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Abstract

Spinocerebellar ataxia type 3 (SCA3), also known as Machado-Joseph disease (MJD)
is a rare late-onset neurodegenerative disorder, which belongs to the polyglutamine
(polyQ) group of diseases. The causal gene of this disease, ATXN3, presents CAG repeat
expansion as the causative mutation. This gene encodes the protein ATXN3 an ubiquitous
protein that can be involved in transcription mechanisms.

Untranslated regions (UTRs), 5' and 3’ UTRs, along with cis-acting elements (such as
gene promoters), are essential for the regulation of gene expression. Also, DNA methylation
has an important role in such regulation.

The main goal of this thesis was to analyse the impact of untranslated and
methylation prone regions in the clinical variability of SCA3. For this purpose, we studied
the variation found in 3'UTR of ATXN3 and analysed the impact of these variants in the
variance of the onset of SCA3 patients.

We reported nine variants present in the 3'UTR of ATXN3 that can have a role in its
own expression regulation. In the Azorean SCA3 cohort studied, none of the variants that
were identified presented a significant modulatory effect on the disease onset and we were
not able to replicate results for rs709930 (and rs910369) obtained by other group of
researchers. In this study, we were able to identify disease-associated haplotypes that can
discriminate expanded allele; this fact can be relevant for the design of new allele-specific
silencing strategies.

We also studied the variation found in the UTRs of different genes that was
obtained through an extended exome sequencing and performed genotype-phenotype
correlations to evaluate the impact of such variants/genes in the onset of SCA3 patients. In
this study we identified four candidate modifier genes of the disease onset: GL/4, TGFA,
ERBB4 and MPHOSPH?. The alternative alleles of the variants in GL/4, presented a predicted
modification in transcription factors binding sites and in transcription factors, that bind to
those sites; this gene showed a delay of three years in SCA3 onset. The remaining modifier
genes (TGFA, ERBB4 and MPHOSPH9) identified in this study, are known ATXN3 interactors,
and significantly influence the onset of the disease. These genes presented variants in the
3'UTRs. We were also able to obtain eight statistically enriched pathways, two of them

containing genes with a modifier effect on the onset (TGFA and ERBB4): HIF1a Signaling



and Neuregulin Signaling. These pathways can be important for further therapeutic
applications in this disease.

Finally, we performed an epigenome-wide pilot study. As far as we are aware, is the
first study investigating genome-wide DNA methylation changes in SCA3 patients
compared to matched controls. As the sample size was small, we were not expecting
genome-wide significant differentially methylated CpG sites, between patients and controls.
Enrichment analysis of the obtained list of 1279 genes showed an enrichment for pathways
involved in neurodegenerative diseases such as Calcium signaling pathway. We also
performed an analysis of epigenetic clocks (Hannum and Horvath) for SCA3 patients and
matched healthy controls. We were not able to find differences between patients and
controls for DNA methylation age for both epigenetic clocks. For DNA methylation age
acceleration difference and DNA methylation age acceleration difference residuals we were
not able to find differences between the two groups for both clocks. These results can be
explained by sample size and the limited power of this study.

This PhD thesis tried to contribute to the unveiling the role of untranslated and
methylation prone regions in the clinical variability of SCA3. For this purpose, we obtained:
a) variants with predicted impact in 3'UTR of ATXN3 gene; b) candidate modifier genes,
with variants in UTRs; c) no significant results for the first genome-wide study on DNA
methylation comparing patients and controls; further studies in a higher number of patients

and controls are required to obtain a methylation profile for SCA3.



Resumo

A Ataxia espinocerebelosa do tipo 3 (SCA3), também conhecida como doenca de
Machado-Joseph (MJD), é uma doenga neurodegenerativa rara de manifestacao tardia e
pertencente ao grupo das doencas de poliglutamina (poliQ). O gene causal desta doenca,
ATXN3, apresenta como mutacdo causal a expansdo do motivo repetitivo CAG. Este gene
codifica a proteina ATXN3, uma proteina ubiqua que pode estar envolvida nos mecanismos
de transcricdo.

As regides ndo traduzidas (UTRs), 5' e 3" UTRs, juntamente com elementos cis-acting
(tais como os promotores dos genes), sdo essenciais para a regulacdo da expressao génica.
Além disso, também a metilagdo do ADN tem um papel importante na referida regulagao.

O principal objetivo desta tese de doutoramento foi analisar o impacto das regides
ndo traduzidas e das regides propensas a metilacdo, na variabilidade clinica da SCA3. Para
este efeito, estudamos a variagdo encontrada em 3'UTR do gene ATXN3 e analisdmos o
impacto destas variantes na variagdo da idade de inicio da doenca nos doentes com SCA3.

Reportamos nove variantes presentes em 3'UTR do gene ATXN3 que podem ter um
papel na sua propria regulacdo génica. Na coorte Acoriana, composta por doentes com
SCA3, nenhuma das variantes que foram identificadas apresentou um efeito modulador
significativo na variacdo da idade de inicio da doenca, e ndo fomos capazes de replicar os
resultados para a variante rs709930 (e rs910369) obtidos por outro grupo de
investigadores. Neste estudo, conseguimos identificar haplotipos associados a doenga e
gue podem fazer a discriminacdo dos alelos expandidos; este facto pode ser relevante para
o desenvolvimento de novas estratégias de allele-specific silencing.

Estudamos também a variagdo encontrada nas UTRs de diferentes genes que foi
obtida através da sequenciacdo alargada do exoma e efetudmos correlagbes gendtipo-
fenotipo para avaliar o impacto de tais variantes/genes na variacdo da idade de inicio dos
doentes com SCA3. Neste estudo identificdamos quatro genes candidatos a modificadores
da variacdo da idade de inicio da doenca: GL/4, TGFA, ERBB4 e MPHOSPH9. Os alelos
alternativos das variantes no gene GL/4, apresentaram uma modificacdo prevista nos locais
de ligacao dos factores de transcricdo e nos factores de transcricdo, que se ligam a esses
locais; este gene apresentou ainda uma variacdo na idade de inicio da SCA3 de trés anos (a
idade de inicio é mais tardia). Os restantes genes modificadores (TGFA, ERBBB4 e
MPHOSPH?Y) identificados neste estudo, apresentam variantes em 3'UTRs, sdo conhecidos

como interatores do gene ATXN3, e influenciam significativamente a variacdo na idade de
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inicio da doenga. Também conseguimos obter oito pathways estatisticamente enriquecidas,
duas delas contendo genes com efeito modificador (TGFA e ERBBB4): HIF1a Signaling e
Neuregulin Signaling. Estas pathways podem ser importantes para outras aplicacoes
terapéuticas nesta doenca.

Por fim, efetudmos um estudo piloto de metilagdo genome-wide. Tanto quanto nos
é possivel saber, este é o primeiro estudo que investiga as altera¢gdes de metilagdo do ADN
em doentes com SCA3 e em controlos emparelhados. Como o tamanho da amostra foi
pequeno, ndo esperdvamos a ocorréncia de CpGs diferencialmente metiladas, entre
doentes e controlos. A analise de enriquecimento da lista de 1279 genes que obtivemos,
mostrou um enriquecimento para pathways envolvidas em doengas neurodegenerativas,
tais como a Calcium signaling pathway. Também realizdmos uma analise com epigenetic
clocks (Hannum e Horvath) para doentes com SCA3 e controlos emparelhados. Nao
conseguimos encontrar diferencas entre doentes e controlos para a idade de metilacdo do
ADN, para ambos epigenetic clocks . No caso da diferenca da idade de metilacdo do ADN e
a diferenca da idade de metilagdo residual do ADN, também ndo fomos capazes de
encontrar diferengas entre os dois grupos para ambos os epigenetic clocks. Estes resultados
podem ser explicados pelo tamanho da amostra e pelo poder limitado deste estudo.

Esta tese de doutoramento tentou contribuir para a descoberta do papel das
regides ndo traduzidas e as regiGes propensas a metilacdo na variabilidade clinica da SCA3.
Para este efeito, obtivemos: a) variantes com impacto previsto em 3'UTR do gene ATXNS3; b)
genes candidatos a modificadores, com variantes em UTRs; ¢) nenhum resultado
significativo para o primeiro estudo a nivel do genoma sobre a metilacio do ADN,
comparando doentes e controlos; serdo necessarios mais estudos, num nimero maior de

doentes e controlos para obter um perfil de metilacdo para a SCA3.
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Chapter 1: General introduction

1.1. Polyglutamine diseases: General aspects

Polyglutamine diseases (PolyQ) are dominantly inherited neurodegenerative diseases
characterized by the expansion of a cytosine-adenine-guanine (CAG) triplet repeat in the
coding region of the respective causative genes, which translates into an abnormally long
polyglutamine tract in the encoded protein (revised in [1]). PolyQ diseases include
Huntington’s disease (HD), dentatorubral-pallidoluysian atrophy (DRPLA), spinal and bulbar
muscular atrophy (SBMA) and six spinocerebellar ataxias (SCA 1, 2, 3, 6, 7 and 17), all
inherited as autosomal dominant, except for SBMA, which presents an X-linked recessive
pattern of inheritance. In these diseases, an expansion of a CAG repeat appears in the genes
HTT, ATN1T, AR, ATXN1, ATXN2, ATXN3, CACNATA, ATXN7 and TBP, respectively (revised in
[2]); noteworthy, the critical threshold for the CAG expansion (i.e. the number of repeats
needed for the manifestation of the pathological phenotype) is disease-specific (Table 1.1).

PolyQ diseases show variation on age at onset (onset) — the age of the appearance of
the first symptoms — which is dependent on the size of the (CAG)n tract (revised in [1,3]); the
number of (CAG)n repeats explaining from 26to 88% of the variation in the onset (Table 1.1)
[4]. However, the size of the (CAG)n tract only partially correlates with the onset, supporting
an influence of other genetic, epigenetic and/or environmental factors on the variable
expressivity of polyQ diseases (revised in [4,5]). For many of these diseases,
intergenerational instability of the (CAG)n tract size [6-13] as well as somatic mosaicism
have been reported [14-16]. Almost all of the polyQ diseases are characterized by
anticipation- the presence of an earlier onset and more severe symptoms from one
generation to the next [17,18], which occurs due to intergenerational instability of the
(CAG)n tract size of the expanded allele; this means that in successive generations,
individuals tend to carry a (CAG)n tract size in the expanded allele which is higher than the
one harbored by their affect parent. Somatic mosaicism is a phenomenon in which (CAG)n
tract size may vary according to the tissue and even within the same tissue from which the
DNA is extracted; the molecular basis of somatic mosaicism is the mitotic instability of the
expanded CAG tract [19].

A myriad of pathogenic mechanisms are involved in polyQ diseases, including
enhanced DNA damage, protein misfolding and aggregation, formation of intracellular
aggresomes, as well as transcriptional and proteasomal dysregulation (revised in [1]). PolyQ
diseases are typically late-onset, frequently appearing in midlife and presenting progressive

neuronal dysfunction and neuronal loss (revised in [3]). It is interesting to note that a
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Chapter 1: General introduction

particular subset of neurons is targeted for each of these diseases, regardless the
expression of the expanded/mutant proteins throughout the brain and in non-neural
tissues (revised in [3,20]).

Spinal and bulbar muscular atrophy (SBMA) was the first repeat expansion disease to be
described (revised in [3]) and the only polyQ disease whose causative mutation is located in
a sex chromosome (Table 1.1.), as previously referred. SBMA presents a prevalence of 2.5
cases for 100,000 individuals [21] and is caused by a polymorphic CAG repeat expansion in
the N-terminal domain of the androgen receptor (AR) gene, in exon 1 (revised in [3]). The
AR is a nuclear receptor and its protein product is a member of the steroid receptor-thyroid
of receptor superfamily (revised in [3]); the N-terminal domain is involved in the regulation
of transcription of target genes (revised in [22]). Expanded triplet repeats in SBMA are
mostly unstable but, contrarily to other polyQ diseases, they present a tendency for the
contraction of a few CAGs from one generation to the next (revised in [22]); also, as referred
above, a correlation of the (CAG)n tract size of the expanded allele with onset and the
disease severity is observed in patients (revised in [22]). SBMA is characterized by a late
onset and progressive degeneration of lower motors neurons in spinal cord and bulbar
region of brainstem (revised in [3]). Despite of the low explanation of onset provided by the
size of the (CAG)n tract (~30%, Table 1.1), only one study has been performed regarding
genetic modifiers and their impact in SBMA onset [23]. Although different studies in animal
models [24,25] as well as clinical trials have been conducted for SBMA [26-28], it remains
without treatment (revised in [3]).

