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Abstract 

 Hereditary ataxias form a heterogeneous group of disorders characterized by an 

incoordination of gait, speech, and hand movements. Classification of each subtype is based on 

the mode of inheritance (i.e., autosomal dominant, autosomal recessive or X-linked) and the 

associated genetic risk factor. Known ataxia-associated risk factors encompass a range of genomic 

variations: single nucleotide variants and structural variants (e.g., deletions and insertions), as well 

as expansions of repetitive sequences (e.g., CAG trinucleotides repeats). The work presented in 

this thesis focuses on the prevalence, and polyvalent implication, of expanded repeats in different 

cohorts of ataxia cases and control individuals. We performed an in silico tandem repeat 

genotyping approach to examine CAG repeat expansions associated with spinocerebellar ataxia 

types 1, 2, 3 (SCA1, 2, 3) using the whole-genome sequencing data of 2,504 samples and the 1000 

Genomes Project. This study identified positive and/or asymptomatic individuals and provided the 

distribution of repeat length across different populations. In addition, we examined the prevalence 

of a recently identified RFC1 repeat expansion in Brazilian and Canadian cohorts of ataxia cases. 

To the best of our knowledge, it was the first follow-up analysis of RFC1 repeat expansion in 

unrelated cohorts of ataxia cases. RFC1 repeat expansions are the recently identified cause of 

recessive Cerebellar Ataxia, Neuropathy, Vestibular Areflexia Syndrome (CANVAS). Contrary 

to the original report, the pathogenic RFC1 repeat expansion explained only a few cases of the 

Brazilian and Canadian cohorts. However, we also identified two previously unreported RFC1 

repeat motifs. Furthermore, we carried out a genome-wide association study to search for possible 

genetic modifiers of age at onset in SCA3. Using patients from five different geographical origins, 

we demonstrated that along with the associated repeat length, there are additional genetic variants 

that could explain the variability in age at onset. Overall, this thesis comprises different approaches 



3 
 

to understand the nature and prevalence of some of the hereditary ataxia-associated repeats and to 

examine the implications of additional genetic variants in SCA3, one of the most common repeat-

associated subtypes of hereditary ataxia.  
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Résumé 

  Les ataxies héréditaires forment un groupe hétérogène de troubles caractérisés par un 

manque de coordination de la marche, de la parole ainsi que des mouvements de la main. La 

classification de chaque sous-type d’ataxie se fait en fonction du mode de transmission (c.-à-d. 

autosomique dominant, autosomique récessif ou bien une transmission liée au chromosome X) et 

des facteurs de risque génétique associés. À ce jour, différents facteurs génétiques sont associés 

aux ataxies: variations d’un seul nucléotide et variations structurelles (ex. délétions et insertions), 

ainsi que des expansions de séquences répétées (ex. trinucléotides de type CAG). Les travaux 

menés dans cette thèse portent sur la prévalence et sur l’implication polyvalente des répétitions 

élargies dans diverses cohortes d’ataxie. À l’aide d’une approche de génotypage de répétitions en 

tandem in silico, nous examinons les expansions CAG associées aux ataxies spinocérébelleuse de 

type 1, 2, et 3 (SCA1, 2, 3) en utilisant des données de séquençage du génome entier de 2,504 

échantillons faisant partie du projet 1000 génomes. D’une part cette étude a identifié des individus 

positifs et/ou asymptomatique, ainsi que la distribution de la taille des répétitions dans différentes 

populations. Nous avons également évalué la prévalence d’une variation d’expansion répétée de 

RFC1, récemment identifiée, dans une cohorte brésilienne et canadienne de cas d’ataxie. Des 

expansions de séquences répétées ont récemment été identifié comme le facteur de risque 

génétique pour une forme d’ataxie récéssive (CANVAS :  Cerebellar Ataxia, Neuropathy, 

Vestibular Areflexia Syndrome). À notre connaissance, il s’agissait de la première étude de 

réplication pour cette expansion de RFC1 pour donner suite à la publication originale à ce sujet. 

Nous avons établi qu’en dépit des observations initiales, l’expansion pathogénique de RFC1 

n’expliquerait que quelques cas dans les cohortes brésiliennes et canadiennes que nous avons 

examinées. Nous avons également documenté pour la première fois, deux motifs supplémentaires 
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de répétition au niveau de RFC1. Enfin, nous avons mené une étude d’association pangénomique 

pour identifier de modificateurs génétiques liés à l’âge d’apparition de l’ataxie spinocérébelleuse 

de type 3. En utilisant des patients de cinq origines géographiques différentes, nous avons 

démontré qu’en plus de la taille des répétitions associées, il existe des variantes génétiques 

supplémentaires qui pourraient expliquer la variabilité de l’âge d’apparition. Dans l’ensemble, 

cette thèse comprend des différentes approches pour comprendre la nature ainsi que la prévalence 

de certaines répétitions associées à l’ataxie héréditaire et a permis d’examiner les implications de 

variantes génétiques supplémentaires dans l’un des sous-types d’ataxie le plus courant, l’ataxie 

spinocérébelleuse de type 3.  
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CHAPTER 1: GENERAL INTRODUCTION 

1.1.  Overview of hereditary ataxias 

 Ataxias are a group of neurodegenerative disorders characterized by loss of balance, 

incoordination of gait, and slurred speech. These symptoms and signs are often associated with 

damage in the cerebellum, the brain region where the coordination of movement is initiated 

(Jayadev et al., 2013; Bird, 1998). Hereditary forms of ataxia should be distinguished from non-

genetic (acquired) causes of ataxia by a positive family history, molecular genetic testing, and 

clinical examination. Acquired ataxias can be immune-mediated or associated with alcoholism, 

infections, or brain tumors (Jayadev et al., 2013). 

 Diagnosis of hereditary ataxia is established on the basis of a clinical presentation (lack of 

gait and hand coordination, usually associated with dysarthria and nystagmus), a positive family 

history for ataxia, and absence of any evidence to support an acquired cause (Bird, 1998, 

Klockgether et al., 2019). Different impairments in ataxia are examined by the Scale for the 

Assessment and Rating of Ataxia (SARA) which includes eight items reflecting neurologic 

manifestations of cerebellar ataxia with a total score of 0 in case of no ataxia and up to 40 for the 

most severe ataxia cases. These items are related to gait, stance, sitting, speech disturbance, finger 

chase test, nose finger test, fast alternating hand movements, and heel-shin slide (Schmitz-Hübsch 

et al., 2006). Although SARA was originally developed for only a single group of ataxias, which 

was spinocerebellar ataxia (SCA), it was later validated as a reliable measure in non-SCA ataxia 

patients (Weyer et al., 2007).  

Hereditary ataxias can be classified by the mode of inheritance as autosomal dominant, 

autosomal recessive, X-linked, and mitochondrial. Although each main group has several subtypes 
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with a unique underlying genetic background, most subtypes of ataxias have overlapping 

symptoms.  

1.1.1. Autosomal dominant cerebellar ataxias 

Autosomal dominant cerebellar ataxias (ADCAs) include SCAs, episodic ataxias (EAs), 

and spastic ataxia type 1, all of which are transmitted vertically from one generation to the next 

within a family. The prevalence of ADCAs is estimated to be approximately 1-5:100,000, whereas 

it can be higher in isolated populations due to possible founder effects (van de Warrenburg et al., 

2002; Ruano et al., 2014; Schols et al., 2004). Although age at onset can be variable between 

different types of ADCAs, progressive gait ataxia and dysarthria in adulthood are the most 

common signs (Bird, 1998). Physical findings of the ADCAs highly overlap; nevertheless, there 

are key distinguishing features specific for each subtype (Table 1).  

1.1.1.1. Spinocerebellar ataxia 

There are more than 40 different subtypes of SCAs. They are classified by either causal 

genes or chromosomal locations if the related genes are unknown (Muller, 2021). Each subtype is 

named “SCA” followed by a number that represents the chronological order in which the disease 

locus was identified, except for a more complicated form, dentatorubral-pallidoluysian atrophy 

(DRPLA) (Klockgether et al., 2019).  

The prevalence of individual subtypes of SCAs varies across regions, usually due to 

founder effects. The average worldwide prevalence of SCA is estimated to be 2.7:100,000, ranging 

from 0 to 5.6 cases per 100,000 individuals (Ruano et al., 2014). A founder population is due to 

geographic isolation from outside populations and occurs when a subgroup of a larger population 
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is prevented from reproducing with the larger population. Therefore, it can explain the increased 

prevalence of some hereditary diseases in some populations (Kivisild et al., 2013). For example, 

SCA3, which is the most common ADCA worldwide, compassing 20-50 % of families with SCA, 

has a higher incidence in a small area of the Tagus River Valley (1:1,000) and has the highest 

worldwide prevalence (1:239) in Flores Island, Portugal (Klockgether et al., 2019; Bettencourt et 

al., 2008; Bettencourt et al., 2011). Similarly, SCA2 is the most common ataxia subtype in Cuba, 

especially in Holguin province, where a frequency of 40 cases per 100,000 individuals was 

estimated for people of Spanish ancestry due to a possible founder effect (Orozco Diaz et al., 

1990). Furthermore, an irregular countrywide distribution of SCA1 pedigrees, a haplotype 

association with a specific ATXN1 variant as well as high SCA1 concentration in Central Poland 

suggested a possible founder effect (Krysa et al., 2016).  

SCAs can be categorized into two major groups based on their genetic background: those 

associated with repeat expansion variants or those caused by conventional variants including single 

nucleotide variants (SNVs), small insertions, or deletions. On the other hand, there are still a 

number of SCA subtypes in which the potential loci were identified but the causative genetic 

variants in those loci have yet to be identified (Jayadev et al., 2013; Marelli et al., 2011). 
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Repeat-associated SCAs  

Most SCAs are caused by repeat expansions in either coding or noncoding regions of the 

genome (Hersheson et al., 2012). Among these, CAG trinucleotide repeat expansions in various 

genes are the most common causes of SCAs (Klockgether et al., 2019). For SCA types 1, 2, 3, 6, 

7, 17, and DRPLA, CAG repeat expansions occur in a protein-coding region of the gene. As these 

expansions encode a polyglutamine repeat, these SCAs are categorized into polyglutamine 

diseases, together with Huntington’s disease (HD) and spinal and bulbar muscular atrophy 

(SBMA). In addition, several expanded repeats in noncoding regions cause SCA8[(CTG)exp], 

SCA10[(ATTCT)exp], SCA12[(CAG)exp], SCA31[(TGGAA)exp], SCA36[(GGCCTG)exp] and 

SCA37[(ATTTC)exp] (Table 1) (Figure 1) (Hersheson et al., 2012; Paulson, 2018; Seixas et al., 

2017).  

The length of the normal repeat allele and disease-causing expanded allele vary among 

diseases, which usually falls into four ranges in each SCA subtypes: wild type, mutable normal 

(intermediate), reduced-penetrance, and full-penetrance alleles. Mutable normal alleles are longer 

than wild type alleles and not disease-causative. However, they can expand on transmission and 

turn into disease-causing expansions, which increases the disease risk in subsequent generations. 

Reduced-penetrance alleles are longer than mutable normal alleles and may or may not cause the 

disease in an individual. Therefore, the causality of mutable normal and reduced-penetrance alleles 

should be interpreted with caution and in consultation with genetic testing centers (Jayadev et al., 

2013; Bird, 1998).  

There is an inverse correlation between expanded repeat length and the age at which 

pathogenesis leads to disease onset in most of the repeat-associated SCAs (SCA types 1, 2, 3, 6, 
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7, 10, 17, 31, 37, DRPLA) (Paulson, 2018; Seixas et al., 2017; Bettencourt et al., 2016; Teive et 

al., 2004; Sato et al., 2009; Yoshida et al., 2017). Longer repeat tracks are usually associated with 

earlier ages at onset (AO), explaining up to 88% of the variability in AO of these diseases 

(Bettencourt et al.,2016). No such correlation between the related repeat expansion length and AO 

in SCA8 and SCA12 has been reported yet (Cleary et al., 1993; O’Hearn et al., 2012). 
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Table 1. List of autosomal dominant cerebellar ataxias caused by expanded repeats, 

adapted from Jayadev et al., 2013 and Bird, 1998 (last revised 2019). 

Disease Gene Variant type Distinguishing clinical features 

SCA1 ATXN1 CAG repeat expansion Pyramidal signs, peripheral neuropathy 

SCA2 ATXN2 CAG repeat expansion 

Slow saccadic eye movements, peripheral 

neuropathy, decreased deep tendon reflexes, 

dementia 

SCA3 ATXN3 CAG repeat expansion 

Pyramidal and extrapyramidal signs; lid 

retraction, nystagmus, decreased saccade 

velocity; amyotrophy fasciculations, sensory 

loss 

SCA6 CACNA1A CAG repeat expansion 
Sometimes episodic ataxia, very slow 

progression 

SCA7 ATXN7 CAG repeat expansion Visual loss with retinopathy 

SCA8 
ATXN8/ 

ATXN8OS 
CAG repeat expansion 

Slowly progressive, sometimes brisk decreased 

deep tendon reflexes, decreased vibration sense; 

rarely, cognitive impairment 

SCA10 ATXN10 ATTCT repeat expansion Occasional seizures 

SCA12 PPP2R2B CAG repeat expansion 

Slowly progressive ataxia; action tremor in the 

30s; hyperreflexia; subtle parkinsonism; 

cognitive/psychiatric disorders including 

dementia 

SCA17 TBP CAG repeat expansion 

Mental deterioration; occasional chorea, 

dystonia, myoclonus, epilepsy; Purkinje cell 

loss, intranuclear inclusions with expanded 

polyglutamine 

SCA31 BEAN1 insertion of TGGAA repeat Normal sensation 

SCA36 NOP56 GGCCTG repeat expansion 
Muscle fasciculations, tongue atrophy, 

hyperreflexia 

SCA37 DAB1 insertion of ATTTC repeat Abnormal vertical eye movements 

DRPLA ATN1 CAG repeat expansion Chorea, seizures, dementia, myoclonus 

Pure 

cerebellar 

ataxia 

C9orf72 GGGGCC repeat expansion - 

EA2 CACNA1A CAG repeat expansion 

Gait ataxia, nystagmus, attacks lasting minutes 

to hours; posture change induces, vertigo, 

permanent ataxia later 
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 Figure 1. Known repeat expansions in hereditary ataxia (Adapted from Klockgether, 

2019). 

