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RESUMO

As ataxias hereditarias possuem enorme variabilidade genética e fenotipica. Ha mais
de 100 doengas que se enquadram neste grupo, com todos os padrdes de heranca
mendeliano e heranga mitocondrial. Por serem tdo heterogéneas, o diagnostico de
uma ataxia hereditaria pode se transformar em uma odisséia. Os métodos que
utiizam o sequenciamento de nova geragcdo (especialmente sequenciamento
completo do exoma, sequenciamento completo do genoma e painel de genes) tém
mudado os paradigmas e o fluxo diagnostico destas doencas. O rendimento
diagndstico € uma excelente forma de avaliar a utilidade destes exames
moleculares. Ele nos diz, em suma, qual é a capacidade que o teste genético tem de
concluir o diagndstico etiolégico do individuo testado. Esta informagao é importante
para a tomada de decisdo clinica e para o aconselhamento genético pré teste.
Visando avaliar o rendimento diagndstico do sequenciamento de nova geragao para
o diagnéstico de ataxias hereditarias, foi realizada uma revisdo sistematica da
literatura. O foco deste estudo foram as ataxias com padrao de heranca mendeliano.
A estratégia de busca foi ampla e realizada por dois revisores independentes, e
buscou estudos que descrevessem o uso do sequenciamento de nova geragao para
o diagnostico de ataxias hereditarias. Publicagdes em inglés e portugués publicadas
entre 2010 e 2021 nas bases EMBASE, Pubmed e Scopus foram incluidas. A busca
gerou um total de 1.371 publicagdes ndo duplicadas. Destas, 1.254 foram excluidas
apos leitura de titulo e resumo e 117 foram lidas integralmente para analise de
elegibilidade. Um total de 54 publicacbes foram selecionadas para extragédo de
dados. O rendimento diagndstico variou de 6% e 78%, sendo a média de 34,8% e a
mediana de 29,5%. Os fatores associados a um maior rendimento diagndstico foram
0 uso do sequenciamento do exoma, teste na populagao pediatrica, ataxia episddica,
populacdo com alta consanguinidade e histéria familiar positiva para ataxia.

Palavras-chave: Ataxia. Ataxia Hereditaria. Sequenciamento de Nova Geracgao.
Exoma. Genoma. Painel de Genes. Rendimento Diagndstico.



ABSTRACT

Hereditary ataxias have enormous genetic and phenotypic variability. There are more
than 100 diseases that fall into this group, with all patterns of mendelian inheritance
and mitochondrial inheritance. Because they are so heterogeneous, the diagnosis of
hereditary ataxia can become an odyssey. The methods that use next generation
sequencing (especially whole exome sequencing, whole genome sequencing and
gene panel) have changed the paradigms and the diagnostic flow of these diseases.
The diagnostic yield is an excellent way to assess the usefulness of these molecular
tests. It tells us, in short, what is the ability that genetic testing has to complete the
etiological diagnosis of the individual tested. This information is important for clinical
decision making and for pre-test genetic counseling. In order to evaluate the
diagnostic performance of the new generation sequencing for the diagnosis of
hereditary ataxias, a systematic literature review was performed. The focus of this
study were ataxias with a Mendelian pattern of inheritance. The search strategy was
broad and performed by two independent reviewers, and sought studies that
described the use of next-generation sequencing for the diagnosis of hereditary
ataxias. Publications in English, French, Spanish and Portuguese published between
2010 and 2021 in the EMBASE, Pubmed and Scopus databases were included. The
search generated a total of 1,371 non-duplicated publications. Of these, 1,254 were
excluded after reading the title and abstract and 117 were fully read for eligibility
analysis. A total of 54 publications were selected for data extraction. The diagnostic
yield ranged from 6% to 78%, with a mean of 34.8% and a median of 29.5%. Factors
associated with a higher diagnostic yield were the use of exome sequencing, testing
in the pediatric population, episodic ataxia, population with high consanguinity, and a
positive family history of ataxia.

Keywords: Ataxia. Hereditary Ataxia. Next Generation Sequence. Exome. Genome
Gene Panel. Diagnostic Yield.
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1. INTRODUGAO

As ataxias hereditarias (AH) formam um grupo heterogéneo nos aspectos
genéticos, no padréo de heranga, nas manifestagdes clinicas e na fisiopatologia. Em
comum, elas cursam com ataxia que resulta de disfungao cerebelar, sensitiva, ou da
combinagdo das duas. Por haver extensa sobreposi¢ao fenotipica, o diagndstico
definitivo de uma paciente com ataxia hereditaria pode ser um grande desafio.
Quase sempre, o diagnéstico molecular é necessario; para tal, lanca-se mao dos
testes moleculares. Apds a exclusao das ataxias hereditarias mais comuns, quase
todas causadas por expansdes de nucleotideos repetidos (por exemplo, as
expansoes CAG que causas as sindromes de poliglutaminas), o sequenciamento de
nova geragao é bastante utilizado na investigagao etioldgica (RUANO, 2014).

O advento tecnologico tem contribuido para a ampliagdo no uso destes
testes, tornando-os mais acessiveis na pratica clinica. As revisdes sistematicas
sobre o rendimento diagndstico (RD) destes exames para a definicao etiolégica sao
importantes para o processo de tomada de decisbes a fim de definir o perfil de
paciente e o exame com melhor capacidade diagnostica. Além disso, o RD qualifica
0 processo de aconselhamento genético e permite fornecer informagdes de melhor
qualidade e precisao.

Este estudo realizou uma reviséo sistematica da literatura sobre o rendimento
diagnostico (RD) de painel de genes (PG), sequenciamento do exoma (SE) e
sequenciamento do genoma (SG), para ataxias hereditarias. O objetivo geral foi
identificar os dados publicados em estudos primarios sobre o rendimento diagndstico
de sequenciamento de nova geracdo para o diagnostico etiologico de ataxias
hereditarias. Os demais objetivos foram identificar os fatores associados a

rendimentos diagndsticos maiores ou menores.

1.1 JUSTIFICATIVA

As ataxias hereditarias representam um desafio diagndostico na pratica médica,
muitas vezes uma odisseia diagnostica. O sequenciamento de nova geragao, que
vem se tornando cada vez mais presente na pratica clinica, é indicado para as
ataxias hereditarias quando a causa mais comum - as expansdes repetidas - foram

excluidas. O rendimento diagnostico € uma excelente medida de performance dos
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testes moleculares e € um ponto chave na tomada de deciséo clinica. Além disso,
informar o rendimento diagndstico ao paciente como parte do aconselhamento
genético pré teste é vantajoso para manter as expectativas do paciente em acordo

com os potenciais resultados.

1.2 OBJETIVOS

1.2.1 Objetivo geral

Identificar os dados publicados em estudos primarios sobre o rendimento
diagndstico de sequenciamento de nova geracédo para o diagnostico etiologico de

ataxias hereditarias.

1.2.2 Obijetivos especificos

e |dentificar os subgrupos (conforme padréo de heranca da ataxia hereditaria)
com maior e menor rendimento diagnaostico.

e Comparar o rendimento diagndstico para as diferentes técnicas de
sequenciamento de nova geragao (exoma, genoma, painel de genes).

e Identificar os subgrupos (conforme o fenodtipo clinico) com maior € menor

rendimento diagndstico.
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2. REVISAO DE LITERATURA

O termo ataxia vem do grego, do qual se traduz "falta de ordem". Ataxia
designa uma caracteristica irregular do movimento ou da postura. Sua
fenomenologia pode ser cerebelar - quando causada por disturbio cerebelar ou
envolvimento cerebelar e extra-cerebelar concomitante; ou aferente - quando
causada por perda de sensibilidade proprioceptiva. Sua etiologia pode ser
esporadica (ndo genética) ou hereditaria (com heranga mendeliana ou mitocondrial).

A ataxia aferente esta associada a perda de sensibilidade proprioceptiva,
causada por neuropatias graves ou lesdes da coluna posterior da medula espinhal
que acometem grandes fibras espinocerebelares aferentes. Clinicamente, ela se
distingue das demais ataxias por perda de propriocepgdo especialmente em
articulagbes distais, auséncia de disartria e nistagmo, auséncia dos reflexos
tendinosos profundos, e pelos efeitos corretivos da visdo para manutencado do
equilibrio (ROPPER; SAMUELS, 2014).

A ataxia cerebelar, que sera o foco deste estudo, esta relacionada a doencas
que acometem o sistema cerebelar. O cerebelo é responsavel pela coordenacao dos
movimentos - especialmente movimentos refinados voluntarios - controle da postura
e da marcha, e pela regulagao do tonus muscular (ROPPER; SAMUELS, 2014). Os
sinais clinicos da ataxia cerebelar sdo geralmente evidentes e sdo similares aqueles
observados em estado de intoxicacdo alcodlica. Tipicamente o doente pode
apresentar ataxia postural e de marcha; disturbio oculomotor (nistagmo, alteracéo de
movimentos sacadicos, de fixacdo do olhar, de movimentagcdo ocular no
acompanhamento de objetos, de reflexos oculares); déficits na fala (disartria e
mutismo cerebelar); disturbios de motricidade dos membros (dismetria, tremor
cinético ou de acgado, disdiadococinesia, decomposicdo de movimentos,
disritmocinesia); déficits cognitivos (funcbes executivas, fluéncia verbal,
impulsividade); disautonomia (resposta vasomotora anormal a movimentos
voluntarios) (CAMPBELL, 2005; GIOCONDO; CURCIO, 2018; PANDOLFO; MANTO,
2013; ROPPER; SAMUELS, 2014).

As ataxias cerebelares costumam ser generalizadas, ou seja, afetam

membros, marcha e fala. O modo de inicio dos sintomas € o principal fator a se
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considerar para definigdo da etiologia, como resumido da TABELA 1 (ROPPER;
SAMUELS, 2014).

TABELA 1- DIAGNOSTICOS DIFERENCIAIS DE ATAXIAS CONFORME MODO DE INiCIO DOS
SINTOMAS

Modo de inicio dos sintomas Principais diagnésticos diferenciais

Inicio agudo (dias) Intoxicag&o por alcool, intoxicagdo medicamentosa;
hiperamonemia; encefalites virais.

Inicio subagudo (semanas) Tumores cerebrais; sindrome paraneoplasica; esclerose
multipla; doenga de Whipple; doenga de Creutzfeldt-Jakob.

Inicio crénico (meses a anos) Ataxias hereditarias; sindrome do X-fragil; doengas
metabdlicas hereditarias.

FONTE: Adaptado de Ropper (2014)

2.3 ATAXIAS ADQUIRIDAS

Ataxias adquiridas (ou esporadicas) sdo aquelas em que ha auséncia de uma
base genética clara. Podem ser auto-imunes (sindromes paraneoplasicas, ataxia por
gluten, ataxia anti-GAD), toxicas (por anticonvulsivantes, por drogas psiquiatricas),
infecciosas (cerebelites agudas), associadas a deficiéncias vitaminicas (vitamina
B12, vitamina B1), associadas a doencga vascular, fenétipo cerebelar da atrofia de
multiplos sistemas. O inicio dos sintomas € quase sempre agudo ou subagudo, a
progressao € rapida e nao ha recorréncia familiar; isso as distingue das ataxias
hereditarias. O reconhecimento e definicdo etiolégica das ataxias adquiridas é
fundamental por haver tratamento para muitas delas (ASHIZAWA; XIA, 2016;
NACHBAUER; EIGENTLER; BOESCH, 2015; PALMA; NORCLIFFE-KAUFMANN;
KAUFMANN, 2018).