Huntington’s disease (HD) is the most frequent polyQ disease, presenting a prevalence
of 4-12.3 cases for 100,000 individuals (revised in [29]). This autosomal-dominant disease is
caused by an abnormal (CAG)n tract size in exon 1 at the coding region of the huntingtin
(HTT) gene (revised in [30]), encoding for the huntingtin protein ; huntingtin is often a
cytoplasmic protein that can also present some degree of nuclear localization (revised in
[31]). This protein is involved in embryonic development [32-35] and can act as a protein
scaffold (revised in [31]); moreover, it plays a role in transcriptional regulation [36-38].
Noteworthy, it is now known that HTT is needed for the formation of cortical and striatal
excitatory synapses [39]. In HD intermediate alleles are common and the individuals who
present CAGs in the expanded allele ranging from 27 to 35 repeats, will not develop the
disease; however, an offspring of individuals with 34 or 35 repeats, can develop the disease

due to intergenerational instability which would generate, through expansion of the CAG
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tract, alleles with 36 repeats.
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Table 1.1. Polyglutamine diseases: main genetic and clinical features.

PolyQ disease

Spinal and bulbar
muscular atrophy
(SBMA)
Huntington's disease
(HD)
Dentatorubral
pallidoluysian atrophy
(DRPLA)
Spinocerebellar ataxia
type 1 (SCAT)
Spinocerebellar ataxia
type 2 (SCA2)
Spinocerebellar ataxia
type 3 (SCA3)
Spinocerebellar ataxia
type 6 (SCA6)
Spinocerebellar ataxia
type 7 (SCA7)
Spinocerebellar ataxia
type 17 (SCA17)

Causative

gene [3]

AR

HTT

ATN1

ATXNT

ATXNZ2

ATXN3

CACNATA

ATXN7

TBP

Chromosomal Normal Expanded (CAG)n

location (CAG). range* range*
Xq12 9-39 40-68
4p16.3 6-35 36-180
12p13.31 <26 49-88
6p22.3 6-34 41-83
12924.12 14-30 33-77
14932.12 12-40 51-87
19p13.13 4-18 20-33
3p14.1 4-27 34-200
6q27 25-42 41-66

*Based on http://neuromuscular.wustl.edu/ataxia/domatax.html

Main clinical features [1,18]

Fasciculations, neurogenic muscle atrophy and weakness

Chorea, other progressive motor disability symptoms

Ataxia, chorea, dystonia

Ataxia, ophthalmoplegia, spasticity, sensory symptoms

Ataxia, peripheral neuropathy, sensory symptoms

Ataxia, spasticity, ophthalmoplegia, pyramidal signs,
sensory symptoms

Ataxia, nystagmus
Ataxia, ophthalmoplegia, spasticity, pyramidal signs

Ataxia, dystonia, chorea, spasticity, pyramidal signs

Variance in onset explained
by the (CAG). tract size [40]

29%

50-60%

50-68%

64-76%

50-80%

46-76%

26-52%

71-88%

unknown
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HD can appear in adult-onset as well as in juvenile forms; in the adult form, which is more
frequent, individuals present 40 to 50 CAG repeats in the expanded allele, while in the
juvenile form heterozygous patients often present more than 60 CAG repeats (revised in
[31]) in the expanded chromosomes. HD is characterized by a triade constituted by
cognitive, motor and psychiatric features (revised in [29]). Anticipation and
intergenerational instability are also a hallmark of HD (revised in [31]). A strong yet
incomplete inverse correlation between (CAG)n tract size and onset is observed in HD (Table
1.1) (revised in [31]), with the (CAG)n tract size explaining 50%-60% of the variance in onset
[40]; as previously referred for polyQ diseases in general, the remaining variance should be
under the influence of genetic and epigenetic factors, as well as environmental factors.
Different studies have shown the impact of different genetic modifiers in this disease, such
as the DNA repair genes FANT and MLH1 [41-46], highlighting the importance of studying
those factors. Emerging therapies for HD have as focus the mutant HTT pre-mRNA and the
mature mRNA which can be targeted by antisense oligonucleotides (ASOs) and interfering
RNA (RNAI), respectively; these strategies have the aim to enhance early degradation and
lowering of the mutant HTT levels [47]. Also, the mutated gene can be targeted by zinc
finger proteins which repress transcription [47].

Dentatorubral-pallidoluysian atrophy (DRPLA) is a very rare disease presenting a
global prevalence strongly related to the ethnic background; in Japan, the disease reaches
its highest worldwide prevalence with 0.48 cases for 100,000 individuals whereas in the
Caucasian population, only 25 families have been reported [3,48-56]. DRPLA is caused by
an unstable CAG repeat in the atrophin-1 gene (ATNT) (Table 1.1) that encodes for the
atrophin 1 protein, a transcription regulator that was identified in nuclear inclusions found
in neurons and glia of the affected brain regions (revised in [3]). DRPLA is characterized by
ataxia (revised in [3,57]), and its onset varies from infancy to adulthood [48]; this disease
also presents genetic anticipation (revised in [58]). DRPLA mutated alleles are fully
penetrant when the (CAG)n tract size is in the pathological range characteristic of disease
(Table 1.1), explaining 50-68% of onset variance (Table 1.1.); noteworthy, incomplete
penetrance has been reported for intermediate alleles (revised in [58]). To the best of our
knowledge, no studies regarding genetic modifiers of DRPLA have been conducted.

Spinocerebellar ataxias belonging to the polyQ diseases group (SCA1, SCA2, SCA3,
SCA6, SCA7 and SCA17) are dominantly inherited and present as main features cerebellar

ataxia, manifested by impairment of motor coordination, namely of gait [3].
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Spinocerebellar ataxia type 1 (SCA1) represents approximately 6% of all autosomal
dominant cerebellar ataxias (ADCAs) worldwide (revised in [3]). The CAG repeat expansion
occurs in the coding region of ATXNT gene (Table 1.1) that encodes the protein ataxin 1, a
protein involved in the transcription mechanism [59,60].

Spinocerebellar ataxia type 2 (SCA2) accounts for nearly 13% of the cases of ADCAs
(revised in [3]); its causative mutation occurs in the coding region of ATXN2 gene (Table
1.1), which encodes the protein ataxin 2, involved in RNA metabolism [61,62].

Spinocerebellar ataxia type 3 (SCA3), which is the focus of the present thesis,
represents 20-50% of families with SCA [63] and is the most common form of SCA
worldwide [64,65]. The ATXN3 gene (Table 1.1) harbours the causative mutation of the
disease (revised in [66,67]), encoding the ataxin 3 protein which, in its native form, presents
a de-ubiquitylating activity (revised in [64]).

Spinocerebellar ataxia type 6 (SCA6) represents 13-15% of the SCAs [63]; its
causative gene, CACNATA (Table 1.1), encodes the protein voltage-dependent P/Q-type
calcium channel subunit alpha-1A which is involved in a variety of calcium-dependent
processes such as, muscle contraction, neurotransmitter release and gene [68].

Spinocerebellar ataxia type 7 (SCA7) and Spinocerebellar ataxia type 17 (SCA17)
represent only 5% and 0.3% of families with SCAs (Table 1.1), respectively [69]. The
causative gene of SCA7, ATXN7, encodes the ataxin-7 protein that is involved in the
transcription mechanism [70] while the gene that causes SCA17, TBP, encodes the protein

TATA-box-binding protein with transcription factor activity [71].

11



Chapter 1: General introduction

1.2. A paradigm of polyQ diseases: Spinocerebellar ataxia type 3/Machado-Joseph
Disease (SCA3/MJD)

General characterization

Spinocerebellar ataxia type 3 (SCA3), also known as Machado-Joseph disease (MJD)
was originally described in families of Azorean ancestry living in North-America [72-74]. As
previously referred, SCA3 is the most common SCA worldwide [18], with a prevalence of
3.1/100,000 [75], and the second most common polyQ disease [18,63]. SCA3 (OMIM
#109150; ORPHA # 98757) represents more than 50% of the cases of SCAs in Portugal
(revised in [76]) and 78% of the cases of SCAs in Brazil [77]. In the Azorean archipelago
(Portugal), the prevalence of this disease was 39/100,000 in 2016 [75]. SCA3 reaches its
highest prevalence in the Azorean Island of Flores (Portugal) with a value of 633/100,000
(1/158) [75].

SCAS3, a late onset disease, is characterized by an asymptomatic phase (a preclinical
phase where the subjects do not present symptoms) and a symptomatic phase (a clinical,
overt disease phase), The clinical phase of SCA3 exhibits a high degree of clinical variability,
which represent the variable involvement of the cerebellar, motor neuron and oculomotor,
peripheral, pyramidal and extrapyramidal systems [78-81]. While gait ataxia, dysarthria and
ophthalmoparesis are symptoms that are frequently present in SCA3 patients, bulging eyes,
blepharospasm and dystonia are less commonly observed [82]. Also, non-motor clinical
features are reported for SCA3, including cramps [83,84], cognitive disturbances [85-89],
depressive symptoms [90-93], olfactory impairment [86], sleep disturbances [94-98], and
urinary dysfunction [99,100]. The first symptom of SCA3 is usually gait ataxia; however,
although less frequent, diplopia has also been described as a first symptom [81]. The mean
onset of SCA3 is around 40 years [50,101], with extremes of 4 [102] and 78 years [50]. The
earliest onset that was reported by Carvalho and collaborators (Table 1.2) referred to an
homozygous girl; the homozygosity present in this patient led to a more severe phenotype
[102], as it has also been reported for other homozygous cases described [103], revealing
that the ATXN3 displays a dosage effect [19].

A few studies reporting homozygous SCA3 patients, revealed that the most
common features include early onset, reduced survival time and overall, more severe
phenotype (Table 1.2). Molecular studies using homozygous mice confirm particular

molecular modifications such as increased aggregation [104]. Not all early onset/juvenile

12



Chapter 1: General introduction

cases of SCA3 are explained by homozygosity of the expanded allele; indeed, Paula
Coutinho reported a case from the Azorean Island of Flores, with onset in infancy, that was

explained by one very large expanded allele [81,105].

Table 1.2. Studies reporting homozygous cases in SCA3.