Since repeat length does not account for all of the AO variability, additional factors have 

been suggested to be AO modifiers. In 2015, the Genetic Modifiers of Huntington’s Disease 

(GeM-HD) Consortium carried out a study to search for genetic modifiers of AO in HD. It was 

shown that the CAG repeat length explained 59.4 % of the variability in AO. To reveal genetic 

modifiers that may be associated with residual AO, a genome-wide association study was 

conducted. A total of eleven loci were found that can explain the remaining variability in AO. 

Interestingly, a significant association was identified in the mismatch repair gene MLH1, which 

implicates mismatch repair pathway in disease modification (Pinto et al., 2013; Genetic Modifiers 

of Huntington’s Disease Consortium, 2015). Previously, it was demonstrated that Mlh1-knock out 

alters somatic CAG repeat expansion and slows the pathogenic process in mouse models of HD 

(Pinto et al., 2013). Subsequently, Bettencourt et al. tested the modifying effects of variants in 

DNA repair genes from the previous GeM-HD study and identified two genetic loci (FAN1 and 

PMS2), that are associated with altered AO in HD as well as SCA types 1, 2, 3, 6, 7, and 17. 

Together with the initial findings of the GeM-HD Consortium, their results suggested possible 

common pathogenic mechanisms that may carry out the somatic expansion of repeats via DNA 
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repair defects (Teive et al., 2004; Genetic Modifiers of Huntington’s Disease Consortium, 2015; 

Lee J-M et al., 2019). 

The signs and symptoms of some hereditary diseases are likely to become more severe and 

appear at an earlier age in subsequent generations. This phenomenon is called anticipation. 

Anticipation has been previously reported in SCA types 1, 2, 3, 7, 10, 17, 31, 36, and DRPLA 

(Sato et al., 2009; Schut et al., 1950; Zoghbi et al., 1988; Figueroa et al., 2017; van de Warrenburg 

et al., 2001; Ansorge et al., 2004; Rasmussen et al., 2007; Matsuura et al., 2020; Veneziano et al., 

1993; Grewal et al., 2002; Matilla et al., 1993). In some repeat-associated diseases, expansion of 

the related repeats during transmission of the gene from parent to child provides a biologic 

explanation for the earlier age of onset in successive generations (Bird, 1998). In contrast to most 

repeat-associated SCAs in which the expansion of repeat occur during parental transmission, the 

majority of CTG trinucleotide expansions in SCA8 occur during maternal transmission (Figueroa 

et al., 2017; Matilla et al., 1993; Moseley et al., 2000). Interestingly, despite clinically observed 

anticipation in SCA10, intergenerational contraction of repeat allele was demonstrated (Matsuura 

et al., 2004). Anticipation has not been observed in SCA6, 12, or 37 (O’Hearn et al., 2012; Casey 

et al., 1993; Serrano-Munuera et al., 2013; Brkanac et al., 2002). 

SCAs caused by conventional variants 

In addition to repeat-based SCAs, there are at least 34 SCA subtypes caused by 

conventional variants (Table 2). Those conventional variants include SNVs, small insertions, 

deletions, and other copy number variations.  
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Table 2. List of autosomal dominant cerebellar ataxias caused by conventional variants, 

adapted from Jayadev et al., 2013 and Bird, 1998 (last revised 2019). 

Disease Gene Variant type Distinguishing clinical features 

SCA5 SPTBN2 SNVs Early onset, slow course 

SCA11 TTBK2 
small insertions or 

deletions 
Mild, remain ambulatory 

SCA13 KCNC3 SNVs Mild intellectual disability, short stature 

SCA14 PRKCG SNVs or deletions Early axial myoclonus 

SCA15/SCA16 ITPR1 Deletion 
Pure ataxia, very slow progression/head 

tremor 

SCA19/SCA22 KCND3 
SNVs or small 

deletions 

Slowly progressive, rare cognitive 

impairment, myoclonus, hyperreflexia 

SCA21 TMEM240 SNVs Mild cognitive impairment 

SCA23 PDYN SNVs 
Dysarthria, abnormal eye movements, 

reduced vibration and position sense 

SCA26 EEF2 SNVs Dysarthria, irregular visual pursuits 

SCA27 FGF14 SNVs or deletions 
Early-onset tremor; dyskinesia, 

cognitive deficits 

SCA28 AFG3L2 
SNVs or 

insertions/deletions 

Nystagmus, ophthalmoparesis, ptosis, 

increased tendon reflexes 

SCA29 ITPR1 SNVs Learning deficits 

SCA34 ELOVL4 SNVs Skin changes disappear in adulthood 

SCA35 TGM6 SNVs or deletions 
Hyperreflexia, Babinski responses; 

spasmodic torticollis 

SCA38 ELOVL5 SNVs Axonal neuropathy 

SCA40 CCDC88C SNVs Brisk reflexes, spasticity 

SCA41 TRPC3 SNVs Uncomplicated ataxia 

SCA42 CACNA1G SNVs Mild pyramidal signs, saccadic pursuit 

SCA43 MME SNVs Sensorimotor axonal neuropathy 

SCA44 GRM1 
SNVS or 

duplication 
Spasticity 

SCA45 FAT2 SNVs Adult onset 

SCA46 PLD3 SNVs 
Adult onset, sensory neuropathy, mild 

cerebellar atrophy 

SCA47 PUM1 SNVs 
Developmental delay, intellectual 

disability, seizures 

SCA48 STUB1 SNVs or deletions 
Progressive cognitive disability may 

precede ataxia 
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Table 2. List of autosomal dominant cerebellar ataxias caused by conventional variants, 

adapted from Jayadev et al., 2013 and Bird, 1998 (last revised 2019) (continued). 

Disease Gene Variant type Distinguishing Clinical Features 

Autosomal dominant 

cerebellar ataxia, deafness, 

and narcolepsy 

(ADCADN) 

DNMT1 SNVs Deafness, sensory loss, narcolepsy 

Hypomyelinating 

leukoencephalopathy 
TUBB4A SNVs 

Hypomyelination, basal ganglia 

atrophy, rigidity, dystonia, chorea 

Cerebellar atrophy with 

epileptic encephalopathy 
FGF12 SNVs 

Infantile seizures, intellectual deficits, 

microcephaly 

Rapid-onset ataxia ATP1A3 SNVs Cerebellar atrophy 

SPAX1 VAMP1 
SNVs or 

deletions 
Initial progressive leg spasticity 

EA1 KCNA1 SNVs 

Gait ataxia, myokymia, attacks lasting 

seconds to minutes; startle or exercise 

induced, no vertigo 

EA2 CANCA1A 
SNVs or 

deletions 

Gait ataxia, nystagmus, attacks lasting 

minutes to hours; posture change 

induces, vertigo, permanent ataxia later 

EA5 CACNB4 SNVs Childhood to adolescent onset 

EA6 SLC1A3 SNVs Seizures, migraine, childhood onset 

EA9 SNC2A SNVs 
Neonatal epilepsy, later-onset episodic 

ataxia, autism, hypotonia, dystonia 

 

 Furthermore, there are a number of SCA subtypes in which the causal genes or variants 

have not been identified yet. For example, SCA18 was reported in 26 patients from a five-

generation American family of Irish ancestry. Although the disease locus was mapped to 7q22-

7q32, no casual variants have been described in this locus so far (Muller, 2021; Brkanac et al., 

2002). Similarly, using linkage analysis, Storey et al. identified a candidate region on chromosome 

4q34.3-q35.1 for relatively pure, slowly evolving ataxia with an autosomal dominant inheritance 
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(SCA30) in an Australian family of Anglo-Celtic origin. The causal variant(s) in this locus have 

yet to be identified (Storey et al., 2009). 

1.1.1.2. Spastic ataxia type 1 

  Spastic ataxia (SPAX) is a combination of spasticity and cerebellar ataxia. SPAX can 

resemble both SCAs and hereditary spastic paraplegias (de Bot et al., 2012). SPAX1 is the only 

autosomal dominant subtype that is characterized by ocular movement abnormalities, dysphagia, 

dysarthria, gait disturbance, and lower-limb spasticity, and ataxia in the form of head jerks. A 

heterozygous missense variant in VAMP1 was identified as disease-causing that segregated in four 

large families from Newfoundland as well as three isolated cases from Ontario, Canada (Bourassa 

et al., 2012) . 

1.1.1.3. Episodic ataxias 

 Episodic ataxias (EAs) are characterized by attacks of movement incoordination of variable 

duration and frequency (Giunti et al., 2020). EA1 and EA2 are the two most common subtypes 

that have been reported in multiple families from different ethnicities. Pathogenic variants in 

potassium and calcium channel genes (KCNA1 and CACNA1A) cause EA1 and EA2, respectively. 

EA5 is another subtype that is caused by a channel protein, CACNB4, which encodes for a calcium 

channel protein (Subramony, 2012). These ion channel proteins are located on the neuronal or glial 

membrane and play important roles in excitatory neurotransmission (Choi et al., 2016). 
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1.1.2. Autosomal recessive cerebellar ataxias 

 Autosomal recessive cerebellar ataxias are characterized by degeneration or abnormal 

development of cerebellum and spinal cord (Subramony, 2012). Unlike autosomal dominant 

cerebellar ataxias, AO is usually early in recessive ataxias (Hersheson et al., 2012). Some of the 

recessive ataxia subtypes are treatable, such as ataxia with vitamin E deficiency and coenzyme 

Q10 deficiency using vitamin E supplementation and coenzyme Q10 (Bird, 1998) (Table 3).  
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 Table 3. List of autosomal recessive cerebellar ataxias (examples of more frequent or 

treatable), adapted from Jayadev et al., 2013 and Bird, 1998 (last revised 2019). 

Disease Gene Variant type Distinguishing clinical features 

Ataxia-telangiectasia ATM 
SNVs or 

insertions/deletions 

Telangiectasia, immune deficiency, 

cancer, chromosomal instability, 

increased α-fetoprotein 

Ataxia with 

oculomotor 

apraxia type 1 

APTX 
SNVs or 

insertions/deletions 

Oculomotor apraxia, choreoathetosis, 

mild intellectual disability, 

hypoalbuminemia 

Ataxia with 

oculomotor apraxia 

type 2 

SETX 
SNVs or 

insertions/deletions 

Oculomotor apraxia, cerebellar 

atrophy, axonal sensorimotor 

neuropathy 

Ataxia with vitamin E 

deficiency 
TTPA 

SNVs or 

insertions/deletions 

Similar to FRDA, head titubation 

(28%), can be treated with vitamin E 

Autosomal recessive 

spastic ataxia of 

Charlevoix-Saguenay 

SACS 
SNVs or 

insertions/deletions 

Spasticity, peripheral neuropathy, 

retinal striation 

Cerebellar ataxia, 

neuropathy and 

vestibular areflexia 

syndrome (CANVAS) 

RFC1 

AAGGG or 

ACAGG repeat 

expansion 

Late-onset, peripheral neuropathy, 

vestibular areflexia 

Cerebrotendinous 

xanthomatosis 
CYP27A1 

SNVs or 

insertions/deletions 

Thick tendons, cognitive decline, 

dystonia, white matter disease, 

cataract, can be treated with 

chenodeoxycholic acid 

Coenzyme Q10 

deficiency 

CABC1, 

COQ2, 

COQ9, 

PDSS1, 

PDSS2 

SNVs or 

insertions/deletions 

Seizures, cognitive decline, 

pyramidal signs, myopathy, can be 

treated with coenzyme Q10 

Friedreich ataxia 

(FRDA) 
FXN 

GAA repeat 

expansion or SNVs 

Hyporeflexia, Babinski responses, 

sensory loss, cardiomyopathy 

Refsum disease 
PHYH, 

PEX7 

SNVs or 

insertions/deletions 

Neuropathy, deafness, ichthyosis, 

retinopathy, can be treated with 

phytanic acid 
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1.1.2.1. Friedreich ataxia 

 Friedreich ataxia (FRDA) is one of the oldest studied recessive ataxias which was first 

described by Nicholas Friedreich in 19th century (Friedreich, 1863). With the advent of linkage 

studies, the disease locus was mapped in 9p22 (Chamberlain et al., 1988), and the associated 

biallelic GAA trinucleotide repeat expansion in frataxin (FXN) was identified eight years after the 

discovery of the locus (Campuzano et al., 1996). Similar to other repeat-associated diseases, AO 

is inversely correlated with the repeat length (Durr et al., 1996). Since FRDA is not usually 

observed in multiple generations due to its recessive inheritance, it does not exhibit anticipation 

(Bidichandani et al., 1993).  

1.1.2.2. Autosomal recessive spastic ataxias 

 As previously defined in section 1.1.1.2, spastic ataxias resemble a combination of 

spasticity and cerebellar ataxia (de Bot et al., 2012). Autosomal recessive spastic ataxias are caused 

by biallelic or compound heterozygous genetic variants and comprise SPAX2, SPAX3, SPAX4, 

SPAX5, autosomal recessive spastic ataxia of Charlevoix-Saguenay (ARSACS), and spastic 

paraplegia type 7 (SPG7) (Bird, 1998).  

 ARSACS is a distinct form of spastic ataxia that is associated with a biallelic or compound 

heterozygous variation in the gene encoding the sacsin protein (Engert et al., 2000). The disease 

onset of classic ARSACS is usually in the first decade of life (Vermeer et al., 1993). It was first 

identified in the Charlevoix and Saguenay–Lac-Saint-Jean regions of Québec, Canada (Bouchard 

et al., 1978). Although the estimated carrier frequency is 1/22 in this region which is quite common 

for a rare disease, it has been described in various populations since then (De Braekeleer et al., 

1993; Dupre et al., 2006).  
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1.1.2.3. Cerebellar ataxia, neuropathy, vestibular areflexia syndrome (CANVAS) 

 CANVAS is an adult-onset recessive ataxia characterized by sensory neuropathy, bilateral 

vestibulopathy, chronic cough, and autonomic dysfunction (Szmulewicz et al., 2011). Recently, a 

biallelic pentanucleotide AAGGG repeat expansion in the Alu element in intron 2 of the RFC1 

was shown to cause CANVAS. The wild type allele contains 11 units of AAAAG, whereas the 

pathogenic AAGGG repeat length varies across cases, ranging from 400 to 2,000 repeats. Along 

with wild type (AAAAG)11, two additional non-pathogenic repeat expansions (AAAAG)exp and 

(AAAGG)exp were identified by Cortese et al (Cortese et al., 2019).  

