipos ancestrais para a SCA2 que encontramos nas familias provenientes da

América do Sul convergiram com essa afirmacgao.

Além disso, mecanismos evolutivos também podem ajudar a entender
a alta prevaléncia do CAG,, no ATXN2 na populagdo. Vimos que alelos nao
expandidos (majoritariamente 22 CAG) teriam vantagem na segregacao alélica
contra os alelos expandidos. Isso combinado com evidéncias de que o padrédo de
interrupcdes CAA nos alelos com CAG,, (CAG);CAA (CAG),CAA(CAG);z parece lhe
conferir estabilidade, seriam forgas importantes ndo sé a manter alelos com 22
repeticoes a seguir com o mesmo tamanho através das geragbes, como a o

tornarem tao comuns.

Nao obstante, essa inferéncia deixa trés lacunas importantes que

precisam ser investigadas e que mencionarei a seguir.

No que tange a distorcdo na segregacao, nao esta claro se a distor¢cao
ocorre a favor de qualquer alelo ndo expandido ou especificamente do alelo com 22
repeticdes. Estudos de distor¢des na segregacdo em nao portadores de SCA2,
assim como os realizados na SCA3 (Rubinsztein et al. 1997, MacMillan et al. 1999,
Bettencourt et al. 2008) e DRPLA (MacMillan et al. 1999) podem responder essa
questao. No entanto, a elevada frequéncia do alelo com 22 repeticdes faz com que a
heterozigosidade nesse alelo seja de 0,253, assim, recrutar individuos para esse

estudo é o passo mais complexo, porém necessario para responder essa questao.

Apesar de inferirmos que as linhagens SCA2 serdo extintas e que sua
detecgao nas populagdes seja explicada por mutagdes de novo, uma segunda
lacuna se evidencia: ndo sabemos se de fato o ATXN2 esta em equilibrio mutagao

selecao.
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O equilibrio mutacao-selegao foi utilizado para explicar a manutencao
da HD na populagdo (Reed & Neel. 1959). Naquela década, a auséncia dos
conhecimentos moleculares causadores de doengas (nem o gene causador tinha
sido descoberto) dificultavam que as explicagbes sobre a manutengdo da doenca
fossem mais solidas. No entanto, décadas depois a descoberta de haplogrupos
associados a repeticbes CAG intermediarias instaveis convergiram com a explicagéo

de que mutacdes de novo no HTT contribuiriam para explicar a frequéncia da HD.

Alguns fatores possibilitaram que os resultados do estudo de 1959
fossem obtidos. A HD é uma doenca caracterizada desde 1872 a partir de aspectos
clinicos muito peculiares (Huntington. 1872); o fendtipo per se possibilitou existirem
estudos que analisassem a variagdo de sua frequéncia através das geragdes. Em
segundo lugar, a HD é a mais prevalente das doencas por poliQs, e especialmente
na Europa e Estados Unidos ela tem recebido grande atencdo cientifica. E em
terceiro lugar, e muito importantemente, hoje se sabe com certeza de que muitos
(10%, no hemisfério norte) dos casos da HD sao gerados a partir de mutagéo de
novo (Caron et al. 2020).

No nosso caso, para responder se 0 ATXN2 esta em equilibrio mutagao
selegdo, precisariamos saber pelo menos um dos seguintes elementos: (1) a
variacao da frequéncia alélica do ATXN2 expandido através das geragdes. Porém,
nao existem estudos de prevaléncia longitudinais na SCA2. E (2) a taxa de mutagao
da CAGexp no ATXN2. Em estudos de datagcdo dos haplétipos do ATXN3, a taxa
mutacional dos short trinucleotide repeats (STRs) marcadores foi inferida como
sendo de 6.13X10* mutagbes por meiose (Martins et al. 2007). No entanto, ndo
podemos usar essa inferéncia para generalizar uma taxa de mutagdo que nos
aponte de quanto em quanto tempo ocorreram mutagdes de novo no ATXNZ2.
Primeiro, pelo fato das taxas mutacionais se elevarem nos STRs maiores
(Brinkmann et al. 1998). Teriamos taxas mutacionais distintas nas repeticdes CAG
do ATXNZ para alelos normais, intermediarios e expandidos; tal como na HD, onde o
HTTexp tende a ser mais instavel quao maior ele mesmo for (quao maior o CAGexp

for) (Wheeler et al. 2007). O segundo fator se refere ao ATXN2 normal ter as

repeticbes CAG com a menor variancia entre os genes associados as doengas
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poliQs, sugerindo que as repeticdbes CAG no ATXNZ2 tendem a ser conservadas
possivelmente pelo padrédo de interrupcdes CAA nas repeticbes CAG. Assim,
estudos observacionais sobre a transmissao alélica do ATXNZ2 sao necessarios para

estimarmos uma taxa de mutagdes de novo na SCA2.