Reference ATXN3 genotype 'Onset Clinical features
(in years)
Sobue et al, 67/67 28 Ataxia, bulging eyes, dystonia, ophthalmoplegia,
1996 [106] pyramidal findings
64/70 29 Dysarthria, gait ataxia, lower motor neuron
65/66 37 y  gart ataxia,
Lerer et al, 1996 67/68 25 o disease .
Gait ataxia, lower motor neuron disease
[107] 65/69 17 . .
67/68 30 Dysarthria, lower motor negron disease,
65/69 36 ophthalmoplegia
Psychiatric and sleep problems at age 43; gait
Fukutake et al, 60/60 43 ataxia at age 50
2002 [108] 63/69 ? Abnormal behaviour, sleep disturbances,
hallucinations
Gordon et al, 65/66 36 Ataxia, dysarthria, and oculomotor dysfunction
2003 [109] ' '
Carvalho et al, 66/72 4 Ataxia, bulging eyes, dystonia, pyramidal
2008 [102] findings
Ly;g:lgcaeg;]ﬂ., 60/63 29 Mild ataxia, pyramidal findings
Zeng et al,, 2015 Abnormal eye movement, pyramidal signs,
71/71 18 .
[110] severe ataxia
Ataxia, bulging eyes, oculomotor disturbance,
64/67 33 pyramidal signs
S:g:s[jz?i" 57/65 38 .Ataxia, oc.ulomotor disturpances
57/65 33 Ataxia, dystonia oculomotor disturbances,
pyramidal signs,
Cognitive impairment, dysarthria, gait ataxia,
nystagmus
63/67 25 Dysphagia, gait ataxia, nystagmus, peripheral
64/65 35 neuropathy
Li et al, 2020 62/64 35 Bulging eyes, dysphagia, nystagmus, peripheral
[112] 60/63 49 . . neu.ropathy .
62/63 45 Dysarthria, gait ataxia, nystagmus, peripheral
55/56 41 neuropathy
56/58 59 Dysarthria, gait ataxia, nystagmus
Gait ataxia
Cramps, gait ataxia, nystagmus
Chen et al, 2021 62/62 37 Nystagmus, severe dysarthria, wheelchair bound

[113]

In SCA3, imaging and neuropathology-based studies have reported gray matter
atrophy in cerebellar, neostriatum, frontal lobe and parietal lobe [114-119]. The severity of

the brain atrophy (loss of volume) was reported to be correlated with clinical heterogeneity;
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this correlation showed that more atrophy of the brain leads to a wider variability of

symptoms [120-122].

Genetics and genotype-phenotype correlations in SCA3

The causative gene of SCA3, ATXN3, is located at the long arm of chromosome 14
(14932.12) [66,123] and contains, in exon 10, an unstable CAG repeat motive (Figure 1.1);
ATXNS3 is considered to exhibit almost full penetrance (~98%) [19].

Normal ATXN3 alleles present 12 to 44 CAG repeats; consensually, alleles that

display above 52 repeats [76] cause SCA3.

Exons 1 23 45 & 6a 7 8 9 O9a 10 11

o : . .
5'UTR JUTR

1<)
<
N

Figure 1.1. Representation of the causative gene of SCA3 - ATXN3. The figure presents exons
(boxes in dark grey), numbered from 1 to 11, and UTRs (5'UTR is represented in a light grey box
and 3'UTR is represented in white boxes). The (CAG). is located in the exon 10 (adapted from
[124]).

Less frequently found are intermediated alleles that vary between 45 and 54 CAG
repeats [125-130] and can be related, or not, with the SCA3 phenotype (Table 1.3); in fact,

the behaviour of these alleles is not well understood.

Table 1.3. Studies presenting SCA3 subjects with intermediate alleles and corresponding

phenotype.
Reference (CAG), SCA3 phenotype

Takiyama et al. ,1997 [125] 56 Present
van Schaik et al.,, 1997 [126] 54 Present
Maciel et al, 2001 [127] 51 Absent

van Alfen et al, 2001[128] 53 and 54 Present
Gu et al.,, 2004 [129] 51 Present
Padiath et al,, 2005[130] 45 Present
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In SCA3, an inverse correlation between the (CAG)n tract size and onset is observed
[115,131-134]. Also, similarly to the remaining polyQ diseases, anticipation has been
reported in SCA3 (revised in [76]). Anticipation, now considered the hallmark of PolyQ
diseases, is linked to intergenerational instability, as previously referred, specifically due to
the occurrence of further expansions, which in the case of SCA3 are more frequent in male
meiosis (revised in [76]). Noteworthy, instability is an attribute of mutated ATXN3 alleles,
with normal alleles consistently being stable upon transmission [135].

Besides the occurrence of intergenerational instability, ATXN3 (CAG)n tract also
exhibits somatic mosaicism, a reflex of the mitotic instability of the (CAG)n [19]; this
instability leads to modifications in CAGs repeat length and consequently creates
contractions or expansions [19]. Somatic mosaicism, which results in population of cells
presenting different repeat sizes has been described in different studies (see amongst
others [15,16,136—-139]). Noteworthy, the pattern of somatic mosaicism for mutated SCA3
alleles is identical in the various areas of central nervous system, which present high tracts;
the exception is the cerebellar cortex which presents reduced tracts [136,137].
Notwithstanding, studies performed failed to demonstrate a correlation between the
degree of mosaicism and selective neuronal vulnerability; this finding has been interpreted
as putatively indicating that neurons with larger CAGs can have already died [19]. Somatic
mosaicism also contributes to limiting the precision of the sizing of the (CAG)n tract, as it
leads to differences in the size of CAG triplets among lymphocytes and central nervous cells
[19]. Technical limitations have prevented the accurate study of somatic mosaicism in SCA3
and in other polyQ diseases. Novel next-generation sequencing (NGS)-based pipelines have
recently emerged and will likely lead to important advances in the understanding of the
impact of somatic mosaicism in polyQ diseases.

The identification and direct detection of ATXN3 mutation allowed the development
of a molecular test to confirm the status of carrier/non-carrier. The gold-standard for the
molecular test of SCA3 is fragment analysis, whose laboratorial workflow includes DNA
extraction, PCR amplification and capillary electrophoresis. According to the guidelines for
SCAs [140], a difference of +1 CAG repeat for the normal allele is considered acceptable,
when the same sample is genotyped in different laboratories; for the expanded allele, a
difference of +3 CAG repeats is considered acceptable. The molecular test is offered in
several contexts, to individuals either with a clinical diagnosis of cerebellar ataxia (molecular

diagnosis), or to healthy at-risk subjects (pre-symptomatic test). Subjects genotyped as
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homozygous for the normal allele need to be further studied using a complementary
technique, the triplet repeat primed PCR (TP-PCR), which is able to confirm the absence of
an expanded allele (expanded alleles are harder to amplify, and there is a probability that
allelic-drop-out occurs). TP-PCR for SCA3 was developed by Melo and collaborators [141],
leading to a higher accuracy of the molecular test. Prenatal as well as Preimplantation

Genetic Diagnosis are also available for SCA3 (revised in [76]).

Ataxin-3 protein and disease pathogenesis

ATXN3 gene encodes the protein ataxin-3, a deubiquitinase (DUB) belonging to the
cysteine-protease family, with a molecular weight of 42kDa and total of 361 amino acid
residues in its native form [142]. Ataxin-3 is composed by a N-terminal domain — Josephin
domain — and a carboxyl (C)-terminal tail [143]; this tail contains several ubiquitin
interacting motifs that bind to polyubiquitin chains as well as the polyglutamine tract [144].
The Josephin domain presents a glutamine and a cysteine in the N-terminal, and an
histidine and an asparagine in the C-terminal tail; these three last amino acids constitute a
catalytic triad, characteristic of cysteine proteases (revised in [65]). In the mutated protein,
the polyglutamine tract is present in its elongated form (61 to 87 glutamines) (revised in
[65]).

Although there is selective neuronal degeneration in SCA3 patients, the normal and
mutated ataxin-3 are expressed in a ubiquitous form, being located in the cytoplasm and
nucleus of the cells [142,145]. Different ataxin-3 isoforms have been described in blood, as
a consequence of alternative splicing [146]. Ataxin-3 is reported to play a role in
transcription, being able to interact with diverse transcriptional regulators (revised in [147]).
Ataxin-3 can also target chromatin through direct binding to DNA and histones [148].
Conformational changes caused by mutated CAG tract size lead to the misfolding of the
protein and consequently affect its stability, degradation, subcellular localization, and
molecular interactions with other proteins [148].

The gain of function or the partial loss of the normal ataxin-3 function can be a
consequence of the abnormal interactions of mutated ataxin-3 with its native partners
(revised in [149]). The mutated protein can be cleaved in a proteolytical manner leading to
the formation of smaller aggregation prone fragments; these aggregates can form soluble

monomers, oligomers and/or insoluble aggregates located in nucleus and in cytoplasm
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(revised in [149]). Misfolding of mutated ataxin-3 may disturb various processes, such as:
autophagy, transcriptional regulation, DNA repair, and mitochondrial function (revised in
[150]). Indeed, different molecular chaperones presented dysregulated expression levels in
SCA3 models and showed an associated pattern related to disease progression (revised in
[151]). In the fibroblasts of SCA3 patients [152] and in some mouse models [153-155] the
impairment of autophagy have been reported; during disease progression an accumulation
of mutant ataxin-3 occurs that correlates with a failure of protein clearance pathways
(revised in [156]). Furthermore, the disease pathogenesis can be influenced by the
dysregulation of transcription (revised in [147]), which should occur due to the abnormal
interactions with coactivators and transcription factors (revised in [147]). The knowledge
concerning molecular pathways involved in the pathogenesis of SCA3 provides clues for the
development of therapeutic approaches. Hence, the chaperon system, the ubiquitin-
proteosome system and autophagy have been explored as therapeutic targets (revised in

[156]).

Genetic modifiers of SCA3

In SCA3, the frequency of the different ATXN3 CAG alleles can exhibit inter-
populations differences. In the Azorean cohort, the largest expanded allele reported
contained 79 CAG triplets [101], whereas in a Japanese cohort an allele harbouring 86 CAG
repeats was identified [50]; the Brazilian cohort has the largest expanded alleles reported so
far, the largest with 91 CAGs [157]. As previously referred, for SCA3, the (CAG)n tract size in
the expanded allele only explains 46% to 76% of the variation found in the onset [4], which
implies that non-CAG factors such as genetic modifiers, may contribute to the phenotype of
the disease (revised in [4]).

Genetic modifiers are defined as genes that can modify the phenotype of a disease
and/or molecular expression of other genes; also, can affect penetrance, dominance,
expressivity and pleiotropy [158,159]. In SCA3, two major strategies have been undertaken
to attempt to identify genetic modifiers: i) candidate gene approaches, and ii) genome-wide
strategies (revised in [4]). A candidate gene approach is used when a study on a specific
gene or a small number of genes is performed to identify genetic modifiers. A candidate
gene can be the disease causative gene itself (if variation other than the causative mutation
itself is being investigated), a gene that is known to play a role in the pathogenesis of the

disease (interacting directly or indirectly with the causative gene) or a gene selected for
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being previously reported as a disease-modifier for other similar neurodegenerative
diseases, such as HD, for example. On the other hand, a genome-wide strategy does not
depend on “a priori” hypothesis and implies, for example, an unbiased search by whole-
exome sequencing or using arrays of markers (such as arrays of single nucleotide variants-
SNVs). Whole-genome methylation arrays, also provide an unbiased strategy to find genetic
modifiers.

Regardless of the strategy, effects of genetic modifiers in SCA3 have been difficult
to replicate in the different cohorts, a fact that is usually attributed to the study design,
sample size or frequencies of the candidate loci in a specific population [4,160]. Although
genome-wide association studies (GWAS) hold the promise of preventing some of these
problems by identifying several modifier variants and their interaction, as well as
pinpointing modifying pathways related to those modifiers [160] difficulties of this
strategies have also been acknowledged.

A summary of the main studies of genetic modifiers for SCA3 is displayed in Table
1.4 (only studies published based on cohorts including 100 or more patients are shown).

In general terms, candidate gene approaches performed so far for SCA3 can be
grouped by the underlying rational of the study: i) studies concerning variation at the
causative ATXN3 locus (other than the expanded CAG repeats); ii) studies that targeted
other expansion loci as modifiers of SCA3; iii) studies with analysed other genes/variants
based on the fact that such genes belong to pathways which are altered in SCA3.

Different studies analysed the variation at the ATXN3 locus (other than the
expanded CAG repeats). Franca and colleagues [161] evaluated if the normal ATXN3 allele
can be a genetic modifier of SCA3. In fact, they reported that the size of the normal ATXN3
allele presents a small yet significant influence on the onset [161]. A few studies searching
for modifying factors of SCA3 targeted the non-coding regions, of ATXN3, such as its
untranslated regions (UTRs). A study conducted by Bettencourt and colleagues analysed a
variant found in the 5'UTR of ATXN3, rs3814834, which showed no improvements in the
explanation of the variance in onset of SCA3 patients [162]. Long and colleagues studying
the 3'UTR of ATXN3 reported that the presence of the alternative allele for two variants in
linkage disequilibrium (LD), rs709930 and rs910369, was associated with an earlier onset for
the SCA3 patients [163]. Later, Melo and colleagues [124] (for more details see Chapter 2),
in a study describing the genetic variation found in the 3'UTR of ATXN3, reported that the

presence of alternative allele for rs10151135 correlates with a higher SARA (Scale for the
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Assessment and Rating of Ataxia) axial sub score. However, this study was not able to
replicate the results from Long and colleagues [124,163].