 The analysis of pathogenic (AAAGG)exp in 150 patients with sporadic late-onset ataxia 

and 363 adult-onset ataxia cases revealed that biallelic (AAGGG)exp explains 14-22% of late-onset 

ataxia cases (Szmulewicz et al., 2011; Cortese et al., 2019). In addition, carrier frequency of the 

pathogenic (AAGGG)exp was found to range from 0.7% to 4% in European populations (Cortese 

et al., 2019; Cortese et al., 2020; Rafehi et al., 2019) and 2.24% in Chinese Han population (Fan 

et al., 2020).  

 Subsequently, another RFC1 repeat motif (ACAGG)exp was identified in one Japanese and 

two Asia-Pacific families. It was the second disease-associated variant in the RFC1 locus; 

therefore, it expanded the clinical spectrum of RFC1-based CANVAS with additional phenotypic 

features of fasciculations, elevated serum creatine kinase, and sleep apnea (Scriba et al., 2020; 

Tsuchiya et al., 2020).  
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1.1.3. X-linked hereditary ataxias 

 X-linked ataxias are a rare type of hereditary ataxia that affect males more often than 

females as they are caused by variants or genomic imbalances on the X chromosome. Fragile X 

tremor ataxia syndrome (FXTAS) is the most common X-linked ataxia subtype associated with 

(CGG)exp repeat expansion in the FMR1 gene (Zanni et al., 2018).  

1.1.4.  Possible mechanisms implicated in repeat-based hereditary ataxia 

 The pathogenesis of repeat-associated hereditary ataxia is largely unknown. However, an 

increasing number of causative genetic variants has revealed various potential mechanisms related 

to neurodegeneration. CAG repeat expansions are one of the most common variants causing 

hereditary ataxia. Expansions of these polyglutamine-encoding repeats contribute to the disease 

pathogenesis via multiple mechanisms in different subtypes. The first suggested mechanism is that 

polyglutamine expansions may alter the structure and function of the disease proteins, thereby 

disrupting their interaction with other proteins. This alteration causes the formations of aggregates 

and intranuclear inclusions by sequestering protein quality control components, including 

proteasome and molecular chaperones. A similar proteotoxicity is seen in non-repeat-based ataxias 

where conventional variants result in the misfolding of disease-causing proteins (Klockgether et 

al., 2019). 

 

 Another pathological mechanism is repeat-associated non-ATG (RAN) translation, which 

allows the initiation of mRNA translation in the three reading frames without requiring a start 

codon (Klockgether et al., 2019). This irregular mode of translation across a CAG repeat can 

produce polyserine and polyalanine peptides along with polyglutamine. Although it was first 
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discovered in SCA8, aggregation of RAN proteins have subsequently been shown in various 

repeat-based diseases including myotonic dystrophy type 1, SCA3, SCA31, C9orf72-based 

amyotrophic lateral sclerosis (ALS) and frontotemporal dementia, FXTAs, and HD (Zu et al., 

2011; Klockgether et al., 2019; Jazurek-Ciesiolka et al., 2020; Swinnen et al., 2020). RAN 

translated protein toxicity may cause disrupted function of the ubiquitin proteasome system, 

aberrant nucleocytoplasmic transport, or nucleolar and endoplasmic reticulum stress resulting in 

neurodegeneration (Jazurek-Ciesiolka et al., 2020).  

 

 In addition to RAN translation, one base pair ribosomal frameshifting was shown to lead 

to translation of polyalanine stretches in SCA3 (GCA frame), causing deleterious effects in 

Drosophila melanogaster and mammalian neuronal models. It was also demonstrated that 

transgenic expression of polyglutamine repeat itself was not toxic and not sufficient for the 

neurodegenerative phenotype. Therefore, a one base pair frameshifting event was suggested to be 

toxic (Stochmanski et al., 2012). On the other hand, another study showed that the ribosomal 

frameshift is not required for polyalanine expression and an ATG codon is not required for the 

RAN polyalanine proteins. It has been suggested that both RAN polyglutamine and polyalanine 

proteins are toxic to cells and that the initiation and efficiency of RAN translation in SCA3 depends 

on the flanking sequence of the ATXN3 repeat region (Jazurek-Ciesiolka et al., 2020). 

 

 RNA toxicity is also a possible pathological mechanism in SCA10, SCA31, SCA36, and 

SCA37, since these diseases are caused by repeat expansions in large non-protein coding intronic 

regions. Repeat-containing RNA can interact with RNA-binding proteins and disrupt splicing as 

well as a loss of their functions through sequestration (Klockgether et al., 2019). Similarly, 
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disease-causing RFC1 repeat expansion occurs in an intronic region. Despite its recessive mode of 

inheritance, preliminary studies did not show reduced expression or loss of function of RFC1 

protein. Therefore, production of toxic RNA can be a possible mechanism that may contribute to 

disease phenotype (Cortese et al., 2019). 
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1.1.5. Rationale, objectives, and hypothesis 

 Hereditary ataxias are a clinically and genetically heterogeneous group of disorders. One 

common feature is that many of these subtypes are associated with repeat expansion variants. 

Repeat expansions generally arise from existing polymorphic repeats and have been shown to be 

implicated in diseases in a polyvalent manner. For example, the first identified SCA subtypes, 

SCA1, 2, 3, 6, 7, 8, 12, and 17 are associated with CAG repeat expansions when the length of these 

repeats exceeds a certain pathogenic threshold specific for each disease. In addition, some repeat 

expansions are associated with ataxia when their nucleotide sequence configuration are different 

from the wild-type motif, such as in CANVAS and SCA37. Furthermore, repeat expansions do not 

always have only a dichotomous outcome; most of them are also associated with variation in AO. 

The overall hypothesis of this thesis is that the nature, frequency, and implication of ataxia-

associated repeat expansions are different in various cohorts and that there are additional genetic 

factors modifying AO.  

 Therefore, the three objectives of the presented doctoral thesis were to: 

1. Examine the CAG repeats associated with SCA 1, 2, 3, and HD using 30X whole-genome 

sequencing data of 2,504 samples from the 1000 Genomes Project. 

2. Assess the prevalence and nature of RFC1 repeat expansions in Brazilian and Canadian 

cohorts of adult-onset ataxia as well as a control population consisting of neurologically 

healthy individuals. 

3. a. Examine the relationship between AO and length of the expanded and normal CAG 

alleles in SCA3. 

b. Identify genetic modifiers of AO in SCA3. 
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2.1. Abstract 

 Spinocerebellar ataxia types 1, 2, 3 and Huntington disease are neurodegenerative disorders 

caused by expanded CAG repeats. We performed an in-silico analysis of CAG repeats in ATXN1, 

ATXN2, ATXN3, and HTT using 30X WGS data of 2,504 samples from the 1000 Genomes Project. 

Seven HTT-positive, three ATXN2-positive, one ATXN3-positive, and six possibly ATXN1-positive 

samples were identified. No correlation was found between the repeat sizes of the different genes. 

The distribution of CAG alleles varied between different ethnicities. Our results suggest that there 

may be asymptomatic small, expanded repeats in almost 0.5% of these populations. 
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2.2. Introduction 

 Spinocerebellar ataxias (SCAs), and Huntington disease (HD) are rare autosomal dominant 

neurodegenerative disorders. SCAs are genetically heterogeneous diseases, of which at least six 

distinct forms are caused by an expanded CAG repeat in a known gene — SCA1 (MIM 164400), 

SCA2 (MIM 183090), SCA3 (MIM 109150), SCA6 (MIM 183086), SCA7 (MIM 164500), and 

SCA17 (MIM 607136) (Klockgether et al., 2019). Alleles with 40 or more CAG repeats in HTT 

are fully penetrant and cause HD, whereas alleles with repeat size ranging from 36 to 39 are 

associated with an increasing risk of developing disease with reduced penetrance (Bates, 2005). 

Deleterious alleles for the most common SCAs (SCA1, 2, 3) contain over 45 repeats (or 39 

uninterrupted with a CAT codon), 33, and 45 CAG repeats in ATXN1, ATXN2, and AXTN3, 

respectively (Zuhlke et al., 2002; Fernandez et al., 2000; Bettencourt et al., 2011). 

 

 The International Genome Sample Resource (IGSR) curates public data resources that are 

created by the 1000 Genomes Project (1KGP) (Auton et al., 2015; Fairley et al., 2019). The 1KGP 

phase 3 panel consists of 2,504 unrelated samples from 26 subpopulations in Africa (AFR, n=661), 

East Asia (EAS, n=504), Europe (EUR, n=503), South Asia (SAS, n=489), and America (AMR, 

n=347). Donors were over 18 years of age and self-declared healthy at the time of collection. The 

project holds self-reported ethnicity and gender. No phenotype, medical, or personal identifying 

information were collected (Auton et al., 2015). Previously, various types of structural variants 

including insertions, deletions, duplications, copy-number variants, and insertions were mapped 

in 1KGP. However, known disease-related short-tandem repeats (STRs) have not been reported in 

this dataset (Sudmant et al., 2015). In 2019, the New York Genome Center re-sequenced the 
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samples in the final phase of 1KGP. High-coverage PCR-free whole-genome sequencing (WGS) 

data of a total of 2,504 samples from 26 populations were added (Fairley et al., 2019). 

  

 ExpansionHunter is a software that can estimate sizes of targeted STRs from PCR-free 

WGS data (Dolzhenko et al., 2017; Dolzhenko et al., 2019). It identifies lengths of the repeats 

using either spanning, flanking or in-repeat reads. Therefore, it enabled us to employ an in-silico 

analysis of CAG repeat expansions in HD and the most common SCAs using high coverage WGS 

data among different ancestries from IGSR (Auton et al., 2015). We hypothesized that samples in 

a reference dataset such as 1KGP might carry repeat alleles associated with neurological diseases, 

confirming this hypothesis would have implications for neurological studies that use these samples 

for genetic reference. 

 

2.3. Methods 

 NovaSeq (Illumina, Inc.) WGS sequencing and alignment to the GRCh38 reference 

genome were generated by the New York Genome Center. Alignment files (CRAM) of 2,504 

PCR-free WGS samples of 26 populations from five super populations (AFR: African, AMR: Ad 

Mixed American, EAS: East Asian, EUR: European, and SAS: South Asian) were downloaded 

from IGSR website (https://www.internationalgenome.org/data-portal/data-collection/30x-

grch38). Phenotype information was not available for the samples apart from sex and ethnicity. 

Individuals were over 18 years and declared themselves to be healthy at the time of the collection. 

 

 Alignment files were indexed using SAMtools v.1.10 (Li et al., 2009). Allele lengths of 

ATXN1, ATXN2, ATXN3 and HTT were estimated using ExpansionHunter v3.2.0 and its published 
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variant catalog file containing the respective genomic loci (Dolzhenko et al., 2017; Dolzhenko et 

al., 2019). Violin plots representing the distributions of CAG repeat sizes in different populations 

were plotted in R v.3.5.1 using ggplot2 (Wickham, 2016). CAG repeat length (longest allele) for 

each gene was modeled by linear regression as a function of population and CAG repeat lengths 

in the other genes. 

 

2.4. Results 

 Using ExpansionHunter, CAG repeats lengths were successfully estimated in 2,486 

samples for HTT, 2,390 samples for ATXN1, 2,408 samples for ATXN2, and 2,339 samples for 

ATXN3. Mean CAG repeat lengths identified in each population are shown in Supplementary 

Table 1. The full results for all samples are listed in Supplementary Table 2. Expanded CAG 

repeats associated with diseases were detected in a total of 11 samples (HTT in seven, ATXN2 in 

three, and ATXN3 in one). No pathogenic ATXN1 expansions that have a repeat size higher than 

45 were found. However, intermediate expansions (39-44 CAG repeats) that can be in the disease-

associated range in ATXN1 were identified in six samples. However, these could be associated 

with the disease only in the absence of CAT trinucleotide interruptions. Since interruptions were 

not tested in the current study, the deleterious effect of the identified ATXN1 repeat expansions is 

uncertain. Detailed information of the positive samples is shown in Table 1. The CAG repeats in 

the examined genes were not correlated to each other (PATXN1-HTT = 0.82, PATXN1-ATXN2 = 0.06, 

PATXN1-ATXN3 = 0.67, PATXN2-HTT = 0.27, PATXN2-ATXN3 = 0.76, PATXN3-HTT = 0.27). 

 

 Distribution of repeat expansion sizes for each gene across different ancestries within 

1KGP are shown in Figure 1. Different ethnicities explained some of the variability in the CAG 
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repeat distributions for ATXN3 (Coefficient of determination R2 = 0.16, ANOVA P < 2.2 × 10-16), 

ATXN1 (Coefficient of determination R2 = 0.09, ANOVA P < 2.2 × 10-16), and HTT (Coefficient 

of determination R2 = 0.03, ANOVA P = 2.77 × 10-16). There was no difference in the means of 

ATXN2 among populations (Coefficient of determination R2 = 0.0019, ANOVA P = 0.18).   

 

2.5. Discussion 

 This study represents an in-silico analysis of CAG repeat expansions of the 2,504 samples 

from 1KGP. Through leveraging public high coverage sequencing data as well as available STR 

genotyping approach, ExpansionHunter, we sought to examine the CAG repeats associated with 

SCA1, 2, 3, and HD in populations from different ethnicities. Although the participants declared 

themselves to be healthy at the time of the collection, repeats in the disease associated range were 

found in at least eleven (plus six possibly ATXN1-positive) samples. We were not able to validate 

these findings, but if accurate these individuals may develop the associated diseases later in life. It 

is interesting to note that almost all the expansions in these individuals are relatively small, close 

to the normal range. Most of the expansions in these 11 individuals would normally be associated 

with later age of onset and milder disease. This might partially explain why they were 

asymptomatic at the time of ascertainment. In addition, these individuals may not even have known 

that these diseases were in their family because relatives in their parents’ generation would likely 

have smaller repeats either in the disease associated range but with a late onset, or in the 

intermediate or high normal range with an expansion creating a new disease allele in the individual. 