2.4 ATAXIAS HEREDITARIAS

Ataxias hereditarias sao aquelas com heranca mendeliana ou mitocondrial
que tem como principal fenétipo a ataxia. Elas formam um grupo heterogéneo nos
aspectos genéticos e clinicos. Neste grupo de doencgas, ha diversos padrbes de

heranca, ha doengas congénitas e ha doengas que se manifestam tardiamente, ha
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doengas com progressao relativamente rapida e outras com evolugao lenta. Ha
ataxias hereditarias chamadas "puras", nas quais todas as manifestacdes clinicas
sao associadas ao acometimento cerebelar; e ha aquelas com diversos achados
extra-cerebelares, como deméncia, oftalmoplegia, espasticidade, microcefalia,
retinopatia, coréia, epilepsia, entre outros.

Ha ataxias hereditarias chamadas "puras", nas quais todas as manifestacdes
clinicas sdo associadas ao acometimento cerebelar; e ha aquelas com diversos
achados extra-cerebelares, como deméncia, oftalmoplegia, espasticidade,
microcefalia, retinopatia, coréia, epilepsia, entre outros. H4, ainda, doencas
genéticas com fendtipo extremamente complexo que, eventualmente, tem na ataxia
uma de suas manifestagcdes. Estas doencas nao sao classicamente chamadas de
ataxias hereditarias.

A prevaléncia global das AEAD ¢é, na média, 2,7/100.000, sendo a SCA3 a
mais frequente no Brasil e no mundo. A prevaléncia média das AEAR ¢é 3,3/100.000.
(RUANO et al., 2014; TEIVE et al., 2019).

O diagndstico das ataxias hereditarias requer a exclusédo de causas
adquiridas de ataxia - especialmente quando nao ha recorréncia familiar evidente - e
a deteccado de uma ou mais variantes patogénicas em genes associados ao fendétipo;
a historia familiar pode ser clara, quando ha outros familiares afetados; mas nao
raramente ha casos isolados (JAYADEV; BIRD, 2013; PANDOLFO; MANTO, 2013).

Ataxia dominantes sao aquelas com padrdao de heranga autossémico
dominante. Elas podem ser ataxias espinocerebelares autossémicas dominantes
(AEAD) ou ataxias episédicas (AE).

O termo SCA vem do inglés "spinocerebellar ataxias". Se refere as AEAD e
tem mais de 40 subtipos descritos até hoje (SUN et al., 2016). As AEAD séo
classificadas de acordo com a apresentacdo clinica e a nosologia genética. Em 28
AEADs os genes ja foram reconhecidos. (PANDOLFO; MANTO, 2013).

As ataxias episddicas (AE) se caracterizam por periodos curtos de ataxia de
marcha, nistagmo ou disartria. O quadro pode ser tornar continuo com a progressao
da doencga (CHOI; CHOI, 2016).

A maior parte das ataxias dominantes inicia na vida adulta e tem progresséao
lenta. As formas mais comuns de ataxias dominantes sdo causadas por expansoes
repetidas no DNA, especialmente repeticobes CAG, um cdédon que codifica a

glutamina e da a este grupo de doengas o nome de poliglutaminas; isto leva ao
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ganho de fungao téxica que expande proteinas e previne sua degradagao, mudam a
expressao, a fungao e interacdo com outros genes. (SANDFORD; BURMEISTER,
2014).

As expansoes repetidas sao as bases moleculares mais comuns das ataxias
dominantes, mas n&do sao as unicas. Variantes patogénicas convencionais - como
mutacdes de ponto, delecbes e insergcdes - sdo associadas a diversas AEADs, como
a SCA5, SCA13, SCA14, SCA27, SCA28, SCA31 e SCA36 (MONDAL et al., 2013;
PANDOLFO; MANTO, 2013; SANDFORD; BURMEISTER, 2014). A tabela 4 lista
estas AEADs.

TABELA 2 - ATAXIAS DOMINANTES NAO ASSOCIADAS AS EXPANSOES REPETIDAS

Doenca Gene
SCA5 SPTBN2
SCA11 TTBK2
SCA13 KCNC3
SCA14 PRKCG
SCA15/29 ITPR1
SCA19 KCND3
SCA20 Duplicagéo de 260-Kb em 11q12
SCA23 PDYN
SCA27 FGF14
SCA28 AFG3L2
SCA35 TGM6

FONTE: Adaptado de Massimo (2013).

Ataxias recessivas (AEAR) sdo aquelas ataxias hereditarias com padréao de
heranga autossOmico recessivo. Elas sdo mais frequentes do que as ataxias
dominantes, mas s&o mais subdiagnosticadas. Por ndo haver transmissao vertical,
casos em que ha apenas um afetado na familia podem parecer uma ataxia
esporadica ou adquirida; além disso, ha uma sobreposicao fenotipica, um numero
crescente de entidades e de genes, e as variantes patogénicas muitas vezes sao
privadas. Diferentemente das ataxias dominantes, as ataxias recessivas costumam
se apresentar em idade jovem, podem ser n&o-progressivas, e quase sempre estao
associadas a manifestagcbes extra-cerebelares (BEAUDIN et al., 2017; EMBIRUCU
et al., 2009; SANDFORD; BURMEISTER, 2014).

A ataxia de Friedreich & considerada a mais comum dentre as ataxias
recessivas. A prevaléncia estimada € de 1 em 20-50.000, e parece ser menor no
Brasil (ANHEIM et al., 2010; FUSSIGER, 2017; SANDFORD; BURMEISTER, 2014).
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Ela é causada por expansdes repetidas GAA em homozigose no intron 1 do gene
FTX que codifica uma proteina mitocondrial chamada frataxina. A expansao intrénica
suprime a expressao génica, levando a perda de sua funcéo.

As manifestagbes extra-cerebelares das ataxias recessivas as tornam ainda
mais heterogéneas do que as ataxias dominantes. E dificil definir se uma
determinada doencga pertence ao grupo das ataxias recessivas, ou se € parte de
outro grupo de doencas e apresenta ataxia cerebelar em seu fenétipo. Um exemplo
€ a paraparesia espastica hereditaria 11 que pertence ao grupo bem definido de
paraparesias espasticas hereditarias e tem ataxia como um dos achados mais
proeminentes.

A proposta de Beaudin e colaboradores aloca 45 doengas ao grupo de
ataxias recessivas, como mostrado na TABELA 3 (BEAUDIN, 2017).

TABELA 3 - ATAXIAS RECESSIVAS (Inicio)

Doenga Gene Principais manifestagdes extra-cerebeares

Deméncia, paresia, xantomas tendineos, arterosclerose,
CTX CYP27A1 cataratas, aumento do colestanol, inicio da infancia,
atrofia cerebelar, leucodistrofia cerebelar ou cerebral

Retinite pigmentosa, titubeagéo cervical, baixos niveis
AVED TTPA séricos de vitamina E, inicio na adolescéncia, atrofia da
medula espinhal, auséncia de atrofia cerebelar

Telangiectasias, apraxia oculomotora, fotossensibilidade,
AT ATM imunodeficiéncia, predisposicdo a cancer, aumento da
alfafetoproteina, inicio na infancia, atrofia cerebelar

Sinal de Babinski bilateral, sacadas oculares em ondas
FRDA EXN quadradas, escoliose, cardiomiopatia hipertrofica,
envolvimento sensitivo, inicio na adolescéncia, atrofia da
medula espinhal, auséncia de atrofia cerebelar

Apraxia oculomotora, inicio na infancia, atrofia cerebelar

ATLD MRE11

Paraparesia espastica, estrias retinianas, pés cavus,
ARSACS SACS inicio na infancia, atrofia cerebelar anterior e superior,
ocasionalmente hipointensidade de sinal em T2 na ponte

Apraxia oculomotora, comprometimento cognitivo,
AOA1/EAOH APTX hipoalbuminemia, hipercolesterolemia, inicio na infancia,
atrofia cerebelar

Neuropatia sensorimotora axonal periférica, atrofia
SCAN1 TDP1 muscular  distal, hipercolesterolemia, inicio na
adolescéncia, atrofia cerebelar

{Continua)



Cayman ataxia

SANDO or
MIRAS/SCAE

AOA2

CAMRQ1, DES

|IOSCA/MTDPS7
(Allelic to PEOA3)

MSS

DCMA/MGCAS

ARCA1

ARCA2

SeSAME syndrome

CAMRQ3

Salih ataxia/SCAR15 (1

family)

PHARC

SPAX4 (1 family)

ATCAY

POLG1

SETX

VLDLR

C10orf2

SIL1

DNAJC19

SYNE1

ADCK3(CABC1)

KCNJ10

CA8

KIAAQ0226

ABHD12

MTPAP
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Retardo psicomotor, hipotonia, estrabismo, inicio

neonatal, hipoplasia cerebelar

Em SANDO, ataxia sensorial, oftalmoparesia, mioclonia,
ptose, inicio na idade adulta, atrofia cerebelar variavel,
lesbes da substdncia branca cerebelar, lesbdes
estrogénicas. Em MIRAS, ataxia cerebelar e sensitiva,
epilepsia, enxaqueca, mioclonia, inicio na infancia ou
adolescéncia, anormalidades de sinal no cerebelo e
talamo

Polineuropatia, sinais piramidais, apraxia oculomotora,
tremor de cabecga, coréia, distonia, elevagdo de
a-fetoproteina, inicio na adolescéncia, atrofia cerebelar

Ataxia cerebelar nao progressiva, retardo mental,
hipotonia, estrabismo, marcha quadripedal ocasional,
inicio  congénito, hipoplasia  cerebelar inferior,
simplificac&o giral cortical

Atetose, hipotonia, atrofia Optica, oftalmoplegia, perda
auditiva, epilepsia, hipogonadismo, envolvimento
hepatico, inicio infantil, atrofia moderada do tronco
cerebral e cerebelo com doenca avancada

Catarata, retardo mental, miopatia, baixa estatura, inicio
na infancia, atrofia cerebelar

Cardiomiopatia  dilatada, ataxia cerebelar nao
progressiva, retardo mental, disgenesia testicular,
anemia, aumento do acido 3-metilglutacdnico urinario,
inicio infantil

Ataxia cerebelar pura, comprometimento cognitivo,

sinais piramidais ocasionais, inicio tardio, atrofia
cerebelar
Intolerdncia ao  exercicio, epilepsia, mioclonia,

comprometimento cognitivo, inicio na infancia, atrofia
cerebelar, lesdes cerebrais pontuais ocasionais

Epilepsia, surdez sensorioneural, retardo mental,
tubulopatia e desequilibrio eletrolitico, inicio infantil,
auséncia de atrofia cerebelar

Retardo mental leve, marcha quadrupedal ocasional,
inicio congénito, atrofia cerebelar, anormalidades da
substancia branca

Epilepsia, retardo mental, inicio na infancia, auséncia de
atrofia cerebelar

Neuropatia sensorimotora, catarata, perda auditiva,
retinite pigmentosa, inicio na adolescéncia, atrofia
cerebelar variavel

Paraparesia espastica, atrofia éptica, envolvimento

cognitivo, inicio infantil.