Studies that targeted other expansion loci as modifiers have had as hypothesis that
native proteins encoded by different polyQ loci interacts with mutant ataxin-3. Jardim and
colleagues [164] reported that the (CAG)n tract size of the SCA2 gene presented a
significant association with the presence of fasciculations in SCA3 patients. Tezenas Du
Montecel and colleagues [50] studied the seven expansion polyQ loci and reported that
HTT, ATNT ATXNZ2 genes were modifiers of onset in SCA3 patients. Patients with shorter
HTT alleles presented a delay in onset, while SCA3 patients with larger ATNT alleles
presented an earlier onset; patients with an intermediate allele presented an earlier onset
than the ones with a shorter ATXN2 alleles [50]. Raposo et al [101] were not able to
replicate the findings from Tezenas Du Montecel and colleagues [50]; notwithstanding, a
negative correlation of the longer allele at ATXNT with onset was observed in the SCA3
Azorean cohort, increasing the explanation of onset by 1.5% [101]. In response to the
research published by Tezenas Du Montecel and colleagues [50], Chen and collaborators
[165], studying a large cohort of Chinese Han patients confirmed that the size of the normal
CAG tract size in other polyQ loci (ATXNT and ATXNZ2) influences SCA3 onset.

A study conducted by Bettencourt and colleagues evaluated the potential of
variants in DNA repair genes as modulators of the onset in different polyQ diseases [166],
including SCA3. This study revealed that rs3512, a variant that is localized at the 3'UTR of
the FANT (FANCD2 And FANCI Associated Nuclease 1) gene can modulate the onset of
different SCAs and HD. This same variant sparked the interest of Mergener and colleagues
[167]; these researchers showed homozygosity for the alternative allele of rs3512 led to a
decrease of onset of 2.44 years. In the same study, the combination of being homozygous
for rs3512 alternative allele and carrying a short ATXNZ allele led to delay in onset of 4.25
years [167].

Besides variation in the nuclear genome, the mitochondrial genome has also been
investigated with the purpose of identifying modulators of SCA3 phenotype. mtDNA
haplogroups have been associated with manifestation of symptoms in different polyQ
diseases [168], being potential contributors of the variance in the onset. A study of mtDNA
haplogroups conducted by Ramos and colleagues [168] showed that haplogroups W and
X, seem to have a protective effect in SCA3, causing a delay in onset in the Portuguese

population.
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Several genetic modifiers studies targeted genes that had already implicated in
other neurodegenerative diseases. APOE €2 allele, for example, has been associated with an
earlier onset in HD [169]. Similarly, the study performed by Bettencourt and colleagues
reported that the presence of the APOE €2 allele is associated with a decrease of 5 years in
onset [170]. Later, two different studies, both analysing Chinese cohorts, attempted to
replicate the findings of Bettencourt and colleagues. Whereas the study conducted by Peng
and colleagues [171], which studied the Chinese Han Population, also reported a decrease
(of 4 years) in the onset of the carriers of the APOE €2 allele, in accordance with results from
Bettencourt and colleagues [170], the study with 403 SCA3 patients from eastern and
southeaster China by Zhou and collaborators failed to identify a modulator effect of APOE
on SCA3 onset [172]. The glucocerebrosidade gene, GBA, has been associated with
Parkinson disease. A study by Siebert and colleagues [173], using samples from the Brazilian
and Azorean cohort reported that variation found at this gene can play a role as a SCA3
modifier.

The growing knowledge concerning pathways altered in SCA3 has allowed to
investigate the modifier potential of genes belonging to some of these pathways.
Inflammation, for example, is considered an important mechanism in several
neurodegenerative diseases, including SCA3 [174]. Raposo and colleagues studied the
variation in the promoter of several genes which encode pro-inflammatory molecules,
namely Interleukin 6 (/L6); they reported that for the /L6 rs1800795 the presence of C allele
had a significant impact in decreasing the onset (an average of 4 years earlier onset) when
comparing with carriers of the G allele [174]. Also, in the same study it was shown that the
presence of the APOE €2 allele seems to anticipate onset in an average of 10 years for
patients which also carry the C allele in /L6 [174].

Autophagy is one of the pathways impaired in SCA3 [145]. Several genes are known
to play a relevant role in this pathway, namely BECNT [145]. Decreased levels of beclin-1
have been identified in affected brain regions of patients with Alzheimer disease (AD), early
in the disease process [175]. Kazachkova and colleagues [176] investigated the presence of
rs60221525 alternative allele (C) localized in the promoter of BECNT. A tendency for a
decrease in BECNT expression levels was observed for the patients presenting the
alternative allele of rs60221525 [176]; moreover, a tendency for an earlier onset and a more
severe clinical presentation of the disease in the presence of this allele, after taking into

account the size of the (CAG)n tract size, was observed.
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As unbiased approaches querying the entire exome/genome became more
accessible, the first studies attempting to identify modifiers using such approaches
emerged. A SNV array study, conducted by Akcimen and colleagues [177], using a large
multicentric SCA3 cohort (N=786) revealed the presence of nine variants, THSD7B
(rs62171220), rs2067390 (INPPT), LOCT05379062 (rs144891322), LOC107984326
(rs11529293), LOC105378956 (rs585809), ATP11A (rs72660056), LRRC28 (rs11857349) and
NFAMT (rs8141510) that were involved in the modulation of SCA3 onset by increasing or
decreasing the onset (Table 1.4). Profiting from the extensively studied Azorean SCA3
genealogies, Raposo and collaborators [160] used a concordant and discordant sib-pair
design to filter variants identified by WES and select potential modifiers of SCA3. In this
study a total of nine genes (PARD3, NFKB1, CHD5, ACTG1, CFAP57, DLGAP2, ITGB1, DIDO1
and CERS4) were reported as modulators of onset in SCA3 patients, in addition to the

(CAG)n tract size.

Noteworthy, the majority of studies that found genetic modifiers in SCA3 were
focused on coding regions of the respective genes. However, variation found in the UTRs of
genes, other than ATXN3, has also the potential to modulate their expression and thus,
disease onset. Indeed, the 5'UTRs of different genes present a sequence with a high
diversity of transcription factors binding sites, that are crucial for gene expression by
allowing or not, the binding of transcription factors, which are responsible for the
regulation of transcription initiation and stability [178,179]. On the other hand, the 3'UTRs
of genes are also important components of the gene expression process, due to the
presence of i) microRNAs binding sites, that allow or not the binding of a specific microRNA
and consequently have an impact in transcription; ii) recognition motifs for RNA-binding
proteins, which determined the binding of proteins to those binding sites; iii) alternative
polyadenylation signals, that are present in specific sites, and lead to different sizes of the

3'UTR in a gene [180].

Epigenetic mechanisms, such as DNA methylation, histone modifications and non-
coding RNA (ncRNA) — associated gene silencing play an important part in gene activity and
transcription regulation [181] and are potentially involved in the phenotypic modulation of
disease. Indeed, DNA methylation has been reported to play a role in some
neurodegenerative diseases, such as Alzheimer's disease [182], Parkinson's disease [183]

and Huntington disease [184].
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In SCA3, two studies conducted in the promoter region of ATXN3 revealed that
DNA methylation in this region may contribute to the onset [185,186] as well as to the
instability of the (CAG)n tract [186]. Also, a study concerning different SNVs in DNA
methylation-related genes (i.e. genes encoding methyl-CpG binding domain protein 1 -
MBD1) has revealed significant differences in the distribution of rs12957023 between
patients and controls for allelic and genotypic frequencies [187]. A study conducted by
Zhao and colleagues [188] was the first to report a pair of monozygotic twins with SCA3.
This study revealed that the twins presented identical (CAG)n tract size and genotypes for a
set of reported genetic modifiers, whereas the onset and the severity of the symptoms were
different. The methylation study of blood DNA samples revealed differences in DNA
methylation levels of several CpG sites between the twins [188], raising the hypothesis that
differences in clinical presentation would be linked to methylation levels [188].

More recently, a DNA methylation study performed by Li and colleagues [189]
analysed its impact in onset. The researchers performed an epigenome-wide study in SCA3
patients and then applied Horvath Pan Tissue epigenetic clock [190] to obtain DNA
methylation age for each SCA3 patient. DNA methylation age acceleration, obtained by the
difference between DNA methylation age and chronological age was reported and was
then correlated with the onset of the disease. Although several limitations were
acknowledged in the study, the results seem to indicate that an increase in DNA

methylation age acceleration is associated to an earlier onset [189].
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Table 1.4. Main published studies searching for genetic modifiers of SCA3, using onset as phenotypic variable. Only studies including over 100 participants

and producing statistically significant results are shown.

Reference

Ding et al.,
2022 [191]

Raposo et al,
2021 [160]

Martins et al,,
2021 [192]

Akgimen et
al., 2020
[177]

Mergener et
al, 2020
[193]
Bettencourt
etal, 2016
[166]
Long et al,
2015 [163]
Tezenas du
Montcel et
al., 2014 [50]
Peng et al,
2014 [194]
Bettencourt
etal, 2011
[170]

Year

2022

2022

2021

2020

2019

2016

2015

2014

2014

2011

Gene (s)

NPY

PARD3B, NFKB1, CHD5,
ACTG1, CFAP57, DLGAP2,
ITGB1, DIDOT and CERS4

CAST
THSD7B, INPP1
LOC105379062,
LOC107984326,

LOC105378956, ATP11A,
LRRC28, NFAM1

FANT

FANT

ATXN3

ATXNZ, ATN1, HTT

APOE

APOE

Variant (s) with significant results

rs16139, rs3037354, rs2234759,
rs11100494

rs11009651 (PARD3), rs4648050 (NFKBT), rs2273034
(CHDS5), rs1139405 (ACTGT), rs2483688 (CFAP57),
rs2293909 (DLGAP2), rs2298141 (ITGBT), rs1883848
(DIDOT), rs1883847 (DIDO1), rs28334 (CERS4), rs36247
(CERS4)

rs27852, rs1559085

rs62171220 (THSD7B), rs2067390 (INPP1), rs144891322
(LOCT05379062), rs11529293 (LOC107984326), rs585809
(LOCT105378956), rs72660056, (ATP11A), rs11857349
(LRRC28), rs8141510 (NFAMT)

rs3512

rs3512

rs709930, rs910369

rs429358, rs7412

rs429358, rs7412

Type of variant (s)

Missense, upstream
variant, 5'UTR,
intronic

Synonym, intronic

Intronic, upstream
variant

Intronic

3'UTR

3'UTR

3'UTR

Indel

Missense

Missense

Sample
size

527

282

287

786

144

397

170

403

155

192

Impact in the onset

NA

Earlier onset: PARD3B
Later onset: NFKB1, CHD5, ACTG],
CFAP57, DLGAP2, ITGB1, DIDOT and
CERS4
Later onset
Earlier onset: LOC107984326,
LOC105378956, ATPT1A, LRRC28

Later onset: THSD7B, INPP1,
LOC105379062, NFAM1

Earlier onset

Later onset

Earlier onset

Earlier onset: ATXN2
Later onset: ATN1, HTT

Earlier onset

Earlier onset
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NA- information not available

*several dbSNP IDs can identify the mutation

DX
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1.3. Regulation of gene expression — the importance of untranslated regions and dna

methylation

Gene expression is a coordinated and highly regulated process and it is of crucial
importance for a better understanding of the molecular mechanisms on the basis of
different diseases [195,196]. Despite all human cells presenting essentially the same
genome (except when somatic mosaicism is present), the proportion of information that is
expressed varies in different cell types and at different life stages [195]. Modifications of
gene expression patterns play fundamental roles in cell differentiation, and may also
contribute to pathological responses and/or disease states and processes [195]. Gene
expression regulation occurs in the context of gene interactions that can be shaped by
allelic variability, and by environmental factors which may lead to epigenetic modifications
of the DNA [195,197].