 

 The mean CAG repeat sizes in HTT, ATXN1, and ATXN3 varied in the populations from 

different ancestries. Consistent with previous studies (Kay et al., 2014), lower mean HTT-CAG 
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repeat size was observed in the samples with East Asian ancestry that is correlated with lower 

prevalence of HD in these populations. This pattern was also observed in the European populations 

that have longer HTT-CAG repeats and higher prevalence estimates of HD (Kay et al., 2014). 

Additionally, a skewed distribution of ATXN3-CAG alleles toward intermediate size repeats in 

African and East Asian populations was detected. Higher frequency of intermediate alleles were 

shown to be enriched in populations with higher prevalence of repeat expansion diseases, 

strengthening the hypothesis of the repeat’s instability and expansion into the disease causing 

range from the high normal or intermediate size alleles as a cause of CAG related diseases (Kay 

et al., 2014; Budworth et al., 2013; Martins et al., 2007; Friedman, 2011). 

 

 CAG repeat lengths in one gene were not found to be correlated with repeat lengths in any 

another gene in this study. Various studies have been performed to identify modifiers in CAG 

repeat diseases. Genetic variants implicated in DNA repair mechanisms that possibly influence 

somatic expansions were identified as candidate genetic modifiers of the diseases (Bettencourt et 

al., 2016; Akçimen et al., 2020; Lee et al., 2019). Although common variants and mechanisms are 

implicated in somatic expansions of CAG repeats in respective genes, our findings suggest that 

germline instability occurs independently in each CAG repeat that could implicate unique 

mutational mechanisms.  

 

 While of interest and original, our study has some limitations. The average sample size of 

subpopulations is 96. Hence, it may not be sufficient to assess the frequencies of disease-associated 

STRs in subpopulations. Furthermore, although the final phase of 1KGP expanded its population 

diversity, the current dataset does not represent all populations (Fairley et al., 2019). Therefore, 
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the addition of further samples as well as populations could improve the generalizability of our 

results. Although the results from ExpansionHunter were previously successfully validated by 

repeat-primed PCR (with overall sensitivity and specificity of 98.6% and 99.6%, respectively) 

(Dolzhenko et al., 2017), DNA was not available to replicate the pathogenic-size expansions 

identified in 1KGP samples. Another limitation is that the repeat interruptions, such as CAA 

interruptions in HD or CAT interruptions in SCA1, are not estimated by ExpansionHunter. The 

presence of interruptions, which would determine the pathogenicity of alleles in the range between 

36 to 44 repeat sizes in ATXN1, were not reported. Alleles with CAT interruptions in the 36 to 44 

repeat range are considered normal. Alleles that are not interrupted by CAT repeats, are associated 

with symptoms (>=39 repeats) or in the mutable normal range (36-38 repeats) (Opal et al., 1993). 

Therefore, the identified ATXN1 repeat expansions in six samples may not be associated with 

SCA1. However, alleles in the mutable normal range may expand beyond the normal range during 

transmission to offspring which may manifest the disease (Opal et al., 1993). Furthermore, HD 

and CAG-associated SCAs usually occur in the third or fifth decade. However, the ages of onset 

for these diseases are highly variable (Klockgether et al., 2019; Budworth et al., 2013). Although 

HD is an adult-onset neurological disorder, its symptoms can appear as early as age 18 or as late 

as 80 (Bates, 2005; Budworth et al., 2013). Similarly, the average age of onset is 38 ranging 

between 10 and 70 in SCA3 (Akçimen et al., 2020). In a panel study for dominant cerebellar 

ataxias, the average age of onset was 40.9 in known CAG-associated SCAs (Coutelier et al., 2017). 

Therefore, the positive individuals might be asymptomatic at the time of collection, as these 

diseases usually occur in the third or fifth decade. However, due to the anonymity of the samples, 

no personal information including ages of the individuals were collected in 1KGP. Therefore, we 

were unable to infer if the positive samples were too young for the symptoms. 
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 Overall, in this study we provide the distribution of CAG repeats associated with SCA1, 2, 

3, and HD in a large number of people in 26 different populations from 1KGP. This data can be 

useful to understand the population distribution of these repeats in different populations. 

Furthermore, pathogenic-length repeats in 11 samples were observed. This suggests that the 

datasets generated from the general populations might contain samples positive for late onset 

diseases, even though these samples declared themselves as healthy at the time of collection. 

Inclusion of 1KGP in future studies, especially in variant frequency assessments for rare diseases, 

should be done with caution. 
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2.7. Tables and Figures 

Table 1. Disease-associated CAG repeat expansions (longest allele) in samples from the 1KGP. 

Sample ID Sex Population Gene/Disease Associated repeat size CAG repeat size 

NA11931 F CEU 

HTT/HD 

>=40, 

>=36(incomplete 

penetrance, IC) 

17/52 

NA20540 F TSI 18/36 (IC) 

HG02275 F PEL ./42 

HG02470 M ACB 15/41 

NA18522 M YRI ./40 

HG02727 M PJL 10/36 (IC) 

NA19466 M LWK 17/39 (IC) 

HG00148 M GBR 

ATXN1/SCA1 

>=39 (uninterrupted) 

or 

>=45 

31/42 

HG00122 F GBR ./39 

HG03575 F MSL ./44 

HG03615 M BEB 28/39 

HG03871 M ITU 29/39 

HG03352 M ESN 33/39 

HG01708 M IBS 

ATXN2/SCA2 >=33 

22/34 

HG04140 M BEB 22/36 

NA18625 F CHB 22/34 

HG02323 M ACB ATXN3/SCA3 >=45 27/45 
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Figure 1. Distribution of repeat expansion sizes among different ethnic groups in the 1KGP. Red 

line indicates the threshold for causality. 
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2.8. Supplemental materials 

 Additional supporting information (Supplementary tables 1 and 2) can be downloaded from 

the online version of this article at the publisher’s web-site: 

https://movementdisorders.onlinelibrary.wiley.com/doi/10.1002/mds.28341 
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Bridging statement to Chapter 3 

 CAG repeats are associated with SCA types 1, 2, 3 and HD when these repeat tracks exceed 

a certain threshold for each subtype. The number of CAG repeats is typically determined by a 

standard polymerase chain reaction and fragment length analysis. In Chapter 2, we performed an 

in silico approach to estimate CAG repeat expansions using whole-genome sequencing samples 

from 1000 Genomes Project dataset.  

Unlike expanded CAG repeats, some repeats are associated with ataxia when they contain 

different sequence conformations from the wild-type motifs. In Chapter 3, we examined the 

prevalence of pathogenic RFC1-(AAGGG)exp expansions and other possible sequence 

conformations in the repeat region in various adult-onset ataxia cohorts. For this chapter, we 

applied repeat-primed PCR and long-range amplification followed by Sanger sequencing. 
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3.1. Abstract 

 A biallelic pentanucleotide expansion in the RFC1 gene has been reported to be a common 

cause of late-onset ataxia. In the general population, four different repeat conformations are 

observed: wild type sequence AAAAG (11 repeats) and longer expansions of either AAAAG, 

AAAGG or AAGGG sequences. However only the biallelic AAGGG expansions were reported to 

cause late-onset ataxia. In this study, we aimed to assess the prevalence and nature of RFC1 repeat 

expansions in three cohorts of adult-onset ataxia cases: Brazilian (n=23) and Canadian (n=26) 

cases that are negative for the presence of variants in other known ataxia-associated genes, as well 

as a cohort of randomly selected Canadian cases (n = 128) without regard to a genetic diagnosis. 

We identified the biallelic AAGGG expansion in only one Brazilian family which presented two 

affected siblings, and in one Canadian case. We also observed two new repeat conformations, 

AAGAG and AGAGG, which suggests the pentanucleotide expansion sequence has a dynamic 

nature. To assess the frequency of these new repeat conformations in the general population, we 

screened 163 healthy individuals and observed the AAGAG expansion to be more frequent in cases 

than in control individuals. While additional studies will be necessary to assess the pathogenic 

impact of biallelic genotypes that include the novel expanded conformations, their occurrence 

should nonetheless be examined in future studies. 

  



59 
 

3.2. Introduction 

 Autosomal recessive cerebellar ataxias regroup a number of heterogenous 

neurodegenerative diseases. While each form of ataxia exhibits the key feature of cerebellar 

dysfunction, typically accompanied by gait and balance problems, some forms have distinct 

clinical characteristics such as, dysarthria, dysmetria or oculomotor abnormalities. Other 

neurological dysfunctions and/or non-neurologic phenotypes have also been reported in some 

cases. Among the different forms of recessive ataxia, Friedreich’s ataxia (FRDA) has the highest 

prevalence and is the most studied (Synofzik et al., 2019). In regard to prevalence FRDA is 

followed by autosomal recessive spastic ataxia of Charlevoix-Saguenay (ARSACS), ataxia with 

vitamin E deficiency, autosomal recessive cerebellar ataxia type 1 (ARCA-1) and type 2 (ARCA-

2), and ataxia with oculomotor apraxia type 1 (AOA-1) and type 2 (AOA-2) (Noreau et al., 2013). 

 Cortese and colleagues established the biallelic expansion of an AAGGG pentanucleotide 

repeat located in the second intron of the RFC1 gene (hg19/GRCh37, chr4:39,350,045-

39,350,103) to be a frequent cause of late-onset recessive ataxia; this particular expansion was 

reported to explain over 20% of sporadic ataxia in a cohort of Caucasian cases (Cortese et al., 

2019). In the same study, a total of four distinct intronic repeat conformations were also identified: 

(AAAAG)11, the wild-type sequence, and longer expansions of (AAAAG)n, (AAAGG)n and 

(AAGGG)n. The configuration with the AAGGG pentanucleotide was shown to be the only 

disease-causing conformation of the expansion, ranging in size from 600 to 2,000 repeats.  

 Considering that RFC1 appears to be a novel genetic risk factor that explains a significant 

share of adult-onset ataxia cases, the identification of carriers in other populations may altogether 

expand its clinical spectrum, provide examples of variable regional prevalence, and uncover repeat 
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sequence differences. Therefore, we screened the RFC1 expansion in Canadian and Brazilian 

ataxia patients. 

 

3.3. Materials and methods 

 Two cohorts consisting of unrelated adult-onset ataxia cases were used to estimate the 

prevalence of the RFC1 expansions. Detailed cohort demographics are shown in Table 1. Cohort 

1 and cohort 2 comprised Brazilian (n = 23) and Canadian (n = 26) adult-onset cases, who did not 

carry variants in genes associated with common dominant and recessive ataxias (FRDA, DRPLA, 

SCA1, SCA2, SCA3, SCA6, SCA7, SCA10, SCA12, SCA17 and ARCA-1). Cohort 3 consisted 

of randomly selected adult-onset ataxia Canadian probands (n = 128). In addition, a cohort of 163 

healthy Canadian control individuals was also examined, to estimate the frequency of the novel 

sequence conformations that were observed for the RFC1 repeat expansion. All subjects provided 

informed consent, and the study was approved by the appropriate institutional review boards. 

 Screening of the RFC1 repeat expansion was performed on genomic DNA by repeat-

primed PCR (RP-PCR) as described in Cortese et al. using the same set of primers (Cortese et al., 

2019). RP-PCR products were separated on an ABI3730xl DNA Analyzer (Applied Biosystems®, 

McGill University and Genome Québec Innovation Centre) and results were visualized using 

GeneMapper® v.4.0 (Applied Biosystems®). The samples that seemed biallelic for the AAGGG 

repeat (according to the RP-PCR results) were subjected to long-range PCR (using the same 

primers as Cortese et al. (Cortese et al., 2019)) and Sanger sequencing. Samples for which the 

allelic repeat combinations could not be determined by RP-PCR were subjected as well to a long-

range PCR; the product of which was purified (QIAquick gel extraction kit, Qiagen).  
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 The Sanger sequencing results of these long-range PCR were analyzed using Unipro 

UGENE version 1.31 (Okonechnikov et al., 2012). Finally, to compare the distribution of RFC1 

alleles in Canadian case and control groups, we performed a Chi-square test using the counts of 

five conformations ((AAAAG)11, (AAAAG)n, (AAAGG)n, (AAGGG)n, (AAGAG)n) in a 2×5 

contingency table (Supplementary Table 2). 

3.4. Results 

 To examine the prevalence of RFC1-based adult-onset ataxia, we screened the nature and 

size of the repeat expansions in a cohort of Brazilian cases and two cohorts of Canadian cases. The 

RP-PCR examination of the Brazilian cohort revealed two out of 23 individuals to be carrier of 

biallelic AAGGG causative expansions. However, long-range PCR and Sanger sequencing 

subsequently revealed one of these two individuals to actually carry a biallelic AAAGG expansion; 

the same biallelic expansion was observed in his sister. It therefore appears that expanded AAAGG 

repeat expansion can sometimes mimic the AAGGG expansion when an assessment is made only 

by RP-PCR, under such a context the results can lead to a misinterpretation of the true nature of 

the repeat expansion. The use of different RP-PCR primers (Cortese et al., 2019) could not resolve 

this mimicry of the AAGGG repeat by the AAAGG repeat. 

 Across the different cohorts, two cases were observed and validated to carry the causative 

biallelic AAGGG repeat expansion originally reported by Cortese et al. (Cortese et al., 2019). One 

case with two patients were Brazilian siblings, and the other one was Canadian (Figures 1A, B 

respectively). Clinical features of these three patients with biallelic AAGGG expansions are 

summarized in Supplementary Table 1. The allele count and frequency of the different repeat 

expansions observed in all three cohorts are shown in Table 1. 
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 Interestingly, our cohorts of cases revealed the presence of two previously undescribed 

repeat expansion confirmations (AAGAG and AGAGG); both motifs were observed by long-range 

RP-PCR and validated by Sanger sequencing. The RP-PCR plots were characterized by a single 

peak, but the allele was longer than the wild type (Figures 1C, D). The novel conformations were 

in a heterozygous state in all 22 carrier individuals (Table 1). The average length of these novel 

expand configurations is 800 bp (160 repeats) ranging from 600 to 900. The approximate lengths 

of the repeat conformations were shown in Supplementary Figure 1. 