(Continua)



ARCA3

SCAR11 (1 family)

CAMRQ2

AOA3 (1 family)

SCAR13

CAMRQ4 (1 family)

SCARY (Allelic to
CLN2)

Ataxia and
hypogonadotropism

SCAR18

SCAR16

SCAR12

ATLD2 (1 family)

SCAR20

SCAR17

ACPHD (1 family)

ANO10

SYT14

WDR81

PIK3R5

GRM1

ATP8A2

TPP1

RNF216

GRID2

STUB1

Wwox

PCNA

SNX14

CWF19L1

DNAJC3

24

Comprometimento cognitivo, nistagmo pessimista, inicio
adolescente ou adulto, atrofia cerebelar

Retardo psicomotor, inicio tardio, atrofia cerebelar

Marcha quadrupedal ocasional, comprometimento
cognitivo, inicio congénito, hipoplasia do cerebelo e
corpo caloso

Apraxia oculomotora, envolvimento sensoério-motor,
inicio na adolescéncia, atrofia cerebelar

Comprometimento cognitivo, sinais piramidais leves,
baixa estatura, convulsdes, inicio congénito, atrofia
cerebelar

Comprometimento  cognitivo, marcha quadrupedal
ocasional, inicio congénito, atrofia cerebelar e cerebral

Sinais piramidais, envolvimento da coluna posterior,
tremor, inicio na infancia, atrofia do cerebelo e ponte

Hipogonadismo hipogonadotrofico, deméncia, coréia
ocasional, inicio da infancia até o inicio do adulto jovem,
atrofia cerebelar e cerebral

Mirada vertical superior tbnica, retardo psicomotor,
distrofia retiniana, inicio infantil, atrofia cerebelar

Sinais piramidais, neuropatia, hipogonadismo ocasional,
idade variavel no inicio, atrofia cerebelar

Epilepsia tonico-clonica, retardo mental, espasticidade,
inicio neonatal até a infancia, atrofia cerebelar ou
cerebral variavel

Telangiectasias, perda auditiva sensorioneural,
fotossensibilidade, comprometimento cognitivo, baixa
estatura, inicio na infancia, atrofia cerebelar

Retardo mental, perda auditiva sensorioneural,
macrocefalia, dismorfismo, inicio infantil, atrofia
cerebelar

Retardo mental, inicio congénito, hipoplasia cerebelar

Diabetes mellitus, sinais de primeiro neurdénio motor,
neuropatia desmielinizante, perda auditiva
neurossensorial, inicio da infancia até o adulto, atrofia
generalizada supra e infratentorial

(Continua)



LIKNS/SCAR19 (1
family)

AOA4 (Allelic to MCSZ)

SCAR2

SCAR21

SCAR22 (1 family)

SCAR23 (1 family)

SCAR24 (1 family)

Cerebellar ataxia with
developmental delay (1
family)

SLCI9A1

PNKP

PMPCA

SCYL1

VWA3B

TDP2

UBAS

THG1L
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(Términa)

Perda auditiva neurossensorial, inicio na infancia, atrofia
vermiana variavel

Distonia, apraxia oculomotora, polineuropatia,
comprometimento cognitivo, inicio na infancia, atrofia
cerebelar

Ataxia cerebelar n&o progressiva, comprometimento
cognitivo, sinais piramidais, baixa estatura, inicio
congénito ou infantil, atrofia cerebelar

Insuficiéncia hepatica, neuropatia periférica,
comprometimento cognitivo leve, inicio na infancia,
atrofia do vermis cerebelar, afinamento do nervo éptico

Comprometimento cognitivo, sinais piramidais, inicio
adulto, atrofia cerebelar e corpo caloso fino

Crises tonicas, comprometimento cognitivo, dismorfismo,
inicio na infancia

Catarata, neuropatia periférica, inicio na infancia, atrofia
cerebelar

Retardo psicomotor, sinais piramidais, inicio na infancia,
hipoplasia do vermis

FONTE: Adaptado de Beaudin (2017)

As ataxias cerebelares ligadas ao X (ACLX) sdo bastante raras, exceto a

sindrome do tremor-ataxia do X-fragil. As ACLX cursam com disgenesia cerebelar

(hipoplasia, atrofia ou displasia) causada por variantes patogénicas ou por

desequilibrios genémicos no cromossomo X. O fendtipo das ACLX inclui de maneira

variavel hipotonia, atraso no desenvolvimento, deficiéncia intelectual, ataxia e outros

sinais cerebelares (ZANNI; BERTINI, 2018). As ataxias ligadas ao X estao listadas

na TABELA 4.



TABELA 4 - ATAXIAS LIGADAS AO X
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Doenca Gene Locus

Caracteristicas

Anemia sideroblastica e | ABCB7
ataxia ligada ao X

Ataxia ligada ao X ATP2B3

Doencgas relacionadas ao gene | CASK
CASK

FXTAS FMR1

Deficiéncia intelectual | OPHN1
ligada ao X, hipoplasia
cerebelar e face tipica

Sindrome Christianson SLC9A6

Ataxia espinocerebelar tipo | Xq25-927.1
5 ligada ao X

Inicio na infancia

Anemia assintomatica

Inicio na infancia

Hipotonia

Deficiéncia intelectual

Microcefalia

Hipotonia

Hipoplasia do nervo 6ético

Inicio na vida adulta

Inicio na infancia

Hipotonia

Atraso do desenvolvimento

epilepsia
inicio na infancia
deficiéncia intelectual

crises convulsivas

inicio na infancia

hipoplasia cerebelar

FONTE: Adaptado de Bird (2019)

As ataxias espasticas sdo aquelas ataxias com marcada espasticidade de

caracteristicas piramidais. Um exemplo é a ataxia espastica autossOmica recessiva

de Charlevoix—Saguenay. Certas paraplegias espasticas, como paraplegia espastica

7, pode se apresentar como um fendtipo ataxico. Devido a raridade e

heterogeneidade genética dessas condi¢des, seu diagnostico molecular permanece
desafiador e demorado (BEREZNYAKOVA; DUPRE, 2018; BIRD, 2019). A TABELA

5 lista as ataxias espasticas.



Tabela 5 - ATAXIAS ESPASTICAS
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Doenca
(heranga)

SPAX1 (AD)

SPAX2 (AR)

SPAX3 (AR)

SPAX4 (AR)

SPAX5 (AR)

SPG7 (AR)

Gene/ Locus

VAMP1

KIF1C

MARS2

MTPAP

AFG3L2

SPG7

Espasticidade progressiva inicialmente nas pernas
Ataxia de marcha

Inicio na infancia com tremor e dismetria

Alteragdes em substancia branca periventricular

Atrofia 6tica

Neuropatia periférica e epilepsia

Disfungéo vestibular
Atrofia cerebelar

FONTE: Adaptado de Bird (2019)

Por fim, as ataxias mitocondriais sdo ataxias progressivas frequentemente

associadas a variantes patogénicas no DNA mitocondrial (mtDNA); exemplos séo

MERREF (epilepsia mioclénica com fibras vermelhas irregulares), NARP (neuropatia,

ataxia e retinite pigmentosa) e a sindrome de Kearns-Sayre. As doencgas

mitocondriais quase sempre tém fendtipo florido e variavel; € comum observar

convulsdes, surdez, diabetes mellitus, cardiomiopatia, retinopatia e baixa estatura
(DA POZZO et al., 2009). Além das alteracdes em mtDNA, ha doengas mitocondriais
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associadas a variantes patogénicas em genes de DNA nuclear, como o gene POLG.

Isso ocorre quando os genes nucleares regulam a fungao mitocondrial (BIRD, 2019).

2.5 SEQUENCIAMENTO DE NOVA GERAGAO

Sequenciamento de nova geragdo (NGS - do inglés Next Generation
Sequencing) é um método que sequencia simultaneamente milhdes de fragmentos
de DNA (ou DNA complementar); isso lhe confere a capacidade de analisar
simultaneamente varios genes. O método pode detectar variantes somaticas
(adquiridas, por exemplo, em células tumorais) e variantes germinativas (herdadas).
Comercialmente, ha 3 principais exames que utilizam o NGS: exoma, genoma, e
painel de genes. Estes exames, que estdo cada vez mais disponiveis e acessiveis
na pratica clinica, protagonizam uma mudanga de paradigma no processo
diagndstico de determinadas doencas, incluindo as ataxias hereditarias. O
conhecimento adquirido sobre as bases genéticas de diversas doengas cresceu
exponencialmente com o advento do NGS, e praticamente dobrou o numero de
genes identificados como causadores de doengas monogénicas entre 2007 e 2013.
Sendo assim, reconhecemos que o sequenciamento de nova geragdo impactou o
campo da genética humana como um todo, mas poucas areas se beneficiaram mais
do que o estudo de doencgas genéticas raras (KOBOLDT et al., 2013; LI et al., 2015;
YOHE; THYAGARAJAN, 2017).

Ha 4 passos técnicos para o sequenciamento de nova geragao: as amostras
sao submetidas a extragdo do DNA, preparagcdo de biblioteca, enriquecimento da
regidao alvo e sequenciamento. Apds, procede-se a interpretacdo de resultados.
Preparar a biblioteca quer dizer preparar o DNA para uso em um sequenciador. O
DNA é quebrado em fragmentos e adaptadores sado inseridos nas extremidades
(regides flanqueadoras). O termo biblioteca refere-se a esses fragmentos de DNA
com adaptadores de flanqueamento prontos para sequenciamento. A biblioteca
resultante sofre enriquecimento para a analise do exoma completo, de painel de
genes, ou é sequenciado diretamente para analise do genoma completo. O préximo
passo € o sequenciamento, que é geralmente realizado pelos sequenciadores
lllumina (San Diego, Califérnia) ou por maquinas lon Torrent. Os dados brutos sao
lidos, tém a qualidade analisada, as leituras e variantes sdo mapeadas e

identificadas. Ao final, obtém-se um arquivo chamado variant call file. As variantes
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obtidas sdo analisadas para determinar se sdo patogénicas, provavelmente
patogénicas, variantes de significado incerto, benignas ou provavelmente benignas.
Preconiza-se o uso dos critérios do colégio americano de genética e gendbmica e
associagdo de patologia molecular (RICHARDS et al, 2015, YOHE;
THYAGARAJAN, 2017).

Painel de genes (PG) é um teste em que varios genes sao analisados
simultaneamente; os painéis sdo elaborados para um determinado fendtipo; por
exemplo, o painel de genes para epilepsias engloba genes conhecidamente
associados a este fendtipo. Os painéis sao indicados quando ha um fendtipo
definido, que pode ser explicado por diversos genes; ou seja, quando o fendtipo
apresenta heterogeneidade de locus. Comparando a testagem de um unico gene, o
painel de genes aumenta a sensibilidade analitica e facilita o processo de tomada
de decisdo dos médicos solicitantes. O numero de genes englobados em um painel
pode variar significativamente entre diferentes laboratérios. Por exemplo, um painel
de epilepsias pode testar de 77 a 377 genes (XUE et al., 2015).

O sequenciamento de exoma completo permite a analise simultdnea das
regides codificantes de mais de 20.000 genes - essencialmente, todas as regides
codificantes em exons no genoma humano. Por ser um teste mais amplo do que o
PG, o SE costuma ter menor sensibilidade; a cobertura dos genes individuais
testados em um painel &, portanto, maior do que o encontrado no SE. Mesmo com
NGS e captura hibrida, aproximadamente 5% das bases codificantes ndo atingem
cobertura suficiente para detecgao confiavel de variantes. Mesmo com uma
cobertura adequada, certos tipos de mutagdes (por exemplo, inversdes, duplicacbes
e outras variantes estruturais) permanecem dificeis de detectar - estas limitacoes
s&o comuns aos demais testes de NGS e s&o detalhadas a seguir (KOBOLDT et al.,
2013; LI et al., 2015; TETREAULT et al., 2015). Além disso, o exoma gera uma
enorme quantidade de informagdes nem sempre faceis de interpretar; ha maior
probabilidade de detecgdo de variantes de significado e variantes incidentais, que
podem gerar maleficios diversos ao individuo testado.