Transcription is the process that allows the formation of a RNA copy of a DNA
sequence (Figure 1.2) and can be affected by chromatin structure, RNA polymerase activity,
transcription factors availability and accessibility, as well as DNA methylation. In
transcription, the formation of a preinitiation complex on the core promoter is necessary
[195]. This complex is formed by RNA polymerase Il and general transcription factors (GTFs)
[195]. Transcription is initiated with the recognition of a promoter by RNA polymerase |I.
Promoter sequences are localized near the transcription starting site (TSS) and present a
region rich in adenine and thymine whose function is to determine the exact transcription
starting site and which strand will be the template for this process [198,199]. Promoters are
divided in two main types: focused and dispersed [195]. Dispersed promoters are formed by
multiple and weak transcription starting sites, lack canonical core promoter sequence
elements, and frequently are fixed in CpG islands; focused promoters, on the other hand,
contain a single predominant transcription starting site and, containing combinations of
certain canonical nucleotides sequence motifs [195,196]. The pre-initiation complex can be
characterized by a multistep recruitment process of the general transcription factors (TFs)
and the RNA polymerase Il, which can be facilitated or inhibited by regulatory proteins
[195,196]. The general transcription factors of polymerase I, namely TFIIA, TFIIB, TFIID, TFIIE,
TFIIF, and TFIIH act in core promoter recognition; noteworthy these factors are involved in
the polymerase Il recruitment, the interaction with regulatory factors, transcription starting

site recognition as well as promoter clearance [195,196]. After the pre-initiation complex is

25



Chapter 1: General introduction

reorganized, TFIIH will catalyze ATP-dependent uncoil of around ten base pairs of promoter
DNA; polymerase Il localizes the transcription starting site on the DNA template strand and
then RNA synthesis (Figure 1.2) is initiated [195,196]. After this step, the clearance of the
promoter occurs and then polymerase Il moves downstream the DNA template strand and

the elongation of the RNA transcript continues [195].

Promoter DNA
DMA non-template

| DMA template

Recruitment (pre-initiation
complex formation)

Closed promoter complex l

RMNA polymerase

Initiation factors ‘

DMNA opening
Open promoter complex

Elongation complex

5" end

Figure 1.2. Fundamental steps that occur during gene transcription. RNA polymerase associates
with initiation factors to perform the recognition of DNA promoter and form a pre-initiation
complex. The opening of DNA converts the closed promoter complex to the open promoter
complex that contains the template DNA in the polymerase active site [198]. An elongation
complex, which can bind to elongation factors, is formed due the escaping of polymerase, after
the higher grow of RNA. The last step of this process, (not shown on the figure), is the
dissociation of polymerase from DNA and RNA that leads to the termination of the transcription

cycle. Figure adapted from [198].

26



Chapter 1: General introduction

After the synthesis of the nascent RNA, polymerase Il frequently pauses (promoter
proximal pausing) without releasing the nascent transcript; this only occurs when additional
signals lead to the transition to productive elongation [195,196]. The regulation of the
escape from this pause leads to a fast response and synchronous gene activation in the
neighboring cells of a tissue; the promoter proximal pausing is also linked to the 5'capping
of the nascent pre-mRNA and is developed by protein factors, namely, negative elongation
factor and sensitivity-inducing factor The transcript suffers cleavage at the polyadenylation
site (polyA site) located in 3'UTR. This cleavage leads to the release of the mRNA and the
addition of polyA tail [195,196]

Transcription is regulated through the binding of proteins to DNA specific motifs;
transcription factors and RNA polymerase constitute the basal transcription complex which
is necessary for high levels of transcription [197-199]. Enhancers are located far away from
the promoter and generally contain binding sites for diverse transcription factors [198].

The binding of RNA polymerase occurs by the recognition of the motifs in the
binding sites of transcription factors, that lead to the unfolding of DNA template strand;
after this process, transcription occurs through the gene in the direction 3" to 5, until RNA
polymerase finds the terminal sequence and releases the DNA strand as well as the RNA
strand that is synthetized [197-199]; other molecules — silencers- can further influence
transcription leading to its repression [197-199].

The regulation of transcription is accomplished by modifying the abundance and/or
activity of transcription factors, chromatin remodelers, coregulators, and other proteins
[195,196]. The signals that can affect gene expression include amongst others, hormones,
metabolic signals, thermic stress, oxidative stress, DNA lesions, hypoxia and organelle stress
[195]. Gene stimulatory signals can change due to diverse factors, such as: i) transcription
precursor proteolytic cleavage that can affect the active transcription factor; ii) disruption of
protein-protein interactions that transform the inactivity of transcription factor in an active
state; iii) increased transcription factor stability; and iv) transcription factor dimerization
[195,196]. Nuclear receptors, which are ligand modulated transcriptions factors, can bind to
cis-regulatory DNA sequence elements affecting the transcription of a target gene
[195,196].

Besides transcription factors, coregulators are also important to the control of

expression levels and its regulation [195].

27



Chapter 1: General introduction

It is known that the dysregulation of the transcription process has a role in the SCA3
pathogenesis and that this dysregulation occurs by two different processes : i)
sequestration of transcription factors to polyQ rich aggregates; and ii) irregular interactions
with transcription factors [148]. As ataxin-3 is able to interact with diverse transcriptional
regulators (revised in [147]) and to target chromatin structure by binding histones or DNA
directly [148], the study of the regulation of gene expression by UTRs as well as the analysis

of global DNA methylation in the presence of mutated ataxin-3 is pertinent.

Five prime untranslated regions ( 5'UTRs) are DNA regulatory regions localized at
the upstream end of all protein-coding genes; this region contains diverse transcription
factors binding sites which together with transcription factors have a regulatory role [178].
Transcription factors can be ubiquitously expressed or be restricted to a specific tissue, and
bind to specific motifs in 5'UTRs — transcription factor binding sites [200]. The transcription
of a gene can be increased due to site-specific transcription factors, which bind directly to
DNA in a proximal or distal manner with respect to a specific transcription starting site
[200]. The mechanism of transcription can also be down-regulated by transcription factors
that present a repressive function, which can interfere with the activation of transcription
factor binding, preventing the recruitment of the transcription machinery [200]. The most
common transcription factors are formed by multiple domains with distinct functions, such
as dimerization with other transcription factors, contact with DNA, and contact through co-
factors the basal transcription machinery [200]. Transcription factors are commonly
classified based on their DNA-binding domain, being its major types: i) zinc finger; ii) helix-
turn helix; and iii) homeodomain [200].

The availability of bioinformatic tools that can readily identify modifications in
transcription factors binding sites caused by genetic variation has promoted an increased
knowledge in this field. Predictive internet-based tools such PROMO [201], allow the
screening of DNA sequences with databases of sequence motifs; however, in silico
screening tends to largely overpredict binding sites [200], a fact that needs to be taken into
consideration when analyzing and interpreting data derived from these tools.

Three primed untranslated regions (3'UTRs) are more conserved than other
noncoding regions such as promoters (revised in [180]). 3'UTR are involved in diverse
regulatory processes, such as transcript cleavage, stability and polyadenylation; these

regions are important to determine the fate of mRNA molecules [178], presenting different
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binding sites that may play a role in the transcription process. 3'UTRs contains microRNAs
binding sites, binding sites for RNA binding proteins and polyA sites with specific signals.

Cis-acting regulatory DNA elements, which are present in 5 and 3" UTRs, are
elements that are on the same chromosome as the gene whose expression they regulate
[196]; these elements are extremely linked to the identification of RNA binding proteins
which bind and mediate some functions of 3'UTR (revised in [202]). MicroRNA binding sites
and AU-rich elements are the best studied cis-elements, that control the stability of mRNA
[203]. RNA binding proteins when bind to the respective recognizing motifs in 3'UTR, may
recruit decapping or deadenylation factors that will destabilize the mRNA [203]. If a gene
originates alternative 3'UTRs, the alternative 3'UTR isoforms may control the levels of
protein abundance; this is possible also by the polyA signals and by the action of
microRNAs [203].

In addition to the gene expression regulation dependent on the DNA sequence
such as the sequence of untranslated regions, epigenetic mechanisms are known to be
major determinants of gene expression. Epigenetic mechanisms and elements, which
include DNA methylation, histone modifications and non-coding RNAs, refer to a variety of
processes that have heritable effects on gene expression without changing the DNA
sequence [204].

Histone modifications include acetylation, methylation and others [205]. These
modifications can contribute to the gene expression control by influencing the compaction
of chromatin or by giving signals to other protein complexes [206]. Acetylated histones are
frequently associated with active promoters; acetyltransferases modifications lead to the
weaking of the interaction histone-DNA [205]. Histone acetyltransferases, that are
associated with diverse protein complexes, transfer an acetyl group from acetyl-CoA to the
g-amino group of lysine side chains [205]. Histone methylation, that originally was thought
to be irreversible, can occur on residues of arginine, lysine and histidine; the most
extensively studied histone methylation sites include histone H3 lysine 4 (H3K4), H3KS9,
H3K27, H3K36, H3K79 and H4K20 [206]. In this mechanism, methyltransferases and
demethylases which have a role in the addition and removal of methyl groups from
different lysine residues on histones have been identified [206].

Non-coding RNAs such as long non-coding RNAs and microRNAs (miRNAs) are also
involved in the epigenetic regulation of gene expression. These RNAs can be classified in

two major groups: housekeeping non-coding RNAs and regulatory non-coding RNAs, in
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which are included microRNAs and long non-coding RNAs (IncRNAs) [207]. MicroRNAs are
abundant and originated from transcribed hairpin loop structures; these non-coding RNAs
regulate gene expression in nucleus and cytoplasm by different mechanisms and mediate
gene silencing [207]. LncRNAs are transcripts which, based on their location with respect to
protein-coding genes can be divided into five subcategories: i) long intergenic ncRNAs, that
are transcribed from both strands in intergenic regions; ii) long intronic ncRNAs, which are
transcribed from introns of protein-coding genes; iii) sense IncRNAs that are transcribed
from the sense strand and contain exons of protein-coding genes; iv) antisense IncCRNAs
which are transcribed from the antisense strand, and overlap with exonic or intronic regions
and/or cover the protein-coding sequence; and v) bidirectional IncRNAs that are localized
in the proximity of a coding transcript on the opposite strand [207]. It is of note that due to
their regulatory effects on DNA sequences, INncRNA can be classified as cis-acting IncRNA
and trans-acting IncRNAs; cis-IncRNAs regulate the expression of the genes that are close
to these elements, while trans-IncRNAs regulates genes that are distant [207].

DNA methylation consists in the addition of a methyl group to the DNA molecule,
commonly to cytosines in CpG dinucleotides [205]. This DNA modification is important for
the regulation of tissue-specific expression, genomic imprinting and X chromosome
inactivation [208]. Several factors can impact DNA methylation, leading to a different state
(methylated/unmethylated), such as lifestyle and environmental factors. A modification in
DNA methylation can contribute to a diversity of human diseases from single-gene diseases
to cancer or sporadic metabolic diseases; this mechanism also showed to affect different
neurodegenerative diseases such as HD [184]. Methylation varies with the aging mechanism
[209]. increasing with aging. The methylation state of selected CpG sites emerged as a
promising tool to estimate biological age. For that purpose, different “epigenetic clocks”
were developed considering a specific number of CpG sites for each clock. Some clocks are
more specific for blood samples, such as Hannum blood based epigenetic clock [210] while
others can be used for different tissues such as Horvath Pan tissue epigenetic clock [190].
Globally these clocks allow the comparison between methylation age and chronological
age, providing information of the presence of age acceleration or deceleration, of particular

relevance in the context of disease.
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1.4. Aims and pertinence of the thesis

In SCA3, as in the remaining polyQ diseases, genetic modifiers will help to explain
the percentage of onset variance that is not accounted by the size of the CAG tract. The
identification of SCA3 genetic modifiers will thus allow a better prediction of disease onset
and contribute to the identification of altered molecular pathways, which might be relevant
for the discovery of novel therapeutic targets. Also, as clinical trials are emergent in SCA3,
modifier identification can improve patients’ stratification and increase trial robustness;
moreover, as soon as a specific intervention shows a disease-modifying effect, the
administration of a compound with a therapeutic potential will present a higher efficiency if
administrated prior but yet close to the disease onset, and therefore the ability to predict
this point in time is of extreme relevance.