 The frequency of the expanded AAGAG and AGAGG repeat configurations was assessed 

in 163 Canadian control individuals showing no signs of ataxia; using a combined RP-PCR and 

long-range PCR approach. On the whole, a total of seven control individuals presented a 

heterozygous AAGAG expanded configurations. None of the control individuals tested presented 

an expanded AGAGG conformations. The frequency of the novel AAGAG expansion was found 

to be higher in cases than in controls (7.0% in cases and 2.1% in controls). The allele counts and 

Chi-square calculation values were shown in Supplementary Table 2. The distribution of the 

different conformations was found to be different in cases and controls (P = 0.022). 
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3.5. Discussion 

 This study represents a follow-up examination of the RFC1 pentanucleotide repeat 

expansion recently found to cause adult-onset ataxia (Cortese et al., 2019). A total of 49 cases (26 

Canadian and 23 Brazilian) for which genetic testing did not reveal the cause of the disease to be 

a previously identified ataxia gene and an unrelated cohort of 128 adult-onset Canadian cases for 

who no prior genetic test results was available. The nature and size of the conformation reported 

to be expanded in RFC1 was examined using a RP-PCR and long-range PCR sequencing approach. 

Conversely to what was previously observed in the original study (Cortese et al., 2019), the 

AAGGG expansion explained a much smaller share of the Brazilian and Canadian cases examined 

here (0.6% and 4.3% of unrelated cases in Canadian and Brazilian cohorts, respectively by 

comparison to 22% sporadic Caucasian cases in the study by Cortese and colleagues) (Cortese et 

al., 2019). 

 

 The frequency of the four allelic repeat configurations has been described before, but only 

in control individuals with no history or signs of ataxia (Cortese et al., 2019). However, the RFC1 

repeat locus could not be assessed in 3% of this earlier examination in control individuals, an 

observation which led the authors to suggest the existence of additional allelic configurations. 

 

 Unlike the previous examinations of the pentanucleotide repeats of RFC1 in the context of 

adult-onset ataxia (Cortese et al., 2019; Rafehi et al., 2019), we actually report the observation of 

two novel repeat conformations (AAGAG and AGAGG) in a heterozygous state. The frequency 

of the AAGAG repeat was observed to be 0.07 and 0.02 in Canadian cases and controls 

respectively. The observation of two previously unreported pentanucleotide repeats might 
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represents clues which will lead to a better understanding of the expansion mechanism leading to 

the pathogenic repeat of RFC1. While it is not a conclusive observation, the higher frequency of 

the novel AAGAG repeat in cases (by comparison to its frequency in control individuals) suggests 

that it could eventually be observed to also be associated with adult-onset ataxia. Hence additional 

work might be needed to determine the frequency of other pentanucleotide repeat conformations, 

and their association to adult-onset ataxia. 

 

 Given the dynamic nature of the RFC1 repeat, multiple validations of sequences and repeat 

length should be performed. To prevent false positive results, the RP-PCR plots should be 

interpreted with caution, and each AAGGG-positive sample should be validated by Sanger 

sequencing to confirm its true sequence. 

 

 Disease-associated or wild type repeat interruptions have been observed across several 

expansion-associated diseases, such as SCA37 (Seixas et al., 2017; Loureiro et al., 2019), SCA10 

(Matsuura et al., 2006), and FRDA (Al-Mahdawi et al., 2018). Variations interrupting the pure 

repeat sequences of disease-causing alleles can affect their penetrance, as well as the age at onset 

and severity of the conditions associated with specific repeats (Al-Mahdawi et al., 2018) Also, 

interruptions in the normal alleles prevent the disease-associated expansions and provide the 

stability of repeats in disease-causing alleles. We did not observe the new sequence conformations 

along with an AAGGG expansion in any of the patients, therefore further studies will be required 

to determine whether they affect the function or the disease severity. 
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 The low prevalence of the RFC1 AAGGG expansion, as well as the identification of novel 

conformations might be due to the different genetic backgrounds of the Canadian and Brazilian 

populations (Dupré et al., 2006). Although we screened a control group of Canadian individuals 

to assess the frequency of each repeat conformation in the general population, a limitation of the 

current study is that the study cohort do not contain a Brazilian control group. Therefore, additional 

case and control cohorts should be tested for the same repeat, in order to draw a clear conclusion 

on its frequency in adult-onset ataxia. Further studies are warranted to confirm the structure and 

sequence of the repeated region, and to investigate potential biological impacts. 
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3.7. Tables and figures 

Table 1. Allele frequency of RFC1 repeat expansions in Brazilian and Canadian ataxia cohorts  

 
Cohort 1 

n = 23 

Cohort 2 

n = 26 

Cohort 3 

n = 128 

Control group 

n = 163 

Mean age at 

onset 
37 ± 7 57 ± 10 50 ± 13  

Geographical 

origin 
Brazil Canada Canada Canada 

male:female 13/10 9/17 NA 1 

Family history 

(familial/spora

dic) 

familial both Both - 

Prior genetic 

testing for 

other common 

ataxias 

+ + - - 

(AAAAG)11 29 (63%) 36 (69.2%) 193 (75.4%) 276 (84.6 %) 

(AAAAG)n 6 (13%) 1 (1.9%) 20 (7.8%) 

22 (6.7 %) 

1 homozygous, 20 

heterozygous) 

(AAAGG)n 3 (6.5%) 3 (5.8%) 8 (3.1%) 
8 (2.5 %) 

(8 heterozygous) 

(AAGGG)n 

5 (10.9%,  

1 biallelic, 3 

heterozygous) 

11 (21.1%, 11 

heterozygous) 

16 (6.2%) 

(1 biallelic, 14 heterozygous) 

13 (4 %) 

(13 heterozygous) 

(AAGAG)n 2 (4.3%) 1 (1.9%) 18 (7%) 7 (2.1%) 

(AGAGG)n 1 (2.2%) 0 1 (0.4%) 0 

Compound 

heterozygotes 

(AAAAG)n/ 

(AGAGG)n 

(1) 

0 

(AAGAG)n/ (AGAGG)n (1), 

(AAAAG)n/ (AAAGG)n (1), 

(AAAGG)n/ (AAGGG)n (1) 

(AAAAG)n/ (AGAAG)n (2), 

(AAAGG)n/(AAGGG)n (1) 
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Figure 1. Repeat-primed PCR reactions targeting the AAGGG repeated conformation. Fragment 

plots and Sanger chromatograms of long-range PCR results are shown for biallelic (AAGGG)exp 

in Canadian (1a) and Brazilian (1b) patients. Novel AGAGG (1c) and AAGAG (1d) expansion 

conformations (heterozygous) required both methods for identification. 
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3.8. Supplemental materials 

Supplementary Table 1. Clinical features of patients carrying the recessive AAGGG repeat expansion in RFC1 

sample origin gender 
family 

history 

age at 

onset 

age at 

examination 

symptom at 

onset 
neuropathy 

cerebellar 

ataxia 
nystagmus 

cerebellar 

atrophy 
SARA other 

Fam I-I Brazilian female 

yes 

(affected 

sister, 

unaffected 

parents) 

45 58 

Dizziness, 

gait and 

balance 

problems 

sensorimotor 

axonal 

polyneuropathy 

yes yes yes 25 

Dysarthria, brisk 

tendon reflexes, 

vestibular areflexia 

Fam I-II Brazilian female 

yes 

(affected 

sister, 

unaffected 

parents) 

45 56 

Dizziness, 

gait and 

balance 

problems 

sensorimotor 

axonal 

polyneuropathy 

yes yes yes 27 

Dysarthria, brisk 

tendon reflexes, 

vestibular areflexia 

Fam II-I Italian female 

yes 

(affected 

brother) 

55 58 

Dizziness, 

gait and 

balance 

problems 

none yes yes yes NA 

Abnormal 

somatosensory 

evoked potentials, 

brisk tendon 

reflexes 

 

*SARA: Scale for the assessment and rating of ataxia. For vestibular areflexia, a video-head impulse test and caloric test reflex were 

performed. 
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Supplementary Table 2. The allele counts 2×5 contingency table and Chi- square calculations. 

χ2  =  11.429, df  =  4, χ2/df  =  2.86, P(χ2 > 11.429)  =  0.0221.  

 

  
Chi-square calculations for RFC1 repeat conformations 

(AAAAG)n (AAAAG)n (AAGAG)n (AAAGG)n (AAGGG)n 

Cases 

(256) 

193 20 18 8 16 

205.84 18.43 10.97 7.02 12.73 

(0.8) (0.13) (4.5) (0.14) (0.84) 

Controls 

(326) 

276 22 7 8 13 

263.16 23.57 14.03 8.98 16.27 

(0.63) (0.1) (3.52) (0.11) (0.66) 

  469 42 25 16 29 

 

*Expected values are displayed in italics. Individual χ2 values are displayed in (parentheses). 
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Supplementary Figure 1. Long-range PCR amplification using Canadian control samples. Lane 1: 

wild type (AAAAG)11, lane 2: heterozygous (AAAAG)11 and (AAAAG)n, lane 3: heterozygous 

(AAAAG)11 (lower band) and (AGAAG)n (upper band), lane 4: heterozygous (AAAAG)11 (lower 

band) and (AAAGG)n (upper band), lane 5: heterozygous (AAAAG)11 (lower band) and 

(AAGGG)n (upper band).  
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Bridging statement to Chapter 4 

 Within Chapter 2 and Chapter 3, we have focused on the association of different repeat 

expansions with ataxia through examining their length as well as sequence motifs.  

In the fourth chapter, we addressed another aspect of expanded repeats which is their 

association with age at onset in spinocerebellar ataxia type 3, also known as Machado-Joseph 

disease. First, we assessed the correlation between repeat length and age at onset. Next, we 

performed a genome-wide association study to identify possible genetic factors that may explain 

the variable age at onset among patients. 
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4.1. Abstract 

 Machado-Joseph disease (MJD/SCA3) is the most common form of dominantly inherited 

ataxia worldwide. The disorder is caused by an expanded CAG repeat in the ATXN3 gene. Past 

studies have revealed that the length of the expansion partly explains the disease age at onset (AO) 

variability of MJD, which is confirmed in this study (Pearson’s correlation coefficient R2 = 0.62). 

Using a total of 786 MJD patients from five different geographical origins, a genome-wide 

association study (GWAS) was conducted to identify additional AO modifying factors that could 

explain some of the residual AO variability. We identified nine suggestively associated loci (P < 

1 × 10−5). These loci were enriched for genes involved in vesicle transport, olfactory signaling, 

and synaptic pathways. Furthermore, associations between AO and the TRIM29 and RAG genes 

suggests that DNA repair mechanisms might be implicated in MJD pathogenesis. Our study 

demonstrates the existence of several additional genetic factors, along with CAG expansion, that 

may lead to a better understanding of the genotype-phenotype correlation in MJD. 
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4.2. Introduction 

 Machado-Joseph disease, also known as spinocerebellar ataxia type 3 (MJD/SCA3), is an 

autosomal dominant neurodegenerative disorder that is characterized by progressive cerebellar 

ataxia and pyramidal signs, which can be associated with a complex clinical picture and includes 

extrapyramidal signs or amyotrophy (Twist et al., 1995; Bettencourt et al., 2011). MJD is caused 

by an abnormal CAG trinucleotide repeat expansion in exon 10 of the ataxin-3 gene (ATXN3), 

located at 14q32.1. Deleterious expansions (CAG)exp consensually contain 61 to 87 CAG repeats, 

whereas wild type alleles (CAG)nor range from 12 to 44 (Bettencourt et al., 2011). 

 As with other diseases caused by repeat expansions, such as Huntington’s disease (HD) 

and other spinocerebellar ataxias, there is an inverse correlation between expanded repeat size and 

the age at which pathogenesis leads to disease onset (Maciel et al., 1995). Depending on the cohort 

structure, the size of the repeat expansion explains 55 to 70%  of the age at onset (AO) variability 

in MJD, suggesting the existence of additional modifying factors (Maciel et al., 1995; de Mattos 

et al., 2019). Although several genetic factors have been proposed as modifiers, such as CAG 

repeat size of normal ATXN3 (SCA3), HTT (HD), ATXN2 (SCA2) and ATN1 (DRPLA) alleles, 

APOE status, and expression level of HSP40 (de Mattos et al., 2019; Zijlstra et al., 2010; Tezenas 

du Montcel et al., 2014), these were not replicated by subsequent studies (Chen et al., 2016; 

Raposo et al., 2015). Since CAG tract profile and allelic frequencies of the potential modifier loci 

can have unique characteristics in different populations, large collaborative studies are required to 

identify genetic modifiers in MJD, as well as replicate the findings of such studies Raposo et al., 

2015). 
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 Previously, Genetic Modifiers of Huntington’s Disease (GeM-HD) Consortium carried out 

a GWA approach of HD individuals to reveal genetic modifiers of AO in HD (Lee et al., 2015; 

Lee et al., 2019). A total of eleven (Lee et al., 2015) and fourteen loci (Lee et al., 2019) were 

found to be associated with residual age at HD onset. In the present study, we performed the first 

GWAS to identify some possible genetic modifiers of AO in MJD. First, we assessed the 

relationship between AO and size of the expanded (CAG)exp and normal (CAG)nor alleles, 

biological sex, and geographical origin. Next, we determined a residual AO for each subject, which 

is the difference between the measured AO and the predicted/estimated AO from expanded CAG 

repeat size alone. Using the residuals as a quantitative phenotype for a GWAS, we looked for 

genetic factors that modulate AO in MJD. 