O sequenciamento de genoma completo detecta variantes em regides
codificantes e nao-codificantes, além de variagdo no numero de copias (CNVs, do
inglés copy number variation). E o Unico teste capaz de detectar todos os tipos de
variantes gendmicas: variantes de nucleotideos unicos (SNV, do inglés Single

Nucleotide Variants); pequenas insergbes e delegbes (INDELS) em regides
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codificantes; variantes em sitio de splicing; variantes intrbnicas; fusées génicas;
CNVs. Pelo alto custo e pela enorme quantidade de informagdes geradas - incluindo
variantes incidentais e variantes de significado incerto (VUS, do inglés variant of
unknown significance) - seu uso ainda é limitado, e ha um grande desafio na
interpretacdo de seus resultados (KOBOLDT et al., 2013; TETREAULT et al., 2015;
XUE et al., 2015).

As limitacbes do NGS sao sensibilidade analitica na deteccdo de mutacao,
areas do genoma que sao dificeis de sequenciar ou analisar, limitagcdes de
conhecimento para interpretar novas ou raras mutagdes, capacidade limitada para
detectar CNVs e integracdo de informag¢des genbmicas no cuidado do paciente.
Tanto ES quanto PG nao detectam variantes em regides intrébnicas profundas
(YOHE; THYAGARAJAN, 2017). Regides homodlogas (areas do genoma com
sequéncias de nucleotideos muito similares), as expansdes repetidas (como as
repeticdes CAG) e regides ricas em GC nao sao confiavelmente interpretaveis pelas
atuais plataformas de NGS e algoritmos padrao de bioinformatica (YOHE;
THYAGARAJAN, 2017).

2.6 DIAGNOSTICO DAS ATAXIAS HEREDITARIAS

O mecanismo molecular mais comum de ataxias hereditarias € a expansao
repetida. As duas ataxias mais prevalentes mundialmente - SCA3 e FRDA - séao
causadas por repeticdes CAG e GAA nos genes ATX3 e FXN, respectivamente.
(RUANO et al., 2014). Para a detecgdo destas expansdes repetidas o
sequenciamento de nova geracado nao € o melhor método. O método de escolha é a
amplificacdo e o sequenciamento por reacdo em cadeia da polimerase (PCR).
(MARTORELL et al.,, 1997). Portanto, embora o NGS ofereca uma estratégia
poderosa para procurar genes de doengas mendelianas, ela pode ser falha quando
se trata de ataxias hereditarias (KOBOLDT et al., 2013).

Nao obstante, o advento do sequenciamento de nova geragao permitiu o
conhecimento de novos genes associados a ataxia hereditarias; este conhecimento
cresceu vertiginosamente, especialmente nos ultimos 5 anos. A FIGURA 1 ilustra os
avangos (GALATOLO et al., 2018).



31

FIGURA 1 - AVANGO NO DIAGNOSTICO MOLECULAR DE ATAXIAS HEREDITARIAS
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Fig. 1 Timeline of the discovery of genes involved in hereditary spinocerebellar ataxia
FONTE: Retirado de GALATOLO (2018)

Quando ha suspeita de ataxia hereditaria - seja pela recorréncia familiar, pela
evolugcdo lenta, por outros comemorativos clinicos - deve-se prosseguir com a
compreensao da historia meédica, exame fisico e neurologico, neuroimagem,
exclusdo de causas adquiridas de ataxia. Devido a extensa sobreposicdo clinica
entre todas as formas de ataxia hereditaria, o diagndstico molecular € imperativo;
cabem algumas ressalvas em casos de ataxia com heranga AR: o aumento sérico
de alfafetoproteina sugere ataxia telangiectasia ou ataxia com apraxia oculomotora
tipo 2; niveis séricos baixos de vitamina E sugerem ataxia por deficiéncia de
vitamina E; colestanol elevado sugere xantomatose cerebrotendinosa; albumina
baixa sugere ataxia com apraxia oculomotora tipo 1. Mesmo nestes casos, €
recomendavel o teste molecular para que o diagndstico seja confirmado.

Considerando que as expansodes repetidas de nucleotideos sao relativamente
comuns, elas devem ser buscadas pelo método especifico, descrito anteriormente.
Esta recomendacédo € valida principalmente para as ataxias dominantes e para
suspeita de ataxia de Friedreich. No caso das AEADs, 50-60% dos casos podem ser
identificados neste primeiro momento (GALATOLO et al., 2018; JAYADEV; BIRD,
2013). Apos a exclusdo de expansao repetidas, o préximo passo é o

sequenciamento de nova geracéo.
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2.7 RENDIMENTO DIAGNOSTICO

O rendimento do diagnostico é a probabilidade de que um teste fornega as
informagdes necessarias para estabelecer um diagndstico genético. E um conceito
definido principalmente do ponto de vista do paciente: o numero de pacientes que
recebem uma confirmagcdo molecular de um determinado diagndstico clinico é o
principal parametro de saida. Weiss e colaboradores propuseram o uso de
‘rendimento diagndstico” como um critério de selecdo para estabelecer o
desempenho de testes baseados em NGS (WEISS et al., 2013). As caracteristicas
intrinsecas do teste genético influenciam o rendimento diagndstico; por exemplo, um
exoma com baixa cobertura para uma determinada regido genémica tera uma menor
capacidade de confirmagéo diagnostica (portanto, um baixo rendimento diagnostico)
se 0 gene envolvido estiver na regido de baixa cobertura. Felizmente, ha muitos
laboratérios de genética e gendmica com acreditagbes internacionais e alta

qualidade técnicaTitulo da seg¢&o quaternaria
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3. MATERIAL E METODOS

3.1 TIPO DE ESTUDO

Trata-se de uma revisdo sistematica da literatura cientifica desenvolvida
conforme as orientagdes do Instituto Joanna Briggs, uma organizagao internacional
de pesquisa com base na Faculdade de Saude e Ciéncias Médicas da Universidade

de Adelaide, Australia.

QUESTAO DO ESTUDO

Esta revisdo sistematica buscou responder qual é o rendimento diagndstico
de sequenciamento de nova geragcao para ataxias hereditarias. A TABELA 6

(diagrama PICO) sintetiza a populagéao, intervengao e desfecho do estudo.

TABELA 6 — DIAGRAMA PICO.

Populacéao Pessoas com suspeita de ataxia hereditaria
Intervencéao Sequenciamento de nova geragao
Comparacao Nao se aplica

Outcome (Desfecho) Diagnéstico genético

FONTE: O autor (2022).

3.1.2 ESTRATEGIA DE BUSCA

A estratégia de busca foi pensada e executada integralmente por duas
revisoras independentes: Karina Carvalho Donis € mestre em genética e médica
geneticista; atua no setor de neurogenética do Hospital de Clinicas de Porto Alegre.
A segunda revisora sou eu, Renata Tendrio, médica geneticista.

Inicialmente fizemos um projeto piloto para identificacdo de estudos que

claramente seriam de interesse nesta revisao; a partir destes estudos, formulamos
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estratégias de busca que os evitassem incorrer em viés que limitasse a busca e
excluisse estudos de interesse. A partir deste estudo piloto foram definidos os
termos da busca. Os termos indexados (termos MeSh - Medical Subject Headings)
foram identificados no vocabulario estruturado dos Descritores em Ciéncias da
Saude (https://decs.bvsalud.org/).

Utilizamos trés bancos de dados: EMBASE, Pubmed e Scopus. A pesquisa
selecionou trabalhos publicados em inglés e portugués e o periodo foi de junho de
2010 até fevereiro de 2021, quando a revisdo foi publicada no PROSPERO
(International prospective register of systematic reviews). O cédigo de identificacéo
no PROSPERO é 123868. A busca foi ampla e incluiu ataxias e doencas
neuroldgicas. O objetivo foi encontrar estudos que descrevessem o uso de
sequenciamento de nova geragao para o diagnodstico de ataxias hereditarias.

A estratégia de busca utilizada na base de dados EMBASE foi: (‘cerebellar
ataxia'/exp OR 'ataxia, cerebellar' OR 'ataxia, cerebellum' OR 'cerebellar ataxia' OR
‘cerebellum ataxia" OR 'congenital cerebellar ataxia' OR 'ataxia'/exp OR 'ataxia’ OR
‘ataxie') AND (‘whole exome sequencing'/exp OR 'exome sequencing' OR 'whole
exome sequencing' OR 'genome sequence'/exp OR 'next generation sequencing'/exp
OR 'next generation sequencing' OR 'genetic panel' OR 'gene panel' OR 'sequence
analysis'/exp OR 'analysis, sequence' OR 'sequence analysis') AND ('diagnostic
value'/exp OR 'diagnostic reliability' OR 'diagnostic utility' OR 'diagnostic value' OR
'diagnostic yield' OR 'value, diagnostic’ OR 'diagnosis'/exp OR 'diagnosis' OR
'diagnostic screening' OR 'diagnostic screening programs' OR 'diagnostics' OR
'disease diagnosis' OR 'medical diagnosis') AND (2010:py OR 2011:py OR 2012:py
OR 2013:py OR 2014:py OR 2015:py OR 2016:py OR 2017:py OR 2018:py OR
2019:py OR 2020:py OR 2021:py) AND 'human'/de AND (‘congenital disorder'/Ink OR
'diagnosis'/Ink OR ‘etiology'/lnk) AND (‘article'/it OR ‘article in press'/it) AND
([english])/lim OR [portuguese]/lim) AND ([article]/lim OR [article in press]/lim) AND
([embase]/lim OR [medline]/lim) AND [medline]/lim

A estratégia de busca utilizada na base de dados Pubmed foi: ("Cerebellar
Ataxia" OR "Spinocerebellar Degenerations” OR ataxia) AND ("Sequence Analysis"
OR "Whole Exome Sequencing" OR "Complete Exome Sequencing" OR "Complete
Exome Sequencings" OR "Exome Sequencing, Complete" OR "Exome Sequencing,
Whole" OR "Exome Sequencings, Complete" OR "Exome Sequencings, Whole" OR

"Sequencing, Complete Exome" OR "Whole Genome Sequencing" OR "Genome
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Sequencing, Whole" OR "Sequencing, Whole Genome" OR "Complete Genome
Sequencing" OR "Genome Sequencing, Complete" OR "Sequencing, Complete
Genome" OR "Next-Generation Sequencing" OR "Next Generation Sequencing" OR
"genetic panel" OR "targeted panel" OR "gene panel"). The filters used: full text,
journal articles, from 1/1/2021 until 2/14/2021, species: humans, language: english
and portuguese