Ja as simulagbes feitas para a SCA3/MJD apontaram para resultados
bastante distintos dos obtidos nas simulagdes para SCA2. Das 1000 linhagens
simuladas a partir do ATXN3 expandido, 35,1% nao foram extintas até a 650
geracao. Além disso, o numero de geragdes em que as linhagens foram eliminadas
foi de 26 geragoes (figura 5B, Capitulo IV). Esses resultados sugerem que linhagens
SCA3/MJD possam se manter por longos periodos e convergem com as datagdes
de haplétipos do ATXN3 expandido.

Os resultados da modelagem feita para a SCA3/MJD podem ser
explicados pela existéncia de duas forgas seletivas favoraveis ao alelo ATXN3
expandido, além de uma antecipagdo menos intensa, quando comparados ao alelo
ATXNZ2 expandido: fitness e segregag¢ao nao mendeliana. Caracteristicas especificas
dos dois genes ATXN2 e ATXN3 e/ou de regides circunvizinhas, ou de suas fungdes
fisiologicas, devem estar por tras dessas diferengas substanciais nas dinamicas
previstas. A convergéncia com a datagao proposta para os haplotipos ancestrais
SCA3/MJD e a nao descricao de mutagdes de novo no ATXN3 reforcam a hipotese

da manutencdo do ATXN3 expandido se dar por forgcas seletivas compensatorias.

A nao descricdo de mutagdes de novo na SCA3/MJD pode estar em
grande parte associada a raridade de alelos n&do expandidos grandes, caracterizada
pelo gap entre os maiores alelos ndo expandidos e os alelos causadores da doenca.
Sao alelos intermediarios a principal fonte de muta¢des de novo em outra importante
doenga de poliQs, a HD (Myers et al. 1993; Semaka et al. 2013). Um dos aspectos
que podem explicar esse gap alélico seria o de que entre individuos nao portadores
de SCA3/MJD a transmissao alélica favorece o alelo menor (ver capitulo Il figura
3D), enquanto nos portadores da SCA3/MJD o alelo expandido é transmitido
preferencialmente. Esse fendbmeno faz com que o tamanho das repeticbes CAG no
ATXN3 sofra uma seleg¢ao disruptiva. Um processo similar foi encontrado numa outra

doenca de poliQs, a DRPLA, doencga para a qual ndo existem relatos de mutacéo de
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novo, e em cujo gene ATN1 o padrao de repeticoes CAG (Gardiner et al. 2019) e de

segregacao alélica sdo similares ao encontrado no ATXN3 (lkeuchi et al. 1996).

No entanto, seria a selegao disruptiva e, consequentemente, a raridade
de alelos intermediarios os unicos fatores que explicariam a auséncia de mutagao de
novo na SCA3/MJD? Para responder a essa questdo, a caracterizagcdo molecular
dos raros alelos aparentemente intermediarios descritos até o momento precisaria
ser estudada - como por exemplo, expressividade do fenétipo versus penetrancia,
taxa de instabilidade, padrao de transmissao, interrupgdes internas da repeticéo e
eventual estabilidade. Porém, € de se prever que a raridade de portadores desses

alelos inviabilize estudos desse tipo.