4.3. Results 

4.3.1. The inverse correlation between (CAG)exp and age at onset 

            In the first phase of the study, the expanded ATXN3-CAG repeat lengths of 786 MJD 

patients were assessed. The mean (SD) (CAG)exp size were Australia: 68.2 (±3.3), Brazil: 74.3 

(3.9), Germany: 72.9 (±3.6), North America: 73 (±4.3) and Portugal: 72 (±4.0). Next, the 

relationship between AO and (CAG)exp size, (CAG)nor size, sex and ethnicity was examined 

(Supplementary Table 1). The previously observed negative correlation between ATXN3 (CAG)exp 

size and AO (Maciel et al., 1995) was confirmed (Pearson’s correlation coefficient R2 = 0.62) 

(Figure 1). The (CAG)nor size (P = 0.39), sex (P = 0.02) and geographic origin (P [Brazil] = 0.38, 

P [Germany] = 0.38, P [North America] = 0.33, P [Portugal] = 0.29) were not significant and their 

addition had little contribution to the model (ΔR2 = 0.0072). Residual AO for each sample was 

calculated and used as a quantitative phenotype to identify the modifiers of AO. The distribution 

of residual AO was close a theoretical normal distribution (Figure 1). 
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4.3.2. Genome-wide association study 

            After post-imputation quality assessments, a total of 700 individuals with genotyping 

information for 6,716,580 variants remained for GWAS. The Manhattan plots are shown in Figure 

2. The genomic inflation factor was close to one (λ = 0.98), indicating the p-values were not 

inflated. Genome-wide suggestive associations (P < 1 × 10−5) with 204 variants across 9 loci were 

identified (Supplementary Table 3). The most significantly associated SNP at each locus are shown 

in Table 1. Positional gene mapping aligned SNPs to 17 genes by their genomic location. Fourteen 

of the 204 variants had a Combined Annotation Dependent Depletion (CADD)-PHRED score 

higher than the suggested threshold for deleterious SNPs (12.37), arguing the given loci have a 

functional role (Amendola et al., 2015).  

4.3.3. Interaction analysis between (CAG)exp, sex and SNP genotype 

             To assess a possible interaction between CAGexp size and the variants identified, each of 

the nine variants was added to the initial linear regression, modelling AO as a function of (CAG)exp 

size, SNP, sex, the first three principal components, (CAG)nor size, interactions of SNP:(CAG)exp 

and SNP:sex. Association of each independent SNP with AO revealed nominally significant p-

values (P [rs7480166] = 8.42 × 10−6, P [rs62171220] = 6.33 × 10−3, P [rs2067390] = 4.51 × 10−5, 

P [rs144891322] = 1.14 × 10−5, P [rs11529293] = 1.62 × 10−5, P [rs585809] = 2.91 × 10−5, P 

[rs72660056] = 1.66 × 10−3, P [rs11857349] = 8.21 × 10−6, P [rs8141510] = 1.33 × 10−3). With the 

addition of the identified variants to the model, correlation coefficient R2 increased to 0.71 (ΔR2 = 

0.082). Among the nine variants, only rs585809 (mapped to TRIM29) had a significant interaction 

with CAGexp (P = 0.01), suggesting that rs585809 might modulate AO through this epistatic 
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interaction on (CAG)exp. The addition of SNP:sex interaction had little contribution to the model 

(ΔR2 = 0.005). 

4.3.4. Association of HD-AO modifier variants in MJD 

               Association of previously identified HD-AO modifier loci in MJD were assessed. Among 

the 25 HD-AO modifier variants in 17 loci, a total of 18 variants (MAF > 0.02) in 12 loci were 

tested in this study (Supplementary Table 4). None of these HD-AO modifiers reached the 

genome-wide suggestive threshold. However, two variants rs144287831 (P = 0.02, effect size = - 

0.98) and rs1799977 (P = 0.02, effect size = - 0.98) in the MLH1 locus were found to be nominally 

associated with a later AO in MJD. 

4.3.5. Pathway and gene-set enrichment analysis 

             A gene-set enrichment and pathway analysis was conducted using i-GSEA4GWAS v2 

(Zhang et al., 2010). Various approaches and algorithms are currently in use to conduct similar 

analyses. To be able to make better comparisons with other studies that may use different 

approaches, we performed a secondary gene-set enrichment and pathway analysis using the 

VEGAS2 (Mishra et al., 2015) and PASCAL (Lamparter et al., 2016) software (Supplementary 

Tables 5-7). We also used these results for replication purposes in our own study. A total of 13 

overrepresented pathways were found, after FDR-multiple testing correction (q-value < 0.05) in 

the primary GSEA analysis and replicated using at least one of the secondary gene-set enrichment 

algorithms (Table 2). Overall, the most significantly enriched gene-sets and pathways were vesicle 

transport, olfactory signaling, and synaptic pathways. Visualization and clustering of pathways are 

shown in Figure 3.  
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4.4. Discussion 

 Using five cohorts from different geographical origins, we performed the first GWAS to 

examine the presence of genetic factors that could modify AO in MJD. We identified a total of 

nine loci that were potentially associated with either an earlier or later AO. Concomitantly, we 

confirmed the previously observed negative correlation between (CAG)exp and AO (Maciel et al.,  

1995). It was shown previously that normal ATXN3 allele (CAG)nor had a significant influence on 

AO of MJD (França MC et al., 2012); however, several studies did not replicate this effect 

(Tezenas du Montcel et al., 2014; Raposo et al., 2015). Indeed, we did not observe an association 

between (CAG)nor and AO. However, it had little contribution to our model, with a minor 

difference in the correlation coefficient (ΔR2 = 0.0012).  

 In our GWAS, the strongest signal is for the rs11529293 variant (P = 3.30 × 10-6) within 

the C11orf72 and RAG loci at 11p12. Within this locus, two RAG genes, recombination-activating 

genes RAG1 and RAG2, were shown to be implicated in DNA damage response and DNA repair 

machineries (Lescale et al., 2016; Bahjat et al., 2017). The rs585809 variant, which was mapped 

to the TRIM29 gene, was found to interact with (CAG)exp, suggesting that it might have an effect 

on AO through this interaction. Both RAG and TRIM29 loci were identified as AO-hastening 

modifiers. TRIM29 encodes for tripartite motif protein 29, which is implicated in mismatch repair 

and double strand breaks pathways (Wikiniyadhanee et al., 2017; Masuda et al., 2015). TRIM29 

is involved both upstream and downstream of these pathways, in the regulation of DNA repair 

proteins into chromatin by mediating the interaction between them. One of these DNA repair 

proteins is MLH1, which is implicated in mismatch repair complex (Masuda et al., 2015). 

Previously, the MLH1 locus was identified as an AO modifier in another neurodegenerative 

disease caused by CAG repeat expansion, Huntington’s disease (Lee et al., 2015; Lee et al., 2019; 
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Lee et al., 2017). Additionally, in a genome-wide genetic screening study, MLH1-knock out was 

shown to modify the somatic expansion of the CAG repeat and slow the pathogenic process in HD 

mouse model (Pinto et al., 2013). Overall, the association of TRIM29 and RAG loci suggests that 

DNA repair mechanisms may be implicated in the alteration of AO of MJD, as well as HD, and 

may have a role in the pathogenesis of other CAG repeat diseases. Interestingly, in a previous 

study, we found variants in three transcription-coupled repair genes (ERCC6, RPA3, and CDK7) 

associated with different CAG instability patterns in MJD (Martins et al., 2014). 

 We identified gene-sets enriched in olfactory signaling, vesicle transport, and synaptic 

pathways. Olfactory dysfunction is one of the main non-motor symptoms that was already 

described in patients with MJD (Braga-Neto et al., 2011; Pedroso et al., 2013. In a previous study, 

transplantation of olfactory ensheathing cells, which are specialized glial cells of the primary 

olfactory system, were found to improve motor function in an MJD mice model and were 

suggested as a novel potential strategy for MJD treatment (Hsieh et al., 2017). Vesicle transport 

and synaptic pathways were also implicated in MJD, as well as in other neurodegenerative diseases 

(Wiatr et al., 2019; Gissen et al., 2007). An interruption of synaptic transmission caused by an 

expanded polyglutamine repeat and mutant ataxin-3 aggregates were shown in Drosophila and 

Caenorhabditis elegans models of MJD. Therefore, the interaction between synaptic vesicles and 

mutant aggregates supports the role of synaptic vesicle transport in the pathogenesis of MJD 

(Gunawardena et al., 2005; Khan et al., 2006). Overall, we suggest that these gene-sets and 

pathways might construct a larger molecular network that could modulate the AO in MJD. 

 In summary, our study identified nine genetic loci that may modify the AO of MJD. 

Identification of TRIM29 and RAG genetic variants, as well as our gene-set enrichment analyses, 

implicated DNA repair, olfactory signaling, synaptic, and vesicle transport pathways in the 
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pathogenesis of MJD. Although we used different cohorts from five distinct geographical 

ethnicities, a replication study in similar or additional populations would add valuable evidence to 

support our findings. 

4.5. Methods 

4.5.1. Study subjects 

 A total of 786 MJD patients from five distinct geographical origins (Portugal, Brazil, North 

America, Germany, and Australia) were included in the present study. The overall average age at 

onset (standard deviation) was 38 (± 1.82) years, with a 1:1 male to female ratio. All subjects 

provided informed consent, and the study was approved by the respective institutional review 

boards. Detailed cohort demographics are shown in Supplementary Table 2. 

4.5.2. Assessment of the ATXN3 CAG repeat length 

 A singleplex polymerase chain reaction was performed to determine the length of the 

(CAG)exp and (CAG)nor alleles at exon 10 of ATXN3 (Martins et al., 2006). The final volume for 

each assay was 10 µL: 7.5 ng of gDNA, 0.2 µM of each primer, 5 µL of Taq PCR Master Mix Kit 

Qiagen®, 1 µL of Q-Solution from Qiagen® and H2O. Fragment length analysis was done using 

ABIPrism 3730xl sequencer (Applied Biosystems®, McGill University and Genome Québec 

Innovation Centre) and GeneMapper software (Chatterji et al., 2006). A stepwise regression model 

was performed to assess the correlation between AO and (CAG)exp size, as well as gender, origin, 

(CAG)nor size, and interaction between these variables. Residual AO was calculated for each 

subject by subtracting individual’s expected AO based upon (CAG)exp size from actual AO, to be 

used as the primary phenotype for following genetic approach. 
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4.5.3. Genotyping, quality control and imputation 

            Samples were genotyped using the Global Screening Array v.1.0 from Illumina (636,139 

markers). Sample-based (missingness, relatedness, sex, and multidimensional scaling analysis) 

and SNP-based quality assessments (missingness, Hardy-Weinberg equilibrium, and minor allele 

frequency) were conducted using PLINK version 1.9 (Chang et al., 2015). In sample level QC, 

samples were excluded with one or more of the following: high missingness (missingness rate > 

0.05), close relationship (pi-hat value > 0.2), discrepancy between genetically-inferred sex and 

reported sex, population outliers (deviation ≥ 4 SD from the population mean in multidimensional 

scaling analysis). All SNPs were checked for marker genotyping call rate (> 98%), minor allele 

frequency (MAF) > 0.05, and HWE (p-value threshold = 1.0 × 10-5).  

               Phasing and imputation were performed using SHAPEIT (Delaneau et al., 2011) and 

PBWT (Durbin et al., 2014) pipelines, implemented on the Sanger Imputation Service (McCarthy 

et al., 2016). Haplotype Reference Consortium (HRC) reference panel r1.1 containing 64,940 

human haplotypes at 40,405,505 genetic markers were used as the reference panel. Imputed 

variants with an allele count of 30 (MAF > 0.02), an imputation quality score above 0.3 and an 

HWE p-value of > 1.0 × 10-5 were included for subsequent analysis.  

4.5.4. Genome-wide association analysis 

             A genome-wide linear mixed model based association analysis was conducted using –

mlma-loco option of GCTA version 1.91.7 (Yang et al., 2011). Residual AO was modelled as a 

function of minor allele count of the test SNP, sex, and the first three principal components based 

on the scree plot (Supplementary Figure 1). Manhattan plots were generated in FUMA v.1.3.4 
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(Watanabe et al., 2017). Regional association plots were generated using LocusZoom (Pruim et 

al., 2010) (Supplementary Figure 2). 

4.5.5. Functional annotation of SNPs 

 Genomic risk loci were defined using SNP2GENE function implemented in FUMA. 

Independent suggestive SNPs (P < 1 × 10−5) with a threshold of r2 < 0.6 were selected within a 

250 kb window. The UK Biobank release 2 European population consisting of randomly selected 

10,000 subjects was used as the reference population panel. The ANNOVAR (Wang et al., 2010) 

categories and combined annotation-dependent depletion (CADD) (Rentzsch et al., 2019) scores 

were obtained from FUMA for functional annotation. Functionally annotated variants were 

mapped to genes based on genomic position using FUMA positional mapping tool. 

4.5.6. Pathway analysis 

             To identify known biological pathways and gene sets at the associated loci, an enrichment 

approach was applied using public datasets containing Gene Ontology (GO, 

http://geneontology.org), the Kyoto Encyclopaedia of Genes and Genomes (KEGG, 

https://www.genome.jp/kegg) and Reactome (https://reactome.org) pathways. The primary 

enrichment analysis was performed using the i-GSEA4GWAS v2. It uses a candidate list of a 

genome-wide set of genes mapped within the SNP loci and ranks them based on the strength of 

their association with the phenotype. Genes were mapped within 20 kb up or downstream of the 

SNPs with a P < 0.05. Gene and pathway sets meeting a false discovery rate (FDR)-corrected q-

value < 0.05 were regarded as significantly associated with high confidence, and q-value < 0.25 

was regarded to be possibly associated with the phenotype of interest. We performed a secondary 

gene-based association test using the Versatile Gene-based Association Study (VEGAS) algorithm 

that controls the number of SNPs in each gene and the linkage disequilibrium (LD) between these 
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SNPs using the HapMap European population. As a third algorithm to identify enriched pathways, 

we used Pathway Scoring Algorithm (PASCAL), which controls for potential bias from gene size, 

SNP density, as well as LD. ClueGO (Bindea et al., 2009) and CluePedia (Bindea et al., 2013) 

plug-ins in Cytoscape were employed to visualize identified pathways and their clustering. 
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4.7. Tables and figures 

 Table 1. Suggestive loci associated with residual age at onset in MJD. Chr: chromosome, MAF: minor allele frequency, 1KGP: 

1000 Genomes Project. 

SNP Chr 
Position 

(GRCh37) 
Nearest gene 

Minor 

allele 

Major 

allele 

MJD 

MAF 

1KGP 

MAF 

b  

(SNP effect) 
P-value 

rs62171220 2 137802855 THSD7B G C 0.13 0.11 2.71 4.45 × 10−6 

rs2067390 2 191209028 HIBCH, INPP1 A T 0.04 0.06 4.74 6.39 × 10−6 

rs144891322 5 85135387 RPL5P17, C T 0.02 0.007 6.10 5.18 × 10−6 

rs11529293 11 36855388 

C11orf74,RAG1, 

RAG2 

T C 0.14 0.26 -2.71 3.30 × 10−6 

rs7480166 11 42984753 HNRNPKP3 A G 0.40 0.40 -1.86 4.17 × 10−6 

rs585809 11 119949979 TRIM29 T C 0.06 0.17 -3.76 9.50 × 10−6 

rs72660056 13 113507543 ATP11A A G 0.08 0.05 -3.29 3.94 × 10−6 

rs11857349 15 99924857 

TTC23,SYNM, 

LRRC28 

G A 0.04 0.02 -4.58 3.43 × 10−6 

rs8141510 22 42821185 

NFAM1,CYP2D6, 

NAGA, NDUFA6 

C T 0.43 0.49 1.83 3.94 × 10−6 
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Table 2. Pathways significant after multiple-correction (q < 5 x 10-2) in the primary GSEA analysis and replicated using at least one of 

the secondary gene-set enrichment algorithms. NA means that the pathway was not enriched by at least two significant genes in 

VEGAS. 