Although some progresses have been made in the quest for SCA3 modifiers, most
studies have focused on coding variants, as the impact caused by the variation in these
regions is more straightforward to interpret. However, candidate modifiers genes can also
harbour relevant variation (i.e. variants that aid in the explanation of onset variance) in their
untranslated regions, as described previously in this chapter.

Few studies concerning the variation in 5'UTR and 3'UTR of different genes and
their influence in the disease onset have been performed for SCA3 patients. As these
regions are important for the regulation of gene expression, their study is important to
obtain more information in the context of SCA3. As the role of DNA methylation in
neurodegenerative diseases is unveiled, the pertinence of its study in SCA3 is
unquestionable; however, few studies have been performed so far and the methylation
profile of SCA3 remains unexplored.

The main goal of this thesis is to analyse the impact of untranslated and
methylation prone regions in the clinical variability of SCA3. For the concretization of this
purpose, we studied the variation found in 3'UTR of ATXN3 and analysed the impact of the
variants found in the variance of the onset of SCA3 patients. We further studied the
variation found in the UTRs of different genes that were identified through an extended
exome sequencing and performed genotype-phenotype correlations to evaluate the impact
of such variants/genes in the onset of SCA3 patients. In these two approaches, we aimed to
identify genetic modifiers that can be of use for further studies and therapeutic approaches.

Finally, we performed an epigenome-wide pilot study using DNA samples from

SCA3 patients and matched healthy controls to obtain the methylation profile of SCA3 and
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to perform estimations of methylation age using the Horvath Pan Tissue Epigenetic Clock
[190] and the Hannum Blood Based Epigenetic Clock [210]

This thesis is composed of five different chapters: an introductory chapter (Chapter
1) in which an overview of the genetics of polyglutamine diseases and more specifically of
SCA3, is provided; also, general aspects of transcription regulation are described. In Chapter
2, the study of the variation in 3'UTR of ATXN3 gene and of its impact on SCA3 onset is
presented. Chapter 3 is dedicated to analyse the variants in the UTRs of different genes,
obtained from the extended whole-exome sequencing data from a previous study, from
Raposo and collaborators [160] and to evaluate their role as potential modifiers of SCA3. In
Chapter 4, a pilot study to identify the blood-based methylation signature of SCA3 is

presented. Finally, Chapter 5 summarizes the major conclusions of this thesis.

This study was approved by the Ethics Committee of the University of the Azores

(Parecer 5/2018). All participants in this study provided written informed consent.
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Chapter 2: Genetic variation found in ATXN3 (ataxin-3) 3'UTR: understanding the downstream regulatory elements of the Spinocerebellar
ataxia type 3/Machado-Joseph disease causative gene

2.1. Introduction

Five prime (5') and three prime (3') untranslated regions (UTRs) of genes, along with
cis-acting elements (such as gene promoters), are essential for the regulation of gene
expression [178,211]. Transcription factors (TFs) bind to the numerous binding sites (TFBSs)
located in 5'UTRs and are responsible for regulating transcription initiation and stability
[178,179]. 3'UTRs are also important regulatory regions which contain: a) targets for
microRNAs (miRNAs) that can act by physically blocking the translation mechanism and by
inducing the degradation of transcripts; b) motifs that are recognized by RNA binding
proteins (RBPs) which are involved in the regulation of protein expression levels; and c)
alternative polyadenylation (APA) signals, which can alter the length of 3'UTRs and
consequently affect the binding of regulatory elements to those regions [180]. Disease
associated phenotypes can be potentially modulated by the genetic variation that occurs in
the UTRs of disease-causing genes, which can present an important impact on the
regulation of their expression in an allele-specific manner [212]. Additionally, as the
therapeutic modulation of mRNA expression has been emerging as a promising strategy for
the treatment of many hereditary diseases [212], the understanding of genetic variation in
these regions is crucial.

As previously referred (Chapter 1) SCA3 causative gene, ATXN3, is located at
14932.12, and encodes for ataxin-3 [213]. ATXN3 contains 13 exons [213,214] covering a
genomic region of approximately 48 kilobases (kb). Its 3'UTR may have variable length,
reflecting the alternative usage of exons 10 and 11 [65]. The (CAG)n repeat, encoding the
polyQ tract, which is abnormally expanded in SCA3 mutation carriers/patients, is localized in
exon 10. As mentioned in Chapter 1, normal ATXN3 alleles contain between 12 and 44 CAG
repeats, whereas expanded alleles display consensually from 52 to 86 CAG repeats [65]. The
CAG tract size in the expanded allele incompletely explains variance on onset (45-70%)
[215], the remaining explanation being provided by other factors, such as genetic modifiers
[101,160,166,167,170,177,216] (Chapter 1). Genetic variation at 3'UTR of the causative gene
of SCA3, and its potential impact on onset have only been investigated in a few studies
[163]; however, none of such studies has completely covered the whole extension of this
region. Previous studies on the interactions of endogenous miRNAs (particularly miR-25)
with ATXN3 3'UTR, using animal and cell models, suggested that when specific miRNAs are
overexpressed, this contributes to the reduction of mutant ataxin-3 protein levels, and to

the decrease in protein aggregates [217,218]. To investigate this evidence, Long and

34



Chapter 2: Genetic variation found in ATXN3 (ataxin-3) 3'UTR: understanding the downstream regulatory elements of the Spinocerebellar
ataxia type 3/Machado-Joseph disease causative gene

colleagues [163] studied two substitution variants (rs910369 and rs709930) located
upstream and downstream a miR-25 binding site at the 3'UTR of ATXN3 in a Chinese cohort
of SCA3 patients. This study showed an association between rs709930 and the disease
onset. Such findings, however, have not been replicated in other studies with independent
cohorts [124]

The major aims of the present chapter were to describe genetic variation found at
the ATXN3 3'UTR, to predict the functional effects of those variants, to explore the impact
of 3'UTR variants on the SCA3 onset, and to build (CAG)n allele-specific haplotypes with the

variants found [124].
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2.2. Subjects and methods
Subjects

One hundred DNA samples (total cohort: 50 males and 50 females), from peripheral
blood of Azorean SCA3 patients, molecularly confirmed as described by Bettencourt and
colleagues [219] were used in this study. Data from an extended whole-exome sequencing
was available for a sub-group of nineteen molecularly confirmed Azorean SCA3 patients
(discovery sample) [160]. Onset was considered the age of the first manifestation of the
disease (gait ataxia or diplopia), reported by each patient and/or caregiver. In the total
cohort, the average onset was 37.37 + 11.24 (mean * standard deviation) and the average
size of the CAG tract was 21.42 + 4.59 for the normal allele, and 70.56 + 3.63 for the
expanded allele [124]. The scores of the Scale for the Assessment and Rating of Ataxia
(SARA), and for the Neurological Examination Score for Spinocerebellar Ataxia (NESSCA)
were available for a subset of patients (N=34 and N=65, respectively). For these patients the
average scores were: 14.56 + 8.00 and 12.25 + 5.11, for SARA and NESSCA, respectively. For
total cohort (N=100) the mean disease duration was 21.99 + 9.76 years [124].

Genetic variation at 3'UTR of the ATXN3 gene

For the discovery sample (N=19), an extended whole-exome sequencing (WES)
covering the UTRs was performed [160]. For this purpose, Agilent SureSelect XT V5 + UTR
75Mb capture kit was used and the sequencing was run in the lllumina HiSeq4000 platform
with a 100 bp paired end reads. Sequence alignment and variant calling were performed
against the Reference Consortium Human Build 37 (GRCh37) using the Burrows-Wheeler
Aligner (bwa-mem 0.7.17) [220], and the Genome Analysis Toolkit (GATK 3.7) [221]. A mean
target coverage of 54.40X was obtained for 3'UTR and all substitution variants (from now
on designated as variants) were covered at least 10X [124].

Variants found in ATXN3 3'UTR on the extended WES were subsequently validated
by Sanger sequencing: variants were genotyped, after the alignment of the sequences with
the sequence NM 004993.4. Genotypes for 81 additional samples (total of 100 samples —
total cohort) were also obtained by Sanger sequencing. Primers sequences are available in
Supplementary Table 2.1.

Hardy-Weinberg equilibrium tests with Bonferroni correction, linkage disequilibrium test

between the identified variants, and allelic and genotypic frequencies were determined
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using Arlequin software v.3.5 [222]. The polymorphism information content (PIC), which is a
guantitative measure of the degree of polymorphism [223], was calculated for all the
observed variants, using a codominant model in Gene-Calc tool (https://gene-calc.pl/pic)
[223]. PIC values for co-dominant systems range between 0 (monomorphic, consequently,
not informative) and 1 (very highly informative, presenting several alleles of equal
frequency) [223].

Genotypic frequencies were used to performed population differentiation tests that
compared the total cohort of Azorean patients with healthy individuals from European
populations ancestry (HapMap-CEU and AFD_EUR_PANEL; frequencies assessed on
November 17, 2020 in dbSNP - https://www.ncbi.nlm.nih.gov/snp/) — European controls
[124]. These comparisons were only performed for populations presenting an N>20. For the
rs910369 and rs709930 variants, the genotypic frequencies calculated for the total cohort of
Azorean patients were also compared with the ones reported by Long and collaborators for
Chinese SCA3 patients and controls [163].

The allelic phase between each of the nine analysed variants and the
normal/expanded ATXN3 allele was inferred, whenever possible, by segregation analysis in
the SCA3 families [124]. Haplotypes that were in cis with the expanded CAG repeat were

directly assessed in the patients that were homozygous for all variants.

In silico predictions for the variants found in ATXN3 3'UTR

Functional effects of variants found in the ATXN3 3'UTR were predicted using
Functional Analysis Through Hidden Markov Models (FATHMM)
(http://fathmm.biocompute.org.uk/) [224]. Genome Wide Annotation of Variants (GWAVA)
(https://www.sanger.ac.uk/sanger/StatGen_Gwava) [225], and Variant Effect Predictor — VEP
(http://www.ensembl.org/Tools/VEP) were also performed. For FATHMM and GWAVA, a
cut-off of 0.5 was considered, with variants showing scores higher than 0.5 being predicted
to have a deleterious effect, which means that variants with a score higher than 0.5 may
lead to a functional impact. Predicted ATXN3 miRNA binding sites were identified using
miRmap [226] and Target Scan v.7.1 tools [227]. MirSNP
(http://bioinfo.bjmu.edu.cn/mirsnp/search/) [228], was used to search for variants upstream

and downstream (~200 bp) of miRNA binding sites, which can have a potential impact on
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miRNA binding. In this analysis, only predicted miRNAs binding sites with a score > 150 and
an energy score < -7 were considered [228].

The miRNAs that were previously identified and were predicted to bind to ATXNS3,
were compared to those found in databases, using the software Ingenuity Pathways
Analysis (QIAGEN, IPA). To explore RBPs motifs, the tool RBP-Var2 (http://www.rbp-
var.biols.ac.cn/) [229] was applied with default settings. PolyASite 2.0 [230] was used, with
default settings, to search for alternative polyadenylation (polyA) motifs generated or

abolished by the ATXN3 3" UTR variants.