Em outras duas doengas de poliQs, o aumento de fertilidade também
foi descrito entre seus portadores: na SCA1 (Frontali et al. 1996) e na HD (Shokeir at
al. 1975; Walker et al. 1983; Morrison et al. 1995; Pridmore & Adams 1991; Frontali
et al. 1996). No entanto, os mecanismos biolégicos que conferem aumento na
fertilidade dos portadores das doengas poliQs ainda € um completo mistério. Na HD,
por exemplo, foi levantada a hipotese de os portadores apresentarem um
comportamento sexual promiscuo e/ou hipersexualizado (Dewhurst & McKnight
1970) para explicar o aumento na fertilidade dos portadores. Nao obstante, essa
hipétese perdeu forca, uma vez que estudos mais recentes apontam que os
portadores HD tém como disfungao sexual mais comum a hiposexualidade (Craufurd
et al. 2001; Szymus$ et al. 2020). Além disso, mesmo que a promiscuidade em si
fosse uma caracteristica comportamental dos seus portadores, ela ndo explicaria um
aumento de fertilidade. Estudos em mamiferos apontam que o comportamento
sexual promiscuo nao esta diretamente associado a um aumento de fertilidade
(Wolff et al. 2004).

Outros aspectos conjunturais, podem explicar a variagao de fertilidade
em humanos, como por exemplo aspectos culturais, renda e escolaridade, entre
outros. Assim, o aumento da fertilidade na SCA2 e SCA3/MJD poderia ser explicado
por elementos de cunho cultural. Entretanto, estudos de fertilidade realizados na
SCA2 e SCA3/MJD compararam a fertilidade entre irmaos afetados e nao afetados,

reduzindo assim a possibilidade de viés cultural. Dessa forma, trabalhamos com a

127



hipétese de modificagdes fisioldgicas do processo reprodutivo dos seus portadores.
Um aspecto que reforga isso foi o estudo em camundongo HD transgénico em que
machos portadores da mutacdo tiveram mais filhotes que os n&o portadores (Morton
et al. 2019).

O campo da fertilidade (ou fecundidade) também esta envolvido entre
as perguntas que permanecem abertas a partir das nossas evidéncias. Por que
portadores de SCA2 e de SCA3/MJD tém mais filhos que os nao portadores? E por
que os alelos no ATXN2 e ATXN3 apresentam distorcao na segregacao? Respostas
a essas perguntas podem ser relevantes; podem inclusive vir a contribuir para o

aperfeicoamento das terapias reprodutivas existentes.

Até o momento, ative-me a comentar sobre as respostas que minha
tese trouxe aos objetivos propostos, ou seja, comentei sobre as hipoteses que me
pareceram ser melhor sustentadas. Agora eu tentarei dirigir a atengcdo para as
lacunas do conhecimento que precisam ser respondidas para melhor sustentar meus
resultados originais. Esses resultados originais sdo de fato o modelo sobre a

dindmica dos CAGexp e a existéncia de multiplas origens ancestrais da SCA2.

As simulag¢des computacionais foram realizadas a partir da combinagao
das forgcas seletivas sistematizadas nos capitulos 2 e 3 da tese com o modelo
matematico proposto no capitulo 4. Elas pareceram ser suficientes para apontar a
dindmica geral dos alelos expandidos do ATXN2 e ATXN3. Mas serao de fato as
unicas forcas necessarias e suficientes? Alguns ajustes precisam ser realizados

para os resultados se tornarem ainda mais proximos da realidade.

O primeiro ajuste passa por ampliar os estudos de forgas seletivas para
mais coortes, conferindo mais solidez aos dados das forgas seletivas. Dentre os
resultados obtidos nas metandlises, o valor da antecipagédo € o que exige maior
atengdo. Isso porque na grande maioria dos estudos nao delimitou uma idade
minima para inclusdo dos sujeitos e pode ter produzido um excesso de resultados a

favor da antecipagéo.

A solucao para reduzir esse viés foi inferir a antecipacao a partir do

produto entre a instabilidade média e o valor da regressao linear da variagao da
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idade de inicio com o tamanho da CAG. Para SCA3/MJD, essa regressao foi
realizada a partir dos dados brutos da metanalise com distintas coortes mundiais (de
Mattos et al. 2018). Ja para SCA2, a regressédo foi realizada com individuos
portadores de nossa coorte. A realizacdo de um estudo em escala mundial da
relacdo entre variacdo da CAGexp e a idade de inicio dos sintomas na SCA2 traria

subsidios mais robustos para confirmar nossos calculos.

Um mérito que o modelo teve foi o de incorporar a variacdo na taxa de
fertilidade por idade, que possibilitou dar pesos distintos a cada redugcédo da vida
reprodutiva em decorréncia da antecipagao nas taxas de fertilidade, gerando assim o
coeficiente de antecipagdo. No entanto, ajustes podem torna-lo mais realista, como
por exemplo, incorporar a taxa de filhos de portadores que nascem apds o inicio dos
sintomas. Apesar de interessante, esse ajuste ndao devera modificar a esséncia dos
resultados, pois além de minoritarios, esses nascimentos ocorrem em um marco

temporal préximo ao inicio dos sintomas.