Pathway Description 
p-value 

(GSEA) 

q-value 

(GSEA) 

p-value 

(VEGAS) 

permuted p-value 

(VEGAS) 

p-value 

(PASCAL) 

GO:0030133 transport vesicle < 1.0 x 10-3 8.20 x 10-3 6.15 x 10-40 4.46 x 10-1 6.70 x 10-3 

KEGG:04740 olfactory transduction < 1.0 x 10-3 8.30 x 10-3 NA NA 3.89 x 10-4 

R-HSA:381753 olfactory signaling pathway  < 1.0 x 10-3 8.80 x 10-3 1.10 x 10-27 7.71 x 10-1 2.51 x 10-4 

GO:0044456 synapse part < 1.0 x 10-3 9.30 x 10-3 1.25 x 10-182 < 1.0 x 10-6 < 1.0 x 10-7 

R-HSA:74217 purine salvage  < 1.0 x 10-3 1.06 x 10-2 1.06 x 10-2 2.15 x 10-1 6.48 x 10-3 

GO:0045202 Synapse < 1.0 x 10-3 1.15 x 10-2 1.15 x 10-2 < 1.0 x 10-6 < 1.0 x 10-7 

GO:0004177 aminopeptidase activity  < 1.0 x 10-3 1.50 x 10-2 1.50 x 10-2 3.41 x 10-1 1.24 x 10-2 

GO:0008238 exopeptidase activity < 1.0 x 10-3 1.80 x 10-2 1.80 x 10-2 2.80 x 10-2 8.31 x 10-3 

GO:0006898 receptor mediated endocytosis < 1.0 x 10-3 2.25 x 10-2 2.25 x 10-2 2.03 x 10-1 6.64 x 10-3 

GO:0016917 GABA receptor activity < 1.0 x 10-3 2.26 x 10-2 2.26 x 10-2 1.30 x 10-4 2.30 x 10-5 

GO:0030140 
trans Golgi network transport 

vesicle 
< 1.0 x 10-3 2.36 x 10-2 2.36 x 10-2 2.80 x 10-2 1.28 x 10-1 

GO:0009725 response to hormone stimulus < 1.0 x 10-3 2.73 x 10-2 2.73 x 10-2 1.32 x 10-1 1.30 x 10-4 

GO:0030425 Dendrite < 1.0 x 10-3 3.86 x 10-2 3.86 x 10-2 < 1.0 x 10-6 < 1.0 x 10-7 

 

 

 



89 
 

 

Figure 1. The inverse correlation between (CAG)exp and AO (left) and the distribution of residual AO (right) observed in our MJD 

cohort. 
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Figure 2. Manhattan plot of the GWAS for residual AO of MJD. Imputed using the HRC panel, 6,716,580 variants that passed QC 

are included in the plot. The x-axis shows the physical position along the genome. The y-axis shows the −log10(p-value) for 

association. The red line indicates the level of genome-wide suggestive association (P = 1 × 10−5). 
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Figure 3. Visualization of the gene-sets and pathways enriched in primary GSEA analysis (a) and replicated in VEGAS and PASCAL 

(b). The size of the nodes corresponds to the number of the genes associated with a term. The significance is represented by the color of 

the nodes (P < 0.05, 0.05 < P < 0.1 and P > 0.1 are represented by red, yellow, and gray, respectively).  
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4.8. Supplemental materials 

Supplementary Table 1. Linear relationship between AO and (CAG)exp, (CAG)nor, geographical origin, sex and pairwise interaction of 

the given factors. A total of 62.7 % of the variability in the AO is explained by given factors. 

Model description Multiple R2 Adjusted R2 P-value ΔR2 

AO ~ (CAG)exp 0.6200 0.6195 <2.2 × 10−16  
AO ~ (CAG)exp + origin 0.6241 0.6216 <2.2 × 10−16 0.0021 

AO ~ (CAG)exp + origin + sex 0.6265 0.6235 <2.2 × 10−16 0.0019 

AO ~ (CAG)exp + origin + sex + (CAG)nor 0.6282 0.6247 <2.2 × 10−16 0.0012 

AO ~ (CAG)exp + origin + sex + (CAG)nor + 

(CAG)exp:(CAG)nor 0.6301 0.6261 <2.2 × 10−16 0.0014 

AO ~ (CAG)exp + origin + sex + (CAG)nor + 

(CAG)exp:(CAG)nor + (CAG)exp:origin 0.6328 0.6267 <2.2 × 10−16 0.0006 

AO ~ (CAG)exp + origin + sex + (CAG)nor + 

(CAG)exp:(CAG)nor + (CAG)exp:origin + 

(CAG)nor:origin 0.6352 0.6271 <2.2 × 10−16 0.0004 

Supplementary Table 2. Subjects and cohort demographics. M:F - male-female ratio 

Geographical origin # of patients Mean (SD) AO M:F 

Portugal 330 40.0 (±12.4) 1.0 

Brazil 311 34.9 (±11.7) 1.1 

North America 55 37.8 (±12.2) 0.7 

Germany 51 37.6 (±9.2) 1.2 

NA 34 37.1 (±11.1) 1.4 

Australia 5 52.8 (±10.1) 0.3 
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Supplementary Figure 1. Scree plot showing the eigenvalues of the first 20 principal components (PCs). This plot indicates that the 

first three PCs explain the majority of the variability in data. 
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Supplementary Figure 2. Regional LocusZoom plots for the nine modifier loci that modify AO of MJD. Purple line indicates the genetic 

recombination rate (cM/Mb). SNPs in linkage disequilibrium with identified are shown in color gradient indicating r2 levels (hg19, 

1KGP, Nov 2014, EUR).
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 Additional supporting information (Supplementary Tables 3, 4, 5, 6 and 7) can be 

downloaded from the online version of this article at the publisher’s web-site: 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7138549/ 
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CHAPTER 5: GENERAL DISCUSSION 

 The role of tandem repeats in human diseases was established 30 years ago with the 

discovery of trinucleotide expansions associated with fragile X syndrome and spinal bulbar 

muscular atrophy (Kremer et al., 1991; Verkerk et al., 1991; La Spada et al., 1991). In 1993, 

trinucleotide CAG repeat expansions were identified in the HTT and ATXN1 genes causing HD 

and SCA1, respectively (Orr et al., 1993; MacDonald et al., 1993). Since then, more than 60 repeat 

expansions have been found to cause neurological diseases, most of which are hereditary ataxia 

subtypes (Paulson, 2018; Depienne and Mandel, 2021). 

 

 During the first decade following the identification of pathogenic repeat expansions, 

linkage analysis was the most common approach to identify the genomics region containing the 

associated expansions. With the advent of genome-wide association studies (GWAS) as well as 

next-generation sequencing (NGS), rapid identification and direct observation of the disease-

associated expansions became possible. These developments allowed a new wave of repeat 

expansion discovery which started with the identification of NOP56 and C9orf72 repeat 

expansions in SCA36 and ALS and frontotemporal dementia (FTD) (Kobayashi et al., 2011; 

DeJesus-Hernandez et al., 2011; Renton et al., 2011). Through a genome-wide linkage analysis, a 

region harboring 37 genes had been identified as a disease locus for a cohort of Japanese SCA 

patients. Next generation sequencing of candidate genes allowed the discovery of pathogenic 

hexanucleotide repeat expansion in NOP56 causing SCA36 (Kobayashi et al., 2011). Similarly, 

the C9orf72 locus was first identified through a linkage analysis, followed by a GWAS in the 

Finnish population (Vance et al., 2006; Laaksovirta et al., 2010). A deep sequencing of the 

chromosome 9p21 region and repeat-primed PCR approach allowed the discovery of 
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hexanucleotide repeat expansion in C9orf72 by two independent groups, that explained a 

remarkable proportion of familial and sporadic ALS cases (DeJesus-Hernandez et al., 2011; 

Renton et al., 2011). These discoveries marked a milestone in SCA and ALS research and set the 

precedent for the identification of additional repeats in neurological diseases via NGS. For 

example, C9orf72 repeat expansion explains 40% of familial and 7% of sporadic ALS cases 

(Renton et al; 2014). The next breakthrough in ataxia repeat expansion research was almost a 

decade later with the identification of pentanucleotide repeat expansions in RFC1 which are the 

cause of 20% of sporadic late-onset ataxia cases (Cortese et al., 2019). 

 

 High coverage WGS, particularly long-read sequencing, are highly efficient approaches to 

estimate the length of genomic repeats. Several software have been designed to assess the repeat 

length from exome or genome data such as ExpansionHunter (Dolzhenko et al., 2017), STRetch 

(Dashnow et al., 2018), GangSTR (Mousavi et al., 2019), and exSTRa (Tankard et al., 2018). 

These in silico approaches are catalogue-based; therefore, they are only able to detect repeat 

expansions at a specified locus for a given motif. In Chapter 2, we applied ExpansionHunter to 

high-coverage WGS data of a total of 2,504 samples from 1KGP which were re-sequenced by The 

International Genome Sample Resource in 2019. We estimated the distribution of CAG repeat 

expansions in ATXN1, ATXN2, ATXN3, and HTT. Furthermore, we reported expanded repeats in 

the disease-associated range in at least eleven samples in the 1KGP dataset. Our work showed that 

even though the participants declared themselves healthy at the time of the collection, datasets 

generated from general population might contain presymptomatic carriers for late-onset diseases 

that would develop the associated diseases later in life. Recently, ExpansionHunter has been 

applied to 100,000 Genomes Project participants with neurological disorders. With its high 
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sensitivity and specificity across all 13 disease-associated loci, ExpansionHunter was shown to be 

practical to diagnose neurological repeat expansion disorders (Ibanez et al., 2020). As a 

complementary approach to Chapter 2 and Ibanez et al., ExpansionHunter Denovo (EHdn) has 

been developed to identify expanded repeats without a prior knowledge of genomic regions or 

sequence motifs. Since EHdn estimates approximate locations and length of repeats, it may require 

further validation, especially for clinical purposes. Nevertheless, it detects pathogenic repeat 

expansions that are not discoverable via existing methods therefore enabling further novel repeat 

expansions in neurological diseases (Dolzhenko et al., 2020). 

 

 In Chapter 2, we applied an in silico approach to assess the presence of expanded repeats. 

In Chapter 3, we employed conventional PCR techniques, RPPCR, and long-range PCR 

amplification followed by Sanger sequencing. To the best of our knowledge, our analysis was the 

first follow-up study of RFC1 repeat expansions in additional cohorts. In the original study, the 

pathogenic expansion explained 22% of the late-onset sporadic ataxia cases (Cortese et al., 2019). 

In addition, the prevalence was found to be 14% in a Turkish late-onset recessive or sporadic 

cerebellar ataxia cohort in which common ataxias were already excluded (Traschütz et al., 2021). 

To estimate the prevalence of RFC1-based CANVAS in a general late-onset ataxia cohort, we used 

a Canadian cohort in which no prior genetic test or selection were done. Our study showed that the 

prevalence was much lower in the Canadian cohort (Akçimen et al., 2019). Moreover, in a large 

North American cohort, biallelic expansions were observed in 3.2 % of the undiagnosed ataxia 

patients (Syriani et al., 2020). In conclusion, the prevalence of RFC1-based CANVAS may be 

overestimated when it is examined in cohorts in which a prior selection of cases was applied based 

on clinical data, mode of inheritance and genetic tests for other ataxia subtypes. 
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 In addition to the three sequence motifs that were identified in the original study (AAAAG, 

AAAGG, and AAGGG), we reported two new conformations (AAGAG and AGAGG). 

Furthermore, expansion of ACAGG motif was identified in two Asia-Pacific and one Japanese 

families (Scriba et al., 2020). Those patients showed additional clinical features which were not 

reported in genetically-defined CANVAS (Scriba et al., 2020; Tsuchiya et al., 2020). Since these 

new motifs have been identified in only a few samples so far, it is not sufficient to make a merit 

comparison between the severity of their associated phenotypes and originally identified 

pathogenic repeat motif. However, these new observations demonstrate the instability and 

potential importance of both length and repeat content. 

 

 The inverse correlation between expanded repeat length and AO was reported right after 

the discovery of first repeat associated neurological diseases (Andrew et al., 1993; Orr et al., 1993). 

However, repeat length itself did not completely explain the AO variability itself for any of the 

repeat expansion diseases, suggesting the implication of additional factors. If a genetic variation 

was associated with a later onset or a less severe form of the disease, it would provide insight into 

its mechanism, and therefore, potential targets. This rationale led to the genetic studies that 

attempted to identify genetic modifiers of repeat-associated diseases. The GeM-HD Consortium 

identified variants in DNA repair proteins that may alter the somatic expansion of HTT-CAG 

repeats, which was replicated in SCA types. MLH1 and FAN1 loci were identified as genetic 

modifiers in these studies. FAN1 variants were also replicated in additional HD and SCA cohorts 

(Genetic Modifiers of Huntington’s Disease C., 2015; Bettencourt et al., 2016). In Chapter 4, we 

identified TRIM29 locus as a potential genetic factor that modify AO in SCA3. TRIM29 is 
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involved in the regulation of DNA repair proteins such as MLH1, which was identified as an AO 

modifier in Huntington’s disease modifier study. Therefore, we suggested that common modifier 

mechanisms may be implicated in CAG repeat expansion diseases. 