Impact of variants found in 3'UTR in phenotype of SCA3

An analysis of covariance (ANCOVA), using the number of CAGs in the expanded
ATXNS3 allele as covariate, was performed to: a) evaluate the effect of presence/absence of
the identified 3'UTR variants on SCA3 onset. Patients carrying the alternative allele were
compared to patients homozygous for the reference allele; b) evaluate the effect of the
presence of the alternative allele in cis with the expanded CAG repeat, in the subset of
samples with known allelic phase; ¢) evaluate, in a subset of samples with NESSCA and
SARA scores and subscores, the effect on onset of the presence of the alternative allele.
NESSCA subscores included the following items: 1) gait ataxia; 2) limb ataxia; 3) dysphagia;
4) dysarthria; 5) fasciculation and 6) distal amyotrophies. For SARA, two different subscores
were considered: a) axial subscore, constituted by the items sitting, stance and gait; and b)
appendicular score, constituted by the items finger chase, nose finger and fast alternative
movement.

Statistical analysis was performed using IBM SPSS Statistics v.25.0; p values lower

than 0.05 were considered statistically significant.
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2.3. Results
Genetic variation at the 3'UTR of the ATXN3 and their predicted functional impact

A total of nine variants - rs1055996, rs11628764, rs55966267, rs910369, rs709930,
rs10151135, rs7158238, rs3092822 and rs7158733 (Figure 2.1) were found in the 3'UTR of
ATXN3 in the discovery sample. The nine variants had been previously described in dbSNP
and were subsequently investigated in the total cohort of (N=100 SCA3 patients) [124].
Allelic and genotypic frequencies for the variants found, along with the functional
predictions obtained, are shown in Table 2.1. For all variants, the frequency of alternative
alleles was >5%; rs55966267 showed the lowest minor allele frequency (MAF=6%). PIC
values ranged between 0.13 and 0.46 (Table 2.1). Only rs11628764, rs55966267 and
rs10151135 showed PIC values lower than 0.40, suggesting these three variants would be
less informative when trying to discriminate normal and expanded alleles in SCA3 patients
[124]. Genotypic frequencies for eight out of the nine variants (rs1055996, rs11628764,
rs910369, rs709930, rs10151135, rs7158238, rs3092822 and rs7158733) were in conformity
with Hardy-Weinberg equilibrium expectation.

The genotypic frequencies for rs910369 and rs10151135 differed significantly
between SCA3 patients (total cohort) and Europeans controls (Supplementary table 2.1).
These two variants, which are not in LD with each other (D'=0.18, r’=0, p=0.80;
Supplementary table 2.2), present higher heterozygosity in patients than in European
controls and consequently higher frequencies of their corresponding minor alleles.

For the variants previously studied by Long et al [163], rs910369 and rs709930, no
differences in genotypic frequencies between Azorean and Chinese SCA3 patients were
observed. Nonetheless, there were significant differences in the genotypic frequencies
between the Chinese SCA3 cohort and both Chinese and European controls (Supplementary

table 2.3).

39



Chapter 2: Genetic variation found in ATXN3 (ataxin-3) 3'UTR: understanding the downstream regulatory elements of the Spinocerebellar
ataxia type 3/Machado-Joseph disease causative gene

Table 2.1. General characterization of the ATXN3 3'UTR variants identified in the current study

[124].
Allelic Genotypic Functional effect MirSNP - miRNA RBP binding -
Variant Frequency Frequency FATHMM/GWAVA binding RBP-Var2
(PIC) (Scores)* sites (BS)** scores***
rs1055996 AA: 0.56
(N=88) A: 0.71 AG: 0.31 Benign or neutral No predicted Te
(NC_000014.8: G:0.29 GG: 0.13 (0.17/0.33) modifications
g.92527399A>G) (PIC = 0.41)
hsa-miR-374c-5p
rs11628764 T7:0.74 (New BS)
(N=90) T.0.87 TC:0.26 Benign or neutral hsa-miR-3688-3p NA
(NC_000014.8: C:0.13 CC:0.00 (0.17/0.43) (- binding)
g.925279777>C) (PIC =0.23) hsa-miR-4694-3p
(- binding)
rs55966267 TT:0.91 Benign or
(N=79) T:0.94 TC: 0.05 neutral/Deleterious hsa-miR-335-3p 6
(NC_000014.8: C: 0.06 CC: 0.04 (0.18/0.59) (+ binding)
g.92529558T>C) (PIC = 0.13)
rs910369 CC: 042
(N=100) C: 0.66 CA: 048 Benign or neutral NA Te
(NC_000014.8: A:0.34 AA:0.10 (0.09/0.29)
g.92530282C>A) (PIC = 0.45)
CC: 042
rs(LOCFJ%SOOOg}l;;?) C: 0.65 CT: 0.47 Benign or neutral hsa-miR-586 Te
g.925_30513C>T) T:0.35 TT: 0.11 (0.15/0.49) (New BS)
(PIC = 0.45)
rs10151135 GG: 0.67
(N=78) G:0.83 GT:0.30 Deleterious No predicted le
(NC_000014.8: T:0.17 TT:0.03 (0.80/0.51) modifications
g.92530551G>T) (PIC = 0.28)
rs7158238 CC: 043 et @ e
(N=100) C: 0.64 CT: 041 0.07/0.15 No predicted 4
(NC_000014.8: T:0.36 TT:0.16 ' ’ modifications
9.92537105C>T) (PIC = 0.46)
rs3092822 TT:0.43
(N=100) T.0.67 TG: 0.45 Benign or neutral NA Te
(NC_000014.8: G:0.33 GG: 0.12 (0.15/0.16)
g.92537163T>G) (PIC = 0.45)
rs7158733 GG: 0.46
(N=100) G: 0.66 GT: 0.40 Benign or neutral NA Te
(NC_000014.8: T:0.34 TT:0.14 (0.07/0.28) °
9.92537223G>T) (PIC = 0.45)

For all substitution variants, alleles are provided on the forward (or plus) genomic strand.

*Scores in bold highlight predicted deleterious effects.

**NA - no information available; + binding: enhanced miRNA affinity for the binding site; - binding:
decreased miRNA affinity for the binding site.

***Scores vary between 1 and 6: a score of 1 (a,b,c,d and e) indicates a higher impact in the RNA structure
and in the modification of the binding of RBPs; score 6 is the one with a lower impact in the modification
of the binding site of RBPs.

¢ According to Variant Effect Predictor (VEP) this variant was predicted to originate a stop codon.

40



Chapter 2: Genetic variation found in ATXN3 (ataxin-3) 3'UTR: understanding the downstream regulatory elements of the Spinocerebellar ataxia type 3/Machado-Joseph disease causative gene

a)

b)

Figure 2.1. Representation of ATXN3 gene showing the distance between the identified variants (in base pairs (bp)) in the 3'UTR of SCA3 patients. a) Exons (in
medium gray) of ATXN3 are numbered from 1 to 11. Untranslated regions (UTRs), 5'UTR and 3'UTR, are in light gray and in light blue pattern, respectively; b)
Three of the nine variants (rs7158733, rs3092822 and rs7158238) are in exon 10 (initial portion of 3'UTR); the remaining six (rs10151135, rs709930, rs910369,
rs55966267, rs11628764 and rs1055996) are in exon 11. Adapted from [124].
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For a subset of samples, it was possible to construct haplotypes containing all nine
variants analysed (Supplementary table 2.4). Ten different haplotypes were obtained and
their absolute frequencies when in cis with the expanded or the normal allele are shown in

Figure 3.2 a) and 3.2 b), respectively.

Six different haplotypes were identified as being in cis with the expanded allele;
noteworthy, haplotype 10 (GTTATGTGT) was only observed in cis with the expanded allele.
Furthermore, the frequency of haplotype 2 (ATTCCGCTG) in the expanded allele is 2-fold
higher than in the normal allele. It is of note that nine haplotypes were associated with the
normal allele; four of these were only present in the normal alleles: haplotype 4
(GCTCCTCTG), haplotype 6 (ACTCCTCGG), haplotype 8 (GTTATTTGT), and haplotype 9
(GTTCCGCTG). These results indicate that haplotype 10 might be relevant in distinguishing
the expanded allele whereas haplotypes 2, 4, 6, 8 and 9 might be relevant in distinguishing

the normal allele.

Concerning in silico predictions (Table 2.1), Variant Effect Prediction tool confirmed
that variant rs7158733 leads to the formation of a premature stop codon, as previously
reported [231], whereas a deleterious effect was predicted for rs10151135. None of the
variants identified in the 3'UTR region of ATXN3 is predicted to modify polyadenylation
signals. A total of 1137 miRNA binding sites were identified in the ATXN3 3'UTR; MirSNP
predicts that the presence of the variants rs11628764, rs55966267 and rs709930 can modify
the affinity of miRNAs to a binding site (Table 2.1). For the variants rs11628764 and
rs709930, a new miRNA binding site would be created with each variant. Except for hsa-
miR-586, we were able to confirm the predictions obtained for the occurrence or not of the

miRNAs binding sites using the software Ingenuity Pathways Analysis (QIAGEN, IPA).

42



Chapter 2: Genetic variation found in ATXN3 (ataxin-3) 3'UTR: understanding the downstream regulatory elements of the Spinocerebellar ataxia type 3/Machado-Joseph disease causative gene

v T OB N N m
2 R 8 8 R %3 g ¢ @b
Haplotype n % 8 8 2 H o o w
W v & H 0 =« »nu o n
number 8 & mw o rn o & 8 o
w 9 M 2 g2 g e v w
1 A T T € T G C T G
2 A T T € € 8 C T 6 9
8
3 AT SE T .
£ 7
(%]
4 6 © T @ € T & T G =
w
=
5 A [ G € €& 6 € I 6 A S ]
o
= 4
6 A © T € € I © 6 @6 o
= 3
=
7 AT AT N G R = g
8 G T T A T T T G T 1 ﬂ
9 & 7 T © @ @& @& J i -
1 2
10 G T T A T 6 T G T

TR

NUMBER OF HAPLOTYPES

Il

10

0 Normal allele

Expanded allele

Figure 2.2. Representation of the comparison between normal and expanded alleles for the obtained haplotypes: a) haplotypes obtained for the subset of

samples for which the haplotype for normal and expanded allele was complete; b) frequency (in absolute number) of haplotypes by normal and expanded

allele, white and blue bars respectively (N=36 chromosomes). Adapted from [124]
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Six out of the nine variants were predicted to affect the secondary structure of
mRNA, the binding of RBPs and the expression of the RNA (score = 1e, Table 2.1).
According with the same analysis, six variants map to target sites of RBPs, which are

expected to alter the RNA structure (Table 2.2).

Table 2.2. RNA-binding proteins that were predicted to alter the RNA structure due to the

presence of variation

RNA-binding protein Short information Variants
. Pre-mRNA 3' end processing protein that is essential for
WD Repeat Domain 33 (WDR33) i rs910369
both cleavage and polyadenylation of pre-mRNA 3' ends
rs1055996
[232]
RNA-binding protein 47 (RBM47) Presents a role in the regulation of cellular functions [233] rs910369
Plays a role in cellular processes such as transcription
RNA-binding protein FUS (FUS) regulation, RNA splicing, RNA transport, DNA repair and rs910369
damage response [234]
Zinc Finger CCCH-Type Containing - . . .
Specific regulator of miRNA biogenesis [235] rs910369
7B (ZC3H7B),

ELAV Like RNA Binding Protein Binds to the 3'-UTR region of mRNAs and increases their rs910369
1(ELAVL1), stability [236], rs709930

Argonaute RISC Catalytic RNA-binding protein is needed for RNA-mediated gene rs910369
Component 2 (AGO2) silencing (RNAI) by the RNA-induced silencing complex [237] rs709930

- " . rs910369

Polypyrimidine tract binding protein . . ..
Has an important role in splicing [238] rs3092822
1 (PTBP1)

rs7158733

Eukaryotic Translation Initiation Has a role in pre-mRNA splicing as component of the rs709930
Factor 4A3 (elF4Alll) spliceosome [239] rs10151135

Impact of the 3'UTR variants found in ATXN3 in phenotypic heterogeneity

For all variants, after adjusting for the size of expanded (CAG)n allele, no significant
differences were observed on SCA3 onset between patients carrying the alternative allele
(heterozygous or homozygous) and the reference allele (Table 2.3). As in heterozygous
patients it is difficult to dissect allele-specific effects without knowing the allelic phase
relative to the expanded (CAG)n allele, this comparison was further restricted to patients
with known allelic phase which was possible to determine individually for six variants. No
significant effects can be observed, in this smaller set of patients (N=47 to N=88,
depending on which variant). These results can be a consequence of the limited sample size

of this subset of samples.
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Table 2.3. Onset (in years) adjusted for the size of expanded (CAG), alleles observed in variants

with known allelic phase [124].