A estratégia de busca na base de dados Scopus foi: ( "Cerebellar Ataxia" OR
"Spinocerebellar Degenerations" OR ataxia ) AND ( "Sequence Analysis" OR
"Whole Exome Sequencing" OR "Complete Exome Sequencing" OR "Complete
Exome Sequencings" OR "Exome Sequencing, Complete" OR "Exome
Sequencing, Whole" OR "Exome Sequencings, Complete" OR "Exome
Sequencings, Whole" OR "Sequencing, Complete Exome" OR "Whole Genome
Sequencing” OR "Genome Sequencing, Whole" OR "Sequencing, Whole
Genome" OR "Complete Genome Sequencing" OR "Genome Sequencing,
Complete” OR  "Sequencing, Complete Genome" OR "Next-Generation
Sequencing" OR "Next Generation Sequencing" OR "genetic panel" OR "targeted
panel" OR "gene panel" ) AND ( "diagnosis") AND ( LIMIT-TO ( SRCTYPE, "j")
) AND ( LIMIT-TO ( PUBSTAGE , "final") OR LIMIT-TO ( PUBSTAGE , "aip"))
AND ( LIMIT-TO ( DOCTYPE, "ar")) AND (LIMIT-TO ( SUBJAREA, "MEDI"))
AND ( LIMIT-TO ( PUBYEAR , 2021 ) OR LIMIT-TO ( PUBYEAR, 2020 ) OR
LIMIT-TO ( PUBYEAR, 2019 ) OR LIMIT-TO ( PUBYEAR, 2018 ) OR LIMIT-TO (
PUBYEAR , 2017 ) OR LIMIT-TO ( PUBYEAR, 2016 ) OR LIMIT-TO ( PUBYEAR
, 2015) OR LIMIT-TO ( PUBYEAR, 2014 ) OR LIMIT-TO ( PUBYEAR , 2013)
OR LIMIT-TO ( PUBYEAR , 2012 ) OR LIMIT-TO ( PUBYEAR , 2011 ) OR
LIMIT-TO ( PUBYEAR , 2010 ) ) AND ( LIMIT-TO ( LANGUAGE , "English" ) )
AND ( LIMIT-TO ( EXACTKEYWORD , "Article" ) OR LIMIT-TO (
EXACTKEYWORD , "Human") OR LIMIT-TO (EXACTKEYWORD , "Genetics"))

Foi realizada uma busca manual por artigos relevantes. A busca se deu nas

referéncias bibliograficas de artigos relevantes.

3.2 CRITERIOS DE INCLUSAO E EXCLUSAO

Nosso objetivo foi revisar o rendimento diagnostico do sequenciamento de

nova geragao na identificagdo da etiologia molecular da ataxia hereditaria. Para
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tanto, selecionamos todos os estudos de acuracia, coorte, caso-controle ou série de
casos que descreviam o uso de painéis genéticos, sequenciamento completo do
exoma e sequenciamento total do genoma em pacientes de todas as idades com
suspeita clinica de ataxia hereditaria. Avaliamos os artigos de uma perspectiva
clinica para determinar se a ataxia era uma caracteristica proeminente nos pacientes
relatados, ou se era um achado secundario em outras doencas do movimento ou
multissistémicas; apenas o0s casos com ataxia como caracteristica proeminente
foram incluidos nesta revisdo. Uma lista detalhada das doengas que foram
consideradas ataxia hereditaria sera listada quando concluirmos a extracdo dos
dados.

Os critérios de exclusdao foram: artigos de revisdao, estudos de genes
candidatos (em contexto de pesquisa e analise de segregacao), artigos em que o
fendtipo principal ndo era ataxia, artigos em que o fendtipo ou os resultados foram
pouco descritos, artigos que analisaram genes unicos, estudos em animais,
conhecimento prévio de uma mutagao genética ou mutagcado familiar, estudos que
nao avaliaram o DNA nuclear; e estudos que incluiram menos de 6 pacientes n&o

aparentados com ataxia.

3.3 AVALIACAO DE QUALIDADE DOS ESTUDOS PRIMARIOS

A qualidade dos estudos primarios foi avaliada pela analise de itens
selecionados que foram adicionados a tabela estruturada de extracdo de dados;
utilizamos como base a proposta do Instituto Joanna Briggs para avaliagao de
qualidade de série de casos. Os itens avaliados foram: critérios de inclusdo e
exclusdo colocados de maneira clara; afericdo padronizada e confiavel de ataxia
para todos os participantes; inclusdo dos participantes de forma consecutiva;
pacientes com ataxia descritos separadamente daqueles com outras doengas
neuroldgicas; probandos descritos separadamente; clareza sobre qual teste de NGS
foi feito para cada participante; a publicacdo descreve fenotipos mistos (ataxia e
outras doencas neuroldgicas); a clareza de informagdes clinicas de todos os
pacientes com ataxia que fizeram testes de NGS; a clareza de informacgdes clinicas
de todos os pacientes que obtiveram um diagndstico com testes NGS; descrigdo da
l6gica na classificagdo de variantes; e descrigdo da l6gica na selegdo dos genes que

foram testados em painéis genéticos.
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3.4 EXTRAGCAO DOS DADOS

Uma planilha padronizada para extracdo de dados dos artigos relevantes foi
pensada e executada por dois revisores independentes. Ali Hassan é médico
geneticista e mestrando em genética na Universidade Federal do Rio Grande do Sul.
A segunda revisora sou eu, Renata Tendrio, médica geneticista.

Os dados extraidos foram: autores, titulo, ano e pais de publicacdo; numero de
pacientes com ataxia que fizeram testes NGS, resultados positivos e rendimento
diagnéstico; quantidade de VUS detectadas; exclusao prévia de expansodes
repetidas e/ou causas adquiridas de ataxias; idade de inicio da ataxia; recorréncia
familiar; sintomas associados ou ataxia pura; progressao da ataxia; teste NGS
realizado e, quando painel, o numero de genes testados; género dos participantes;

plataforma utilizada no sequenciamento.
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4. RESULTADOS

Os resultados obtidos levaram a producado do artigo que respondem ao
objetivo geral e especificos. Submetido, aceito e publicado (DOI
10.1007/s12311-023-01629-y) pela revista cientifica The Cerebellum em periddico

indexado ao Qualis A2 na area de concentracao vinculado ao Programa.
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Background: Next-generation sequencing (NGS), comprising targeted panels
(TP), exome sequencing (ES), and genome sequencing (GS), became robust clinical
tools for diagnosing hereditary ataxia (HA). Determining their diagnostic yield (DY) is
crucial for optimal clinical decision-making. We conducted a comprehensive
systematic literature review on the DY of NGS tests for HA. Methods: We searched
Pubmed and Embase databases for relevant studies between 2016 and 2022 and
manually examined reference lists of relevant reviews. Eligible studies described the
DY of NGS tests in patients with ataxia as a significant feature. Results: Data from 33
eligible studies showed a median DY of 43% (IQR = 9.5 - 100%). The median DY for
TP and ES were 46% and 41.9%, respectively. Higher DY was associated with
specific phenotype selection, such as episodic ataxia at 68.35% and early and late
onset of ataxia at 46.4% and 54.4%. Parental consanguinity had a DY of 52.4%
(p=0.009), and the presumed autosomal recessive (AR) inheritance pattern showed
62.5%. There was a difference between the median DY of studies that performed
targeted sequencing (TRE) screening and those that did not (p=0.047). A weak
inverse correlation was found between DY and the extent of previous genetic
investigation (rho = -0.323; p=0.065). The most common genes were CACNA1A and
SACS. Conclusion: DY was higher for presumed AR inheritance pattern, positive
family history, and parental consanguinity. ES appears more advantageous due to
the inclusion of rare genes that might be excluded in TP.

Keywords: Next-generation sequencing; targeted panels; whole exome
sequencing; whole genome sequencing; cerebellar ataxia; spinocerebellar ataxia

Introduction

Hereditary ataxias (HA) present a diagnostic challenge due to their diverse
phenotypes and genetic etiologies, which can manifest at any age and exhibit various
modes of inheritance patterns. These ataxias are attributed to over 100 different
genes and have heterogeneous molecular causes, including tandem repeat
expansion (TRE) or single nucleotide variants (SNV) in both nuclear and
mitochondrial DNA (mtDNA) [1].

Until the 1990s, the molecular basis of ataxia remained unknown for most
affected individuals, leading to uncertain diagnoses after excluding acquired causes
of cerebellar ataxia (CA). The discovery of trinucleotide CAG repeat expansion as a
common cause of HA led to the identification of novel forms of the disease, and PCR

(polymerase chain reaction) became the ideal technique for detecting TRE. The
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discovery of trinucleotide CAG repeat expansions as a common cause of HA
unveiled new forms of the disease, with PCR becoming the preferred technique for
detecting TRE. However, while repeat expansion disorders account for a significant
proportion of HA, other forms of the condition are not caused by repeat expansions.
Next-generation sequencing (NGS) has emerged as an effective diagnostic tool for
this group of non-repeat expansion HA, while PCR is ineffective [2, 3].

NGS tests enable the sequencing of large amounts of DNA quickly, facilitating
the detection of a broad range of genetic variants. NGS includes whole-genome
sequencing (GS), exome sequencing (ES), and targeted gene panel sequencing
(TP), each with its advantages and limitations. TP focuses on analyzing the coding
exons of a restricted set of genes. At the same time, ES includes two variants: whole
exome sequencing (WES), which sequences 1-2% of the entire human genome
containing protein-coding DNA, and clinical exome sequencing (CES), which
sequences protein-coding regions of disease-causing genes (approximately 5.000
genes). GS is an all-inclusive technique that detects variants in coding and
non-coding regions and copy number variations (CNVs). However, TRE detection is
not feasible with these tests [4].

Assessing the diagnostic yield (DY) is a valuable approach to evaluating the
performance of NGS tests, providing information on the proportion of patients who
receive a positive diagnosis among those who undergo the test. Knowledge of the
DY helps clinicians select the most appropriate test, establish realistic patient
expectations, and guide research efforts to enhance diagnostic accuracy [5].

Several studies have investigated the DY of NGS-based tests for HA, yielding
conflicting and inconclusive results. Herein, we conducted a systematic review to
comprehensively summarize the current understanding of the DY of NGS tests for
HA. We aim to provide a comprehensive overview of cutting-edge knowledge and
facilitate optimal clinical practice and genetic counseling decision-making.

Methods

This systematic review was designed and conducted following the Cochrane
recommendations and a modified PICO framework (population, intervention,
comparison, and outcomes). It has been prospectively registered in the PROSPERO
database under the protocol number CRD42020123868.

Study types
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All primary study types were included, including cohort, case-control,
cross-sectional, and case studies. Case series of less than ten unrelated ataxic
patients submitted to TP and/or ES and/or GS (TP/ES/GS), conference abstracts,
and short communications were excluded. Studies that examined multiple
neurological disorders instead of solely HA were also excluded. Only publications in
English were considered.

PICO framework

Population: studies that included patients with ataxia as a major feature
undergoing TP/ES/GS for investigation of HA were eligible. The clinical perspective
was assessed whether ataxia was a major feature or an additional finding in a
complex phenotype. All age groups were included. Publications that selected a
specific group of ataxic individuals (i.e., all patients with ataxia-oculomotor apraxia
[AOA]) were included, with specificity reported individually.

Intervention: Studies employing TP/ES/GS for identifying germline variants
were eligible. This study categorized the NGS test based on the approach used. TP
referred to a targeted approach, while ES indicated a non-targeted approach. If an
NGS test sequenced the entire exome but only analyzed a selected number of
genes, it was counted as TP because the approach targeted specific genes.
Similarly, if an NGS test labeled as TP analyzed all disease-causing genes
(approximately 5,000 genes), it was counted as CES (ES) [6]. The aim was to
differentiate studies that targeted a specific set of genes from those that did not.
WES, mini-exome, CES, exome-CGH, and exomes that analyzed nuclear and/or
mitochondrial DNA were included and categorized as ES. Studies that intended to
validate TP/ES/GS for repeat expansion detection were not included.