 

 Furthermore, a cis-acting element, CTCF binding sites upstream and/or of CAG repeats 

were found to be implicated in the regulation of CAG repeat instability in HD, SCA2, SCA7 and 

DRPLA. In SCA7, it was shown that impairment in CTCF binding promotes somatic instability 

of CAG repeat in ATXN7. Identification of additional genetics and epigenetic mechanisms, trans-

factors such as CTCF protein, and cis-elements such as CTCF binding sites in the flaking regions 

of the repeats could be potential targets for therapy (Libby et al., 2008). 
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CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS 

 This thesis consisted of the application of different genetic approaches to repeat-associated 

hereditary ataxia which included an in silico analysis for CAG repeat-length estimation, a 

conventional repeat screening method for RFC1 repeat expansions, as well as a GWAS to identify 

risk variants that may modify AO in SCA3.  

 In Chapter 2, we showed the presence of participants that have expanded repeats in a public 

dataset using a targeted repeat detection software. A future approach could be to apply a similar 

approach in larger public datasets which include PCR-free WGS samples, such as TOPMed dataset 

(Taliun et al., 2021).  

 In Chapter 3, we concluded that additional studies are required to determine the 

pathogenicity of the novel motifs that we identified. To perform further analyses on repeat 

expansions, we joined 100,000 Genomes Project research community – the Genomics England 

Clinical Interpretation Partnership (GeCIP). As a pilot study, we have screened a total of 1,027 

hereditary ataxia cases to search for new RFC1 expansions. We identified two additional disease-

associated motifs (AAGGC and AGGGC) in biallelic state in two families. This work will be 

continued by the validation of identified expansions using additional sequencing approaches. 

Identification of various distinct sequence conformations may expand the genetic and clinical 

spectrum of RFC1-based CANVAS, as well as provide insights about the pathological 

mechanism(s) leading to disease.  

 With the advent of genome-wide approaches, GWAS became one of the most applied 

methods to discover disease-associated genetic variants. It was applied to several neurological 

diseases in the last decade, including ALS, restless legs syndrome, Parkinson's disease, and 
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Alzheimer's disease (Laaksovirta et al., 2010; Winkelmann et al., 2007; Fung et al., 2006; Coon 

et al., 2007). With the availability of large-scale datasets, multiple GWAS have been performed 

for these diseases, that not only replicated the previous findings but also identified novel genetic 

variants (van Rheenen et al., 2016; Wightman et al., 2021). Until recently, to the best of our 

knowledge, no GWAS has been performed using hereditary ataxia human participants. The only 

hereditary ataxia GWAS was performed in dog species (Gast et al., 2016). Currently, there are 459 

cases in UK Biobank (Canela-Xandri et al., 2018) and 154 cases in FinnGen GWAS summary 

statistics (https://www.finngen.fi/en/access_results, 2020). However, even their meta-analysis 

may not provide enough power to identify associated variants.  

 Considering the fact that GWAS was one of the approaches that led to the identification of 

the C9orf72 locus in ALS, the same technique could have been used to identify the RFC1 locus in 

hereditary ataxia a decade ago. Therefore, one of the future directions could be to employ a GWAS 

approach in hereditary ataxia. In a collaborative study using 100,000 Genomes Project dataset as 

part of the GeCIP, we initiated a GWAS using WGS samples of 1,027 hereditary ataxia cases and 

non-neurological control population. Another future aim is to detect novel repeat expansions using 

recently developed software such as ExpansionHunter Denovo using 1,027 cases in the 100,000 

Genomes Project.  

 With the development of new approaches and software as well as availability of WGS 

datasets from a wide variety of human populations, we will hopefully expand our understanding 

of the genetics of rare neurological diseases such as hereditary ataxias.  

 

  

https://www.finngen.fi/en/access_results
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Agreement shall be deemed by a court of competent jurisdiction to be legally invalid or unenforceable, the 
validity, legality and enforceability of the remainder of this Agreement shall not be affected and such 
provision shall be deemed modified to the minimum extent necessary to make such provision consistent with 
applicable law and, in its modified form, such provision shall then be enforceable and enforced.  The parties 
agree to do such further acts and to execute and deliver such additional agreements and instruments from 
time to time as either may at any time reasonably request in order to assure and confirm unto such requesting 
party the rights, powers and remedies conferred in the Agreement.  This Agreement, including any exhibits 
attached hereto, contains the entire agreement and understanding of the parties with respect to the subject 
matter hereof, and supersedes all prior agreements, negotiations, representations and proposals, written and 
oral, relating thereto. 

All Contributors must sign below.  Contributors must check one box except that NIH grantees should 
check both Contributor-owned work and the NIH grantee box.  If your Contribution was written 
during the course of employment, your employer must also sign where indicated. 

Please send your original completed and signed forms by fax or email a scanned copy to the Journal 
production editor.  For production editor contact details please visit the Journal’s online author guidelines.  
Do not send in hard copies of these forms. 

 

[ ] Contributor-owned work         
     Contributor’s signature    Date 
 
             
     Type or print name and title 
 
 
             
     Co-Contributor’s signature   Date 
 

             
     Type or print name and title 

     

 

Cal Liao
X

Cal Liao
14-09-2020

Cal Liao
14-09-2020



[ ] Company/Institution-owned         
   Work (made-for-hire in the  Company or Institution (Employer-for-Hire) Date 
   Course of employment) 
 
             
     Authorized signature of Employer  Date 
 
 
              
     Contributor’s signature    Date 
 
      
           
     Type or print name and title 
 
 

ATTACH ADDITIONAL SIGNATURE PAGES AS NECESSARY 
 
 
 
 

 [ ] U.S. Government work  
Note to U.S. Government Employees 
A contribution prepared by a U.S. federal government employee as part of the employee's official duties, or 
which is an official U.S. Government publication, is called a "U.S. Government work", and is in the public 
domain in the United States. In such case, Paragraph A.1 will not apply but the Contributor must type 
his/her name (in the Contributor's signature line) above. Contributor acknowledges that the Contribution 
will be published in the United States and other countries. If the Contribution was not prepared as part of 
the employee's duties or is not an official U.S. Government publication, it is not a U.S. Government work. 

 
[ ] U.K. Government work (Crown Copyright)   
Note to U.K. Government Employees 
The rights in a contribution prepared by an employee of a UK government department, agency or other 
Crown body as part of his/her official duties, or which is an official government publication, belong to the 
Crown. Contributors must ensure they comply with departmental regulations and submit the appropriate 
authorisation to publish. If your status as a government employee legally prevents you from signing this 
Agreement, please contact the Journal production editor. 
 
[ ] Other  
Including Other Government work or Non-Governmental Organisation work 
Note to Non-U.S., Non-U.K. Government Employees or Non-Governmental Organisation Employees 
If your status as a government or non-governmental organisation employee legally prevents you from 
signing this Agreement, please contact the Journal production editor. 
 



 

Exhibit A  
 

Financial Disclosure 
 

The Contributor has received financial and material support for this research and work regardless of date 
from the following sources: 

Name:        

Address:       

Type of support:       

This material will be printed with the published article. 
 
 
In the past year from the date of submission, the Contributor has also received the following support 
unrelated to this research (e.g., grants, advisory boards, employment, consultancies, contracts, honoraria, 
royalties, expert testimony, partnerships, or stock ownership in medically-related fields): 
 
Name:        

Address:       

Type of support:       

This material will be posted on the journal website and may be printed at the Editors’ discretion. 
 
 

ATTACH ADDITIONAL INFORMATION AS NECESSARY  

 



Annual renewal submission
Submit date: 2021-02-10 10:11
Project's REB approbation date: 2015-03-20
Project number(s): 2015-164, MP-CUSM-14-051, MP-37-2015-164
Form status: Approved

Submitted by: Zaharieva, Vessela
Nagano identifier: ROU BANK
Form: F9-70479

Administration

MUHC REB Panel & Co-chair(s):
Neurosciences-Psychiatry (NEUPSY)

Co-chairs: Judith Marcoux, Brigitte Pâquet

REB Decision:
Approved - REB delegated review

Comments on the decision:

The renewal for ethics approval applies for the following centres: 
- McGill University Health Centre 
- Centre Hospitalier de l'Université de Montréal 
- CHU - de - Quebec 
- CHU - Sainte-Justine 
- CIUSSS de l'Ouest-de-l'Ile-de-Montréal

Renewal Period Granted:
From 2021-03-20 Until 2022-03-19

1.

2.

3.

4.
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Date of the REB final decision & signature
2021-02-12

Signature

Sonia Cantini
MUHC REB Coordinator
For MUHC Co-chair mentioned above

FWA 00000840 - FWA 00004545

Local REB number
IRB00010120

Note:
In order to be in compliance with Good Clinical Practices, the MUHC REB (when acting as the Reviewing
REB), and the PM of the MUHC does not directly communicate with sponsors. The communication channels
existing between the PIs and the sponsors will continue to ensure the transmission of documents.

A. General information

5.

6.

7.

8.

1. Indicate the full title of the research study

Rou Bank.

2. If relevant, indicate the full study title in French

3. Indicate the name of the Principal Investigator in our institution (MUHC)

Rouleau, Guy

4. Are there local co-investigators & collaborators involved in this project?
No
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B. Project development

5. For each participating centre part of the Québec health and social services network (RSSS), indicate the name
of the external investigator
Sylvain Chouinard

Nicolas Dupré

Jacques Michaud

Gustavo Turecki

Ridha Joober

What is the name of the participating center(s)?
CHU-Montréal

What is the name of the participating center(s)?
CHU-de-Québec

What is the name of the participating center(s)?
CHU-SJ

What is the name of the participating center(s)?
CIUSSS-OMTL

What is the name of the participating center(s)?
CIUSSS-OMTL

6. Indicate the name and the affiliation of the external collaborator(s),(if any)

Voir la liste des sections 5 & 9

7. Identify the study coordinator(s)

Zaharieva, Vessela

Mirarchi, Cathy

Indicate the role of the collaborator(s)
Administrative agent

Indicate the role of the collaborator(s)
Administrative agent

1. Study start date:
2006-09-21

2. Expected ending date of the study:
 Determined date
 Undetermined date

3. Date of recruitment of the first participant?

 1st enrollment date is...
 No participant enrolled

1st participant enrollment date:
2006-09-22
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4. Indicate the current study status at MUHC.
Study and recruitment in progress

5. Add a brief statement on the study status

Study is still in progress

6. Information about the participants at this institution, since the beginning of the project

Number of participants who have been recruited
17071

Number of participants who have not yet completed the study (still in progress)
0

Number of participants who've completed the study
17071

Number of participants who were recruited to the study, but who were then excluded or withdrawn:
0

Number of participants who dropped out (voluntary withdrawal):
0

Number of participants who died during the study
0

7. Information about the participants at this institution (MUHC) since the previous REB approval

Number of participants who have been recruited
100

Number of participants who have not yet completed the study (still in progress)
0

Number of participants who've completed the study
100

Number of participants who dropped out (voluntary withdrawal):
0

Number of participants who died during the study
0
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8. Since the previous REB approval (annual renewal or initial approval):

Were there any changes to the protocol (or to the databank management framework) ?
No

Specify the current version/date:
version 1, March 14, 2016

Date approved by the REB:
2016-03-22

Were there any changes to the information and consent form?
Yes

Specify the current version/date:
version 2, December 2020

REB approval date:
2021-01-29

Were there any reportable adverse events at this site (or, for multi-center projects, at an institution under
the jurisdiction of our REB) that should be reported to the REB under section 5.2.1 of " SOP- REB-
404001 " ? 
https://muhc.ca/cae/page/standard-operating-procedures-sops

No

Has there has been any new information likely to affect the ethics of the project or influence the decision
of a participant as to their continued participation in the project ?
No

Were there any deviations / major violations protocol (life -threatening or not meeting the inclusion /
exclusion criteria)?
No

Was there a temporary interruption of the project?
No

Have the project results been submitted for publication, presented or published?
No

Has the REB been notified of a conflict of interest - (apparent , potential or actual), of one or more
members of the research team - that was not known when it was last approved project?
No

Do you want to bring any other info to the REB's attention?
No
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C. Signature

9. For all external participating institutions, please answer the following questions:

Please select the name of the institution concerned and attach the "Formulaire de renouvellement
annuel pour les projets sites externes - Projets multicentriques":
CHU-de-Québec

CHU-SJ

CHU-Montréal

CIUSSS-OMTL

Please print a copy of the "Formulaire de renouvellement annuel pour les sites externes" (see link
below), have it completed by other institutions and attach it here. 
Formulaire de renouvellement pour les sites externes (MP project)

This form is accessible to external researchers, via our web page.

Demande de renouvellement annuel pour les sites externes-CHUdu Quebec 2021 (002)N. Dupre.pdf

Please print a copy of the "Formulaire de renouvellement annuel pour les sites externes" (see link
below), have it completed by other institutions and attach it here. 
Formulaire de renouvellement pour les sites externes (MP project)

This form is accessible to external researchers, via our web page.

Demande de renouvellement annuel pour les sites externes-CHUSJ 2021 (003)-signed.pdf

Please print a copy of the "Formulaire de renouvellement annuel pour les sites externes" (see link
below), have it completed by other institutions and attach it here. 
Formulaire de renouvellement pour les sites externes (MP project)

This form is accessible to external researchers, via our web page.

document03-02-2021-090642 CHUM SC.pdf

Please print a copy of the "Formulaire de renouvellement annuel pour les sites externes" (see link
below), have it completed by other institutions and attach it here. 
Formulaire de renouvellement pour les sites externes (MP project)

This form is accessible to external researchers, via our web page.

20210209 Demande de renouvellement annuel pour les sites externes-CIUSS-OMTL 2021 GT.pdf
Is there any institution's info (pdf form) missing?
No

10. Is there a data safety monitoring committee analyzing data on the safety and efficacy of the treatment?
No

1. I confirm that all information is complete & accurate.

First & last name of person who completed the submission
Vessela Zaharieva
2021-02-10 10:11
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