E importante também refletirmos que, se quisermos aumentar a
aplicacdo do nosso modelo matematico para olhar a dindmica alélica tanto no
passado como também no futuro, precisaremos levar em consideragdo muitos
elementos ainda desconhecidos ou mesmo ainda impensados. Por exemplo, a
mudanc¢a do comportamento reprodutivo e a variacdo da expectativa de vida através

do tempo.

Esses elementos ainda "desconhecidos" podem tornar as forcas
seletivas negativas associadas aos ATXN2 e ATXN3 expandidos mais ou menos
intensas. Por exemplo, havera um relaxamento na intensidade das forgas seletivas
negativas associadas ao inicio dos sintomas e da antecipag¢ao se a populagéo tiver
filhos mais cedo, pois a janela reprodutiva dos portadores aumenta; bem como se a
expectativa de vida for menor, pois o tempo adicional que os nao portadores tém em
sua janela em relagdo aos portadores sera diminuida. E apesar da heterogeneidade
e da escassez dos dados até hoje observados, podemos inferir que existe uma
tendéncia da humanidade ter filhos mais tardiamente e viver mais, na medida que o
tempo passa. Por exemplo, a expectativa de vida na Europa em 1770 era de 34.3

anos passando para 78.6 em 2019, mundialmente nesse mesmo periodo a
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expectativa de vida passou de 28.7 para 72.6 anos(Roses. 2019). Ja a idade média
da primeira gestagdo das mulheres nos EUA em 1935 era de 20,8 anos (Kirmeyer &
Hamilton 2001) e em 2020 essa média aumentou para 27,1 anos
(https://www.cdc.gov/nchs/fastats/births.ht). Em mulheres dinamarquesas, a idade
média do primeiro filho foi de 23,1 anos em 1960, 28,9 em 2004 e 29 anos em 2014

(Blomberg Jensen et al 2015). Em 2020, a idade média da primeira gestagédo nas

europeias foi de 29.5 anos (Eurostat).

Dessa forma, existe uma intensificagdo das forgas seletivas contrarias
a manutengcdo da SCA2 e da SCA3/MJD na populacdo em decorréncia das

mudangas culturais e tecnoldgicas.

Nosso modelo abre algumas perspectivas e aponta desafios a serem
vencidos na sequéncia. Primeiro de tudo, acredito que o nosso modelo de uma
forma geral pode ser aplicado as demais doengas de poliQs, em decorréncia das
suas caracteristicas comuns. Pesquisadores interessados em prever a dinamica de
outros alelos com CAGexp e munidos de dados empiricos adequados poderao
prever a dinamica desses outros alelos. O alelo CAGexp até hoje mais estudado € o

do HTT, e, portanto, prevejo que o modelo possa ser aplicado de imediato a HD.

O fato de desconsiderarmos em nosso modelo os portadores
homozigotos nao deve ter impacto relevante nos prognésticos dos alelos
expandidos, ja que todos os CAGexp tém frequéncias muito baixas e os casos de
homozigose sé&o excepcionalmente raros. Porém, em condigdes muito especificas
como populagdes pequenas, baixo fluxo génico, e que a frequéncia do CAGexp é
elevada em decorréncia de efeitos fundadores, as chances de homozigose para o
CAGexp se elevam. Consequentemente, desconsidera-la gera um viés a favor da
forca seletiva associada a distor¢do na segregacédo. Dessa forma, analisar a

dinamica do CAGexp nessas condicdes exigiria ajustes no nosso modelo.

Confrontar as previsbes do modelo com estudos de prevaléncia
repetidos ao longo do tempo em diferentes geografias sera importante para inferir de
uma forma mais precisa quao proximo o modelo esta da realidade em relagao a

variacdo da frequéncia alélica dos alelos expandidos. Nosso modelo e também as
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evidéncias até agora publicadas sobre aumentos de prevaléncias de doengas poliQs
nos Acores (de Araujo et al. 2016) e da populagdo da Republica de Sakha, na
Russia (Platonov et al. 2016) devem servir de estimulo para futuros estudos

epidemioldgicos que incluam comparagoes longitudinais.