Comparator: When applicable, comparator groups consisted of patients
undergoing an alternative diagnostic test. Studies without a comparator group were
also eligible (e.g., studies where all participants received only TP/ES/GS).

Outcome: Studies were included if they reported the DY of TP/ES/GS for the
population studied. The DY needs to be clearly described, or the necessary
information for calculating the DY (such as the number of patients who underwent the
test and the number of patients receiving a positive diagnosis) should be evident. DY
was defined as the proportion of individuals with a confirmed molecular diagnosis
divided by the total number of patients who underwent TP/ES/GS in the cohort [7].

When probands were described separately, the DY was calculated only for probands.
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A molecular diagnosis was confirmed when a disease-causing molecular germline
variant was detected in a gene associated with the phenotype investigated. Variants
classified as pathogenic (P) or likely pathogenic (LP) according to the American
College of Genetics and Genomics (ACMG) criteria were considered
disease-causing [8]. For autosomal dominant (AD) conditions, at least one P/LP
variant was required, while for autosomal recessive (AR) conditions, two P/LP
variants were necessary. If the study did not specify otherwise, it was assumed that
these two variants were in trans. The classification process was assessed
individually if genetic variants were not classified according to the ACMG guideline.
When exome sequencing included mtDNA analysis and led to a diagnosis, it was
considered a confirmed molecular diagnosis, and this information was reported.

A patient receiving multiple diagnoses related to the primary indication for
testing was considered a single positive result. Incidental findings and variants of
uncertain significance (VUS) were reported but not considered molecular diagnoses.
Studies conducting NGS tests and reporting results for a single gene were excluded.
However, studies that utilized NGS to sequence single genes guided by the clinical
phenotype and employed TP/ES/GS were included, and all results were considered
positive. For example, a study that initially sequenced genes associated with
ataxia-oculomotor apraxia and subsequently performed TP/ES/GS was included.
Patients who received a diagnosis through the analysis of AOA were counted as
positive results of the NGS technique and included in the calculation of DY since they
would eventually be diagnosed using other NGS techniques. Exploratory studies and
candidate gene studies were excluded. Studies reporting results for the same cohort
were merged, and the most recently published study was considered. Supplementary

materials were also analyzed for data extraction.

Search methods

In the search process, two electronic databases, Pubmed and Embase, were
accessed, along with a review of the reference lists of relevant articles [9-11].
Keywords and Medical Subject Headings (MeSH) were identified in a structured
vocabulary (https://decs.bvsalud.org/). The terms used were "ataxia" AND
"diagnosis" OR "clinical utility" AND "gene sequencing ."The filters used were those
previously determined as inclusion or exclusion criteria: language (English) and

publication type (case reports and observational studies). Inclusion and exclusion
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criteria were applied to filter the articles, considering language (English) and
publication type (case reports and observational studies)—the selected publications
encompassed January 1, 2016, to October 10, 2022.

No time frame restriction was imposed on manually searched publications.
The chosen time frame was based on the release of a guideline for variant
classification by the ACMG and the Association for Molecular Pathology in 2015,
which aimed to improve the uniformity and reliability of variant classification. Given
the direct influence of variant classification on DY, articles published after 2016 were
deemed more likely to provide dependable and consistent variant classifications. A
detailed line-by-line search strategy is available in Supplementary Material Table 1.

Selection of studies

The selection of studies was imported into Rayyan (https://www.rayyan.ai/)
and eliminated duplicates. Two independent reviewers (R.T. and K.D.) conducted the
initial screening based on titles and abstracts. Irrelevant publications were excluded,
and RT and KD thoroughly reviewed the remaining articles, following pre-established
inclusion criteria. Two crucial questions were posed during the review: (1) How many
individuals with ataxia underwent TP/ES/GS? (2) How many positive results were
detected by the NGS tests? Any negative response to these questions led to the
exclusion of the article. Additionally, the eligibility of each article was assessed based
on the population, intervention, comparator, outcome, and study design criteria.
Reasons for exclusion were documented, and any discrepancies were resolved
through discussion.

Data extraction

Two reviewers (R.T and K.D) developed a structured extraction form in which
relevant data was included. The form captured various aspects of the study, including
authors, year, country, sample size, study design, and clinical setting. Participant
characteristics, such as sex, parental consanguinity, family history, ancestry, and
presumed inheritance pattern, were recorded. Details regarding the diagnostic
workup were documented, including the exclusion of acquired causes of ataxia
and/or repeat expansions. Information about the ataxia was gathered, such as age at
onset, progression, and associated symptoms. Furthermore, data on the NGS test,
including the sequencing platform, specific test performed, number of genes
analyzed by the panel, and the analysis of mtDNA and/or copy number variations

(CNVs), were extracted. The outcome data, encompassing the method for variant
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classification and the DY, were recorded, along with the characteristics of positive
results, such as family history, parental consanguinity, age at onset, inheritance
pattern, and additional features.

Assessment of quality of studies

The quality assessment of primary studies was conducted using the ROBINS-I
(Risk Of Bias In Non-randomized Studies - of Interventions) appraisal tool. This tool
evaluates the risk of bias in intervention effectiveness or safety estimates for studies
that did not employ randomization in allocating interventions. The appraisal tool
consists of six domains: confounding and selection of participants, classification of
interventions, deviations from intended interventions, missing data, and
measurement of outcomes. Each domain contains signaling questions to aid in
assessing the risk of bias, and guidance is provided on how to rate the risk of bias for
each domain (options include low, moderate, severe, critical, and no information).
The summarized results of this appraisal for all domains are presented in
Supplementary Material Figure 1 [12]. Studies were not excluded based on quality.

Data synthesis

Given the heterogeneity among the included studies concerning cohort
characteristics, disease presentation, inheritance pattern, and diagnostic workup
protocols, a narrative synthesis approach was employed for data synthesis. General
characteristics of the publications and the primary outcome (DY) were described.
Subsequently, the studies were grouped based on specific population characteristics
to enable comparisons of the DY according to those specific criteria. The analysis
considered the apparent inheritance pattern, evaluated objectively (when reported) or
subjectively (e.g., when the population exhibited high parental consanguinity, AR
inheritance was inferred).

Statistical analysis

The results were presented as means, medians, standard deviation,
confidence intervals (quantitative variables), and frequencies and percentages
(categorical variables). The nonparametric Wilcoxon-Mann-Whitney test was utilized
for comparing two groups in terms of quantitative variables. In comparison, the
nonparametric Kruskall-Wallis test was used for comparisons involving more than two
groups. The chi-square or Fisher's exact tests were used to compare categorical
variables across groups. Spearman's correlation coefficient was estimated to assess

associations between variables, with correlation strength classified as very strong
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(>0.9), strong (0.7 to 0.89), moderate (0.4 to 0.69), weak (0.2 to 0.39), or very weak
(0.0 to 0.19). The statistical analysis was performed using IBM SPSS Statistics 22
software and Excel Office 2010.

Results

Figure 1 illustrates the PRISMA flow diagram employed in this study. A total of
2297 papers were identified through a comprehensive search of electronic
databases, while an additional 11 publications were found through manual search.
After assessing titles and abstracts, 1861 unique publications remained for
evaluation. After excluding 1799 publications based on predefined criteria, 63 articles
were read in full, including 34 studies for data extraction. It is important to note that
two publications [13, 14] reported the same cohort, which was consolidated as one
study for data extraction. Consequently, a total of 33 studies had data extracted, and
are summarized in Table 1.

Among the included studies, most (18 out of 33) exhibited a low risk of bias,
while 11% (4 out of 33) presented a significant risk of bias in certain aspects. The
most common source of bias was associated with measuring outcomes, whereas the
lowest risk of bias was observed with confounding factors. Supplementary Material
Figure 1 provides further details on the risk of bias assessment.

The included studies collectively involved 3144 participants who underwent
NGS tests, all conducted in tertiary centers. The median sample size was 95
participants, ranging from 10 to 412. Geographically, the studies were conducted in
18 countries from all continents, mainly from Europe (Figure 2). The publications
were released between 2013 and 2022, with a higher concentration after 2019.

Regarding pathogenicity assessment, 21 studies utilized the ACMG criteria,
while the remaining studies either employed in-house systems or did not specify the
criteria. When the ACMG criteria were utilized, the median DY was 47.5% with an
interquartile range (IQR) of 26.5-60%. VUS yield was reported in 15 publications,
with a median vyield of 20.6% (IQR: 8-33.6%). The most commonly utilized
sequencing platform was lllumina, employed in 18 studies. Incidental findings were
not reported.

The median DY across all studies was 43% (IQR: 9.5 - 100%). The lowest DY
was observed in a large cohort that was unselected based on age but exhibited a
positive family history compatible with autosomal dominant (AD) inheritance, with a
DY of 9.5% [15] (Figure 3). Conversely, the highest DY of 100% was observed in a
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small cohort with childhood-onset ataxia and a positive family history compatible with
AR inheritance [22]. To gain a better understanding of the primary studies, the
authors described them and their respective DY based on various characteristics,
including cohort selection criteria, previous workup, age group at the onset of ataxia,
family history or parental consanguinity, presumed inheritance pattern, and NGS
workup. Table 2 provides a summary of this information.

Among the primary studies, approximately one-third (n=11) featured
unselected heterogeneous cohorts based on age, family history, or parental
consanguinity [9, 25, 27-35]. The remaining two-thirds included selected cohorts
(Table 2), and four cohorts were specific to certain phenotypes (episodic ataxia, AOA,
congenital ataxia) [14, 17, 20, 36]. The median DY was 68.35% for the
phenotype-specific cohorts, 40.45% for the selected cohorts, and 30.5% for the
unselected cohorts.

Except for two studies [11, 14], all publications reported some form of previous
workup before conducting NGS tests, with the majority excluding TRE beforehand.
However, five studies did not report screening for TRE before NGS testing [11, 14,
17, 20, 21]. Among these studies, the median DY was 74.2% (IQR: 33.2-82.5%). Two
studies [16, 17] performed cytogenetic tests, such as CGH-Array and karyotype, on a
portion of the cohort before employing ES, resulting in DYs of 40% and 80%,
respectively. Among the studies that screened for TRE and other common causes
before NGS testing (n=22), the median DY was 37.7% (IQR: 9.5-100%). A
statistically significant difference was observed between the median DY of studies
that performed TRE screening and those that did not (p=0.047). Additionally, a weak
inverse correlation was found between the DY and the extent of previous genetic
investigation (rho = -0.323; p=0.065).

Most primary studies (n=20) included patients with ataxia onset in all age
groups. Eight out of 33 studies specifically focused on early-onset ataxia (EOA) [5,
16-22], including one study that involved congenital non-progressive ataxia [17]. Five
primary studies concentrated on adult/late-onset ataxia [14, 23-26]. The median DY
for EOA was 46.6%, while for adult/late-onset ataxia, it was 54.5%. However, the
difference in DY between these two groups was not statistically significant.

The cohorts exhibited significant heterogeneity in terms of family history and
parental consanguinity. In cohorts where most participants had a positive family
history (n=7), the median DY was 40.9% [15, 19, 22, 32, 37-39]. Conversely, in
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simplex (sporadic) cases (n=17), the median DY was 33.2% [5, 6, 9, 11, 14-18, 23,
25-19, 32, 40]. In 9 cohorts, there was a high prevalence of parental consanguinity
[5, 15, 17, 19, 21, 22, 32, 40, 41]. In these cohorts, the median DY was 52.4% (IQR:
25-100%), and a significant difference was observed when comparing the median DY
of studies that considered parental consanguinity versus those that did not (p=0.009)
(Table 2). Of note, the study of Valence et al. [17] showed a consanguinity rate of
95% and a DY of 80% (16/20).

A total of 7 cohorts consisted of highly consanguineous populations, specific
phenotypes (e.g., AOA), or pedigrees with horizontal transmission, indicative of AR
inheritance pattern [17, 19-22, 38, 40]. The median DY for these cohorts was 62.5%,
with most diagnoses related to AR cerebellar ataxia (ARCA) genes. In 4 publications,
all diagnoses were ARCA-related, and homozygosity was frequently observed [6, 18,
19, 32]. One study [17] reported 25% of probands with de novo variants in AD
cerebellar ataxia (SCA) genes, with 95% of the cohort born to consanguineous
parents and all exhibiting congenital ataxia.

Three cohorts were presumed to have AD inheritance pattern, either due to
vertical transmission (1 study) [15] or episodic ataxia (2 studies) [14, 36], with a
median DY of 46%. In 23 publications, AR and AD inheritance patterns were
considered, resulting in a median DY of 37.7%. The presumed inheritance pattern did
not correlate significantly with the DY (rho=0.0304; p=0.866). Accounting for the
heterogeneous nature of the studies, the presumption of inheritance pattern based
on family pedigree before molecular evaluation had a sensitivity of only 60.1% and
specificity of 49.5%. Details for each study can be found in Table 3.

Regarding the DY for the NGS techniques employed, publications mainly
utilizing ES (n=12) have had a median DY of 41.9% [5, 6, 9, 16, 17, 22, 23, 26, 31,
37, 38, 42]. Studies employing a TP approach (n=13) had a median DY of 46% [11,
14, 15, 19, 20, 21, 27, 25, 29, 33, 36, 40, 43]. Eight publications followed a stepwise
approach in which TRE was excluded initially, and patients not diagnosed in this step
underwent NGS testing [18, 32, 28, 30, 35, 39, 41, 44]. This stepwise approach
resulted in a median yield of 40.3%. Two studies utilized WGS as a complementary
NGS method for a few participants [24,30]. When considering only patients who
performed WGS, Bogdanova-Mihaylova et al. [24] found a DY of 20% (4/20), and
Kang et al. [30] showed a DY of 33%.
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The majority of diagnoses were related to ARCA genes in 24 publications [5,
6, 9, 15, 17-24, 26-28, 31-33, 35, 37, 38, 40, 42, 44] and to SCA genes in other 8 [11,
14, 16, 25, 29, 30, 43]. In 1 study [41], the percentages were similar, and one paper
reported that 80% of diagnoses were related to mtDNA [44]. The most commonly
implicated genes for diagnosis were SACS, which was present in 15 studies and 70
probands [5, 6, 15, 18, 19, 21, 22, 24, 25, 27, 31, 32, 37, 38, 40] and CACNA1A,
which was present in 14 papers and 77 probands [9, 11, 14, 15, 17, 22, 25, 29-31,
33, 36, 42, 43]. SYNE1 was reported in 12 studies [6, 9, 11, 15, 18, 22, 23, 26, 28,
31-33] and 38 probands; SETX and SPG7 were respectively diagnostic in 68 and 65
probands and 11 studies each [5, 15, 18, 20, 22, 27, 31, 32, 35, 38, 41] [9, 11, 15, 23,
24, 26 29, 31, 33, 37, 38, 43]. The other genes that were diagnostic in more than one
paper were ITPR1, APTX, SPG11, ANO10, ATM, ADCK3, ATP1A3, CACNA1G,
COQ8A, NPC1, PNKP, PRKCG, SPTBN2, TTPA, AFG3L2, KCNC3, MRE11,
PNPLA6, POLG, PRNP, SCN2A and SLC1A3. Additionally, 47 other genes were
identified as causing HA in a single study. The genes are listed in Supplementary
Material Table 2.

DISCUSSION

In our study, we comprehensively examined the current knowledge on the DY
of NGS techniques for HA. This study is the most extensive systematic review
conducted on this topic. We extracted relevant data from 33 primary studies following
a meticulous and systematic search process. Our analysis revealed a wide range of
DY values, from 9.5% to 100%. The median DY achieved in these studies was
47.5%. This considerable variability can be attributed to the inherent heterogeneity
among the included studies. When devising our selection criteria, we aimed to
accurately reflect the heterogeneity observed in clinical practice, as ataxic patients
often exhibit diverse characteristics. Therefore, we specifically focused on distinct
parameters, including cohort selection criteria, prior diagnostic investigations, age
group at the onset of ataxia, family history or parental consanguinity, presumed
inheritance pattern, and the specific NGS methodology employed.

Throughout our review, we observed substantial heterogeneity regarding the
methodologies employed and the clinical characteristics of the study cohorts.
However, the criteria utilized for variant classification demonstrated relative
uniformity. Of the included studies, 21 reported implementing the criteria outlined by
the American College of Medical Genetics and Genomics (ACMG) [6, 9, 11, 14,
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16-19, 21-23, 25, 28, 30-33, 35, 38, 42, 44]. Eight studies did not explicitly mention
the criteria they employed for variant classification [5, 20, 24, 26, 29, 40, 41, 43],
while four studies utilized methods and rationale similar to those of the ACMG [15,
27, 36, 37].

Two significant initial observations can be derived from the patient populations
examined in this review. Firstly, despite the low prevalence of HA, a majority of the
studies (n=18) included sample sizes with over 50 probands [9, 11, 15, 18-20, 23, 24,
26, 28, 29,31-33, 38, 40, 42, 43], and seven studies even had cohorts with more than
100 probands [11, 15, 23, 29, 33, 38, 43]. It is worth noting that there was a lack of
diversity in patient ancestry across cohorts, with several studies predominantly
comprising patients of Caucasian/European descent. Alongside these relatively large
sample sizes, many cohorts specifically focused on distinct HA phenotypes, and their
DY indicated that NGS may offer more excellent utility for specific HA subgroups. For
instance, Da Costa SCG et al. [20] selected probands with AOA, achieving a
diagnostic yield of 62.5%. Maksemous et al. [14] and Choi et al. [36] cohorts included
episodic ataxia with 74.2% and 46% DY, respectively. Eleven studies exhibited a
lower selection bias as they included unselected samples (not selected based on age
at onset, family history, or other features) [9, 25, 27-33, 35, 42]. However, only one
study (Sun et al.) [33] reported a consecutive sample. The median DY for these
studies was 35.5%, while the median yield for the 18 studies that selected their
samples was 40.45% [5, 6, 11, 15, 16, 18, 19, 21-24, 26, 37, 38, 40, 41, 43, 44].

Secondly, in most cohorts, other types of HA were excluded before performing
NGS tests. Out of the 33 studies, 28 reported excluding TRE before conducting NGS
tests, with 22 excluding FRDA and the main SCAs [5, 6, 9, 15, 16, 18, 22-24, 26, 27,
29, 30, 31, 33, 35, 37, 38, 41-44], and six excluding either FRDA or SCAs [19, 25,
28, 32, 36, 40]. Five studies did not report excluding TRE before NGS testing [11, 14,
17, 20, 21]. Surprisingly, these five studies achieved a median yield of 74.2%. The
difference with the other studies was statistically significant (p=0.047), and a weak
inverse correlation was observed between the DY and the extent of previous genetic
investigation (rho = -0.323; p=0.065). This discrepancy is intriguing as TRE are not
detectable by NGS tests and are a common cause of HA. The reason for this
inconsistency is likely selection bias. Except for Galatolo et al. [11], Mutlu-Albayrak et
al. [21], Valence et al. [17], Maksemous et al. [14], and Costa et al. [20] cohorts were

selected either based on age at onset (very early-onset ataxia) or by phenotype
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(AOA, episodic ataxia). The DY is likely higher in these specific groups because they
are more likely to have a monogenic cause, and TRE is not a prevalent cause of
ataxia in these cases. Of note, the technological advances in molecular tests will
likely resolve the issue of TRE-specific testing. Long-read sequencing is a new
technique that will likely replace NGS sequencing shortly and detects structural
variants, cryptic splicing variants, mobile insertion elements, and repeat expansions
[45].

Among the highest DY, three studies stand out with rates of 82.5%, 94.4%,
and 100% [21, 22, 41]. They all shared high rates of positive family history and/or
parental consanguinity. Santos et al. [22] achieved a 100% DY by performing ES on
19 families. Their cohort was selected based on presumed AR inheritance pattern
(affected sibling or parental consanguinity), and most patients had childhood-onset
ataxia. This cohort identified three cases of AD inheritance pattern ataxia caused by
de novo variants in CACNA1A, KIF1A, and ATP1A3 genes. These families had been
identified during a national population survey in Portugal. However, despite extensive
investigations involving TRE, AOA1, AOA2, FRDA, a-TTP, HSP11, and HSP genes,
they remained without a molecular diagnosis for many years. On the other hand, the
lowest diagnostic yield of 9.5% was unexpectedly low in the study by Coutelier et al.
[43], considering that 95% of the probands had an affected parent. They employed a
targeted panel of 69 genes, including ARCA genes.

The heterogeneity among the selected studies is also evident when examining
the sensitivity and specificity for presumed inheritance patterns before genetic testing
and confirmed inheritance patterns after the analyses. Calculations considering
studies with available data show very low sensitivity and specificity for predicting
inheritance patterns through clinical history (Table 3). Therefore, particularly in cases
where the researcher is dealing with a highly heterogeneous sample or the clinician
struggles to evaluate whether the inheritance pattern is truly AR, we find it
inappropriate to consider this as the sole parameter for choosing the type of testing
for the patient under study. Furthermore, even among individuals in a population with
the highest probability of having a Mendelian genetic condition that can be identified
through NGS, approximately half of the patients remain undiagnosed. There are two
main reasons for this: new ataxia genes are yet to be discovered, or variants are

located in intronic regions.
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Our review does not provide evidence supporting a higher DY for ES
compared to TP. The median DY for ES and TP were 41.9% and 46%, respectively.
However, it is worth noting that in some papers, ES likely increased the DY by
detecting variants in genes that would not have been sequenced using TP. For
example, Valence et al. [17] conducted singleton-ES in 20 patients with congenital
ataxia, resulting in a DY of 80%. Seven of the diagnosed cases had pathogenic
variants in known HA genes that would have been included in a TP. Another seven
patients had pathogenic variants in genes previously implicated in other neurological
phenotypes, and two patients had pathogenic variants in new candidate genes.

Despite parental consanguinity, four patients carried heterozygous de novo
pathogenic variants (i.e., AD ataxia), which might have been overlooked in an ARCA
panel. It is also noteworthy that the supplementary material contains a list of genes
related to diagnosis, including 38 genes that were diagnostic for two or more
probands (likely representing the most common HA genes) and 36 genes that were
diagnostic in a single proband (likely representing some ultra-rare HA genes). It
remains to be seen whether these ultra-rare genes would be included in all targeted
panels for HA. Therefore, despite the lack of statistically significant differences in DY
between these two NGS tests, it is reasonable to suggest that ES is a better method,
especially considering the rapid decline in costs associated with ES. S. It is
important to highlight that additional research is needed to assess the value of VUS
and incidental findings to gain a more comprehensive understanding of ES's
associated risks and drawbacks.