A ampliagdo de marcadores moleculares para a construcdo de
haplotipos ancestrais SCA2 ¢, finalmente, uma das perspectivas concretas que
imagino estara entre as mais imediatas a serem questionadas por novos estudos.
Nossos resultados nessa esfera sdo muito provocativos. Eles rearticulam, ou melhor,
apresentam um novo canone de poliformismos informativos para haplotipos do
ATXNZ2: os marcadores s695871, rs593226 e rs9300319. Com eles, pela primeira
vez se apresentou um grupo robusto de mais de um haplétipo ancestral. E previsivel
que de fato haja mais de seis origens, como as que conseguimos identificar.
Ademais, a ampliacdo de marcadores também possibilitara datarmos os haplétipos
SCA2 e verificar se o numero de geragdes datadas sdo convergentes com as

simuladas.

Por fim, trabalhar com hipoteses cientificas, procurar respondé-las e
acabar por descobrir que as respostas na verdade se constituem em outras
perguntas € uma experiéncia subjetiva relatada por inumeras pessoas. Estou entre
elas. Interroguei-me algumas vezes sobre a natureza e os limites do conhecimento
humano, eu como um sujeito indagativo e as CAGexp e a evolugdo como seres
externos e independentes a serem observados. Em especial frente aos sucessos da
minha empreitada e que pareceram depois ilusérios, porque dependiam de novas

demonstragoes.

Esses eventos evocaram para mim, e com particular forga, uma
aparente repeticdo de conflitos - entre tese e antitese e de novo tese, entre
afirmagcdo e negacdo e de novo, afirmacédo. As pessoas que se aproximam do
estudo das CAGexp vém quase sempre do estudo das doencas poliQs e da
experiéncia vivida com seus portadores. Vemos as CAGexp como tragos deletérios.
Como podem eles também ser tragos vantajosos? Descrevé-los apenas como
“deletérios e vantajosos” ndo é ainda suficiente para sairmos do impasse aparente,

no entanto é um passo légico importante, pois admite que elementos antagbnicos
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podem compor uma mesma unidade, nos libertando da dicotomia inerente de nossa
forma de pensar. Esse processo é uma das trés leis gerais da dialética denominada

“lei da interpenetragdo dos contrarios” (Engels. 1978).

Essa unidade de elementos antagdnicos ndo se reduz a si mesma. E
do choque dessa contradigdo que deriva outra lei da dialética chamada de “lei
negac¢ao da negacao” (Engels. 1978), onde o choque dos contrarios € responsavel
pelo movimento, fazendo com que um dos elementos negue o outro e por sua vez é
negado por um nivel superior de desenvolvimento, gerando o novo que ainda
preserva alguma coisa de ambos os termos negados, processo que muitas vezes é

descrito como o esquema triadico de tese, antitese e sintese.

Para mim, reunir elementos antagonistas no plano dos fenémenos da
experiéncia humana - adoecer, ter filhos, transmitir doengas a prole, ver o inicio dos
sintomas se modificar através das geragdes e combina-los em um modelo
matematico, foi um processo constante de negacdo da negagao; ou, em outras
palavras, analisar a SCA2 e SCA3 em uma perspectiva dialética. Espero que as
duvidas obtidas a partir das respostas sejam os elementos que contribuam para a

busca de novas respostas.

Em conclusao, de forma concreta, identificamos que os fenbmenos até
hoje descritos sobre prevaléncias, antiguidade de origens ancestrais, ocorréncia ou
nao de portadores de expansdes de novo, fithess e segregagdao compdem um todo
que de fato é coerente, no caso da SCA2 e da SCA3/MJD. Ademais, concluimos
sobre a necessidade de ampliacdo dos dados empiricos associados as forcas
seletivas associadas aos alelos expandidos do ATXN2 e ATXN3 e sobre a
necessidade de futuros ajustes no nosso modelo matematico. Concluimos também
que o estudo das origens ancestrais da SCA2 merece a atengcédo a mais marcadores,
pois nossas evidéncias apontaram claramente para multiplas origens. No entanto, foi
possivel neste estudo responder ao seu objetivo principal: Como a SCA2 e SCAS3,

mesmo sendo doengas debilitantes, se mantém na populagéo através das geracgoes.
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