CONCLUSION

In conclusion, this systematic review allows some considerations. First, it
seems that NGS tests have better diagnostic yields for cases with presumed AR
inheritance pattern, positive family history, and parental consanguinity. Second,
despite the lack of statistical significance between the median DY when TP ou ES
were used, it is likely that ES has advantages for detecting ultra-rare and newly
discovered genes related to HA. The decreasing costs of these techniques will make
ES more available. Third, the median diagnostic yield of the primary studies was
47.5%, which confirms the NGS as a powerful ally in the diagnostic process but also
points to important limitations. Despite cohort selection, TRE previous exclusion,
positive family histories and broad NGS tests, more than 50% of cases remained

unsolved. The availability of long-read sequencing tests in the near future and the



52

detection of the TRE, common cause of HA, will provide a straightforward diagnostic
tool for HA, but it will not transpone the boundary of the genes responsible for HA yet
to be discovered. Last, the primary studies exhibit significant clinical and
methodological heterogeneity, reducing our findings' precision and further studies,
especially meta-analyses, will improve our current knowledge on this topic.
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TABLES

Table 1. Summary of included articles

Study/country Diagnostic yield Main features NGS workup'TP Acquires Age at onset  Inheritance  Family history/ Most common Inheritance of diag-
% (m) {n genes) causes/TRE prediction  parental consan- diagnosis nosis (%)
exclusion guinity/simplex AR/AD
Coutelier M 9.5 (39/142) Pasitive FH TP (69 genes) I+ All AD H=i= CACNAIA(I6) 23176
(2017 France
Dong HL/China 15(5/33) Positive FH TP (46, 56, +i+ All AD/AR H=l= mtDNA{2) O (X1, 20%:
miDNA) miDNA, 80%)
MNémeth AH/UK 18 (9/50) Unselected TP (118 genes) +4 All ADIAR SETX (2) 66.6/33.3
Fogel BL/USA 21 {16/76) Adult-onset spo-  ES (clinical +/4 Lo ADMAR ==+ S¥NEL(3) 87.5/12.5
radic ataxia exome)
Shakya S/India 21.4 (21/98) Early onset, no TP (41VES =+ EO AD/AR SACS(7) 100/
vertical transmis-
ston
Wan N/China 2167 (13/60) Unselected TP (230, 220, 4 All AD/AR SPGII2) 715
IT00WES
Ngo KIFUSA 24 (44/184) Adult-onset spo-  ES +i4 Lo ADIAR ==l SPGT(9) 63/36
radic ataxia
Arslan EA/Turkey 25 (21/84) Positive FH and TP(111) +/+ EO AR A+l 4= PLA2GE(T) 100/0
cp
Minkyeoung K/ 26.5 (18/68) Unselected ES +i+ All ADJAR SPGT/SPGIIY T7.722.3
South Korea APTX/SYNEI]
Coutelier M/ 285 (91/319) No vertical trans- TP (20%) =f+ All ADVAR SPGT(14) 81/19
France mission
Hadjivassiion M/ 32 (46/146) Unselected TP (42) 4 All ADFAR CACNAIA(IT) 17.5/82.6
UK
Galatolo DiTtaly 332 (125/377) No FH TP (> 2040} -= All ADFAR ==+ STUBI, PRECG.  44/52.7
SPGT, CAC-
NAIA, PNPLAG,
SYNEL,
TMEM240, CAC-
NAIG, ITPRT
Kang CfAustralia 343 (12/35) Unselected TP (46, 98) +i+ All ADFAR CACNAIA 3366
da Graga FF/Brazil 355 (27/76) Unselected ES =i+ All ADVAR SPGT(4) 67/33
Ignatius EfFinland 40 (20/50 ) Onset before age  ES =i+ VEOQ ADVAR =l=l4 EBF3(3) 45/55
5 yo
Pyle ATUK 40.9 (9/22) Pusitive FH ES i+ All AD/AR +=l= SACS(3) 55.5/M44.5
Wural A/Turkey 43 (108/251) Positive FH ES =i+ All AR = SACS(23) 95/5
Dong-Chei Kf 46 (18/39) Episodic ataxia TP (5) =i+ All AD CACNAIA(7) 0100
South Korea
Cheng HL/China ~ 46.3 (25/54) Unselected ES i+ All AD/AR SACS(6) 10040

Sawyer SL/Canada 4642 (13/28) Childhood onset ES Rk EO ADIAR SACS2) T3
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Studyfcountry Diagnostic yield Main features NGS workup'TP Acquires Age at onset  Inheritance  Family history/ Most common Inheritance of diag-
% () {n genes) causes/TRE prediction  parental consan-  diagnosis nosis (%)
exclusion guinity/simplex AR/AD
Bogdanova-Mihay- 46.6 (35/84) Positive FH/adult TP (4-102V/ES/GS  +/4 Lo AD/AR +H=l- SPG721) 717
lova PTreland onsel (miDNA)
Sun M/USA 52 (RB/170) Unselected TP (441) =f4 All AD/AR SPG7(8) HN38.6
Hamza WiAlgeria 52,4 (44/84) Consanguinity TP (5T) I+ All AR —4i- TTPA(19) 10000
Gauquelin LY 53 (35/66) Unselected ES 4 All AD/AR CACNAIA(4) 640
Canada
Radziwonik W/ 35.2(16/29) Unselected TP (152) +i4 LO AD/AR POLG(5) 3le9
Poland
Krygier M/Poland 60 (6/10) Sporadic ataxia ES I+ All AD/AR ==+ POLRIBNPCYE, 10000
with onset before MTCLISACS!
30y ADCK3/S¥YNEI
da Costa SCG/ 62.5 (32452) Ataxia with ocular TP (5) = EQ AR SETX(15) 10070
Brazil apraxia
Maturo JP/Argen- 65 (18/26) Unselected TP/ES/GS 4 All ADVAR SCN2A(3) 77.7/223
tina
Maksemous N/ T4.2(23431) Episodic ataxia TP (5, 170, 353) -- All AD CACNAIA(1S) w100
Australia
Valence S/France B0 (16/20) Congenital ataxia  ES = VEO AR 4= BRATI (3) 75125
Mutlu-Albayrak Hf 825 (33/40) Positive FH or CP/ TP (13) = EO AR A= ATM(24) 10070
Turkey childhood onset
Balakrishnan 8/ 94.4(17/18) Positive FH ™ 4 All ADVAR - SETX(4) 47741
India
Santos M/Portugal 100 (19/19) Positive FH/child-  ES =l EO AR A== SACS 84116
hood onset

Table 2: Diagnostic Yield according to selected features



Wariables

Median (IQR) r
Previous workup
Extensively prescreened (TRE, 377 (95-100) % 0,047+
at least FRDA and main
SCAs) (n=22)
FRDA or main SCAs (n = &) 42,1 (21.6-552) %
Mo TRE screened (n = 5) 74,2 (33.2-B2.5) %
Presumed [P
ARHn=T) 625 (25100 % 0.084*
ADIH (n=13) 46 (9.5-74.2) %
AR and AD (n =23 ITT(18-944) %
Presumed IP and previous workup
AR TH and at least FRDA (n 477 (25-100) % 0.105#
= 4}
AR andfor AD with main SCAs 377 {15944, %
with or without FRDA (n =
21y
AR andfor AD without TRE (n = 71.25(18-82.5) %
=4)
Age at onset of ataxia
All age groups (n = 20) IR2(95-044)% 0.354=
Eearly onset (n = §) 46,6 (21-T4.2) %
Late onset (n = 5) 545 (21.4-100) %
Family history of ataxia
Sporadic ataxia > 50% (17) 33.2(18-600% 0.368%*
FH = 50% (7) 40,9 (9.5-100) %
Consanguinity
> 0% (%) 524 (25-100) % 0,009+ *
Mo or < 10% {17) 32 (9.5-742) %
NGS workup
TP {n=13) 46 (9.9-82.5) % 0.242%
ES{n=12) 41.9 (21-100) %
Stepwise approach (n = §) 403 (15944 %
Cohort selection
Unselected (n = 11) A5.5(18-651% 0.069*
Selected (n = 18) 40.5 (9.5-1000 % 0.098*=+
Phenotype-especific (n = 4) 48.4 (46800 % 0039+

*Kruskal Wallis tesy, significant p (<0.05)
*## Munn-Whitney test, p significant (<0.05)

*Between selected and phenotype-especific samples

+t*Between unselected and phenotype-sspecific samples
The values in bold indicate statistical significance >95%

Table 3 — Previsibility of the inheritance pattern according to clinical data
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Figure 1. PRISMA flow diagram of study screening and selection



| PubMed search: 740 results |

| Embase search: 1,556 results |

| Manual search: 11 results |

| Mumber screened: 2,307 results |

—| Duplicate reports (n = 436) |

— Exeluded by title/abstract (n = 1,808) |

Full-text reviewed: 63 studies l

—| Different population (n = 11)

—| Different outcome (n = 13)

|
—[ Different intervention (n = 3) l
|
|

—| Study desing {n = 2)

_ 34 included studies |

Fig.1 PRISMA flow diagram of study screening and selection

Figure 2. Number of articles included in this systematic review by continent

]

Oceania

12}

Figure 3. Diagnostic yield (DY) of the selected articles
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5. CONSIDERAGOES FINAIS

Esta revisao alcangou os objetivos propostos e permitiu um olhar amplo sobre
o0 RD de testes que utilizam o NGS para o diagnéstico de AH. Podera ser utilizada
como ferramenta para aconselhamento genético e melhor tomada de decisdo por
parte dos profissionais de saude e dos individuos afetados.

Decidimos realizar uma revisdo mais ampla para ter uma viséo geral do que
foi publicado a respeito do rendimento diagndstico para individuos com AH. Por esse
motivo, resumos de conferéncias e de congressos foram incluidos e representaram
quase '3 dos estudos que tiveram dados extraidos. Essas publicagdes eram
informativas sobre o RD mas continham poucas informag¢des adicionais. Também
incluimos artigos que descreviam varios disturbios neurologicos, incluindo ataxia
hereditaria; em varias publicagcdes, os dados tiveram que ser cuidadosamente
extraidos de materiais suplementares e o fendtipo dos individuos ataxicos nao foi
detalhado. Para permitir esta revisao, incluimos diferentes PG (genes diferentes) e
SE (exoma clinico e sequenciamento do exoma completo). A maioria dos estudos
primarios nao descreveu em detalhes as informacdes clinicas dos pacientes ataxicos
testados e usou o termo “histéria familiar positiva” ndo especificando o padrao de
heranca. Além disso, os estudos tinham métodos diferentes para a selegdo dos
participantes e critérios de inclusdo diferentes. Os estudos primarios foram
altamente diversificados em aspectos como seleg¢do e caracteristicas da populacao
e técnicas de NGS (especialmente genes testados em PG). Essa heterogeneidade
nao era compativel com uma metanalise, que nao foi realizada. O grande numero de
publicacbes analisadas, bem como esta variabilidade em varios aspectos, tornou
esta revisdo mais robusta mas também criou uma limitagdo. A propria natureza
desta revisdo sistematica aumentou o risco de viés em estudos primarios, uma vez
que eram principalmente séries de casos e relatos de casos. O viés de selegao é
uma preocupacao, especialmente porque a maioria dos artigos nao descreveu

claramente os critérios de inclusao e exclusao.
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