Patients carrying the reference  Patients carrying the alternative

allele in cis with the expanded allele in cis with the expanded  p value
Variants ID (CAG)s allele (CAG)n allele
N Adj. mean onset N Adj. mean onset
rs1055996 49 36.68 + 0.83 39 36.25 + 1.04 0.76
rs910369 42 35.15 + 1.05 18 3531 + 1.61 0.94
rs709930 33 35.38 £ 1.21 14 34.76 + 1.86 0.78
rs7158238 42 37.26 £ 1.09 19 36.64 + 1.64 0.76
rs3092822 45 36.71 £ 1.09 17 3714 £ 1.79 0.84
rs7158733 46 35.94 + 1.09 16 37.85 + 1.88 0.61

Adj. mean onset is presented as mean + standard error. Three variants (rs10151135, rs11628764 and rs55966267) were excluded from the
analysis due to the low frequency of the minor allele.

Regarding rs709930, which was previously described by Long and colleagues [163]
as being associated with SCA3 onset in Chinese patients, we were not able to replicate the
observation of an earlier onset in patients that carried the alternative allele, as previously

described [163].

Noteworthy, the analysis exploring the association between the variants identified
and NESSCA and SARA scores and subscores revealed that for rs10151135 patients carrying
the alternative allele presented a higher SARA Axial subscore than patients homozygous for

the reference allele (p = 0.023).
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2.4. Discussion

This study reports nine variants present in the 3" UTR of SCA3 causative gene -
ATXN3, which can be involved in the regulation of its own expression regulation and may

help to discriminate between ATXN3 normal and expanded alleles.

Predicted functional impacts for the studied variants revealed: i) two new miRNA
binding sites, which may have implications in modulation of gene expression; ii) changes in
the secondary structure of mRNA, the binding of RBPs and RNA expression; and iii) the
creation of a premature stop codon that leads to a short form of the ATXN3 protein, as
previously described in other studies (see amongst others, [240]. These predictions confirm
the complexity and potential importance of the 3'UTR regulation of ATXN3 expression
[124]. As previously mentioned, the presence of a variant can affect the binding of a miRNA
leading to a change in the normal regulation of protein expression [180]. Previous studies in
SCA3 revealed that the overexpression of several miRNAs (miR-9, miR-25 miR-181a and
miR-494) contributed to the reduction of the levels of the ataxin-3 protein and to a
decrease in aggregates of this protein [217,218]. In another study, miR-25 as well as miR-
29a, miR-34b, miR-125b and miR-7014 were shown to have a potential as biomarkers of
disease severity, of potential use in future studies about the pathogenesis of the disease as
well as in drug development efforts [241,242]. In this study, we were able to confirm the
results obtained for the miRNAs binding sites using the software Ingenuity Pathways
Analysis (QIAGEN, IPA), and only one of the miRNAs was not confirmed in this analysis: hsa-
miR-586. As this miRNA binding site is predicted to be created by the tool that was used,
two reasons can be pointed out: i) it can be a false positive result, or ii) databases do not
have information for this miRNA. None of the miRNAs predicted to target binding sites,
were altered by the presence of the variants identified in the present study, have been
previously reported [217,218,231,241]; although in silico results are consistent across

prediction tools, functional studies concerning the miRNAs aspects should be performed.

A significant modulatory effect of the alternative allele at rs10151135 on SARA Axial
subscore, was identified. Noteworthy, this variant is predicted to have a deleterious effect
according to several prediction tools, as referred previously during this chapter, and

therefore its functional effect deserves further investigation.

Despite possible functional changes/deleterious effects due to variants in 3'UTR, in

the cohort studied none of the identified variants had significant modulatory effects on the
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disease onset. This can be due to sample size limitations, to the low frequency of alleles
with predicted deleterious effects (e.g. rs55966267 MAF = 0.06), and/or the small
magnitude of effects for these variants. Also, the limited sample size of the discovery cohort
can influence the results, as the remaining 81 independent samples can have additional
variants that were not investigated and that can affect the onset. For rs709930, previously
associated to SCA3 onset [163], we were not able to replicate the result of an earlier onset
in patients whose alternative allele was in cis with expanded CAG. Noteworthy, in the study
by Long and colleagues [163], 67.6% of the patients carried the alternative allele for
rs709930 compared to 29.8% in our study. Such population-specific differences in allelic
frequencies may have facilitated the detection of an effect in the Chinese SCA3 cohort as
we previously reported for other modifier genes on SCA3 onset [170].

Costa and colleagues [242] highlight the importance, in the context of the
development of allele-specific therapies, of describing disease-associated haplotypes that
can discriminate between normal and expanded alleles. The design of therapies targeting
allele-specific inhibition (affecting the expanded allele only) is based on the assumption
that expanded alleles can be discriminated from their wild-type counterparts, offering
advantages in relation to the non-allele-specific silencing strategy previously applied in a
rat model of SCA3 [243]; an example can be the development of small interfering RNAs,
which, based on the presence of a specific variant or haplotype, can discriminate between
normal allele and expanded allele and silence/modulate the expression of mutant ATXN3
[240]. In this work we were able to describe haplotypes exclusively found in cis with the
expanded (N=1) or with the normal allele (N=4), and that should be of discriminative utility;
we further identified a haplotype whose frequency is markedly higher in cis with the
expanded allele. These findings, which are highly relevant for the design of allele-specific

therapies, warrant further investigation in independent cohorts of SCA3 patients.
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2.5. Conclusion

In summary, some of the variants found in this study are predicted to have
functional impact on the expression of ATXN3. Different factors can justify our inability to
find significant associations between the presence of these variants and onset for the
disease, namely limitations on sample size. The access to additional cohorts of SCA3
patients should allow us to confirm this hypothesis. We were also able to identify disease-
associated haplotypes with discriminative ability for the expanded allele, which can be of

relevance for future design of allele-specific silencing strategies [124].

XD
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2.6. Supplementary materials

Supplementary table 2.1. Primers sequences used for the amplification of different fragments
of the ATXN3 3'UTR.

Name Sequence

MJD-10F 5'- AGATTTCCTAAGATCAGCACTTCC- 3’
MJD-10R 5'- CTTCATTAAAGCATACCTACAGG - 3’
MJD-11F 5'- AGGAAATGGGGATCGACCACAAAG - 3'
MJD-11R 5'- CACAAACACATTCAAACGCATCCAG - 3
ATXN3_ 1F 5'- CAGGACAGAGTTCACATCCAT- 3
ATXN3_1R 5'- TCTAGCAATCCTCTCCTGCC - 3°
ATXN3_2F 5'- CCCAACAGGTGATGCTATGAG - 3
ATXN3_2R 5'- TGTGCAGCCACACACCAGGA - 3
rs11_10_F 5'- AGCTGAGCACACACTGGATG - 3'
rs11_10_R 5' -GGTCCAATGGGCCGGTTTTA - 3

Supplementary table 2.2. Genotypic frequencies available for five out of the nine variants

found in ATXN3 3'UTR in Azorean SCA3 patients in comparison to those observed in European

controls; for variants rs910369 and rs709930, previously analysed by Long et al (2015), the

reported (dbSNP Population) differences in genotypic frequencies between Chinese SCA3

patients and European controls are also shown [124].

p value
. Azorean
) Azorean Chinese )
SCA3 Chinese SCA3 Chinese
. SCA3 SCA3 .
Azorean patients controls . . patients SCA3
European patients patients .
SCA3 (Long et (Long et vs patients
. controls* vs Vs .
patients al., 2015) al.,2015) ) Chinese vs European
European Chinese
CX5 K& MJD controls*
controls controls .
patients
o CC042 CC:0.60 CC:0.32 CC:045
tn CA:048 CA:0.33 CT:049 CT:048
(=] p =0.038 p < 0.001 p =0.079 p < 0.001
& AA:0.10 AA :0.07 TT:0.19 TT:0.07
[
= (N=100) (N=111) (N =170) (N = 200)
o CC:042 CC:0.60 CC:0.32 CC: 045
a CT:047 CT:0.33 CT:0.49 CT:048
& p = 0.053 p < 0.001 p =0.191 p < 0.001
= TT:0.11 TT:0.07 TT:0.19 TT:0.07
w
= (N=79) (N =112) (N =170) (N = 200)
v GG:067 GG:0.85
= GT:030 GT:0.15
n NA NA p = 0.007 NA NA NA
o TT:003 TT:0.00
v O(N=78  (N=111)
N TT:0.43 TT:0.33
X TG:045 TG : 0.46
) NA NA p = 0.469 NA NA NA
2 GG:0.12 GG:0.21
£ (N=100) (N=24)
@ GG:0.46 GG:0.33
5 GT:044 GT:0.46
n NA NA p =0435 NA NA NA
= TT:014 TT:0.21
£ (N=100) (N=24)
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NA - not available; P-values in bold indicates a statistically significant result.

*Frequencies from dbSNP (HapMap-CEU for rs910369, rs709930 and rs10151135, and AFD_EUR_PANEL for rs3092822
and rs7158733; assessed on November 17t,2020).

**Frequencies from Long et al  (2015); rs910369 and rs709930 found in complete LD
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Supplementary table 2.3. Linkage disequilibrium parameters, D' and r?, for the variants in the

present study (N =100 SCA3 patients) [124].

rs1055996 rs11628764 rs55966267 rs910369 rs709930 rs10151135 rs7158238 rs3092822 rs7158733
§ D' = 0.006 D'=1 D' =0.80 D' =0.80 D'=0.22 D'=0.83 D' =0.84 D'=0.84
5 r> = 0.00 r> = 0.01 r’ = 0.62 r* = 0.50 r’ = 0.00 r’ = 0.52 r’ = 0.60 r’ = 0.64
‘z, p =094 p =048 p < 0.01 p < 0.01 p = 0.65 p < 0.01 p < 0.01 p < 0.01
<
2  D'=0.006 D' = D' =0.11 D=1 D'=0.26 D' = D' =0.17 D'=1
©
o r2 = 0.00 r> = 0.00 r> = 0.00 r? =0.02 r’ = 0.02 r’ = 0.02 r’ = 0.00 r’ =002
E p =094 p=078 p=0.88 p =024 p=015 p=0713 p =082 p=018
~
S D' =01 D'=1 D'=1 D'=1 D'=1 D'=1 D'=1 D'=1
8 r’ = 0.01 r> = 0.00 r’ = 0.01 r* = 0.01 r’ = 0.00 r’ = 0.01 r’ = 0.01 r? = 0.01
o = 0. =0. =0. = 0. =0. =0. =0. = 0.
wn
? p =048 p=0.78 p =029 p =042 p =0.53 p =036 p =040 p =040
§ D’ = 0.80 D'=0.11 D' = D' =0.88 D'=0.18 D'=0.95 D' =0.90 D' =
e r’ = 0.62 r? = 0.00 r’ = 0.01 r’ =078 r> = 0.00 r’ = 0.86 r’=078 r’ = 0.87
? p < 0.01 p =088 p =029 p < 0.01 p =080 p < 0.01 p < 0.01 p < 0.01
§ D’ = 0.80 D' = D' = D' =0.88 D' =025 D' =0.88 D' = 0.82 D’ =0.88
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1)
E‘ p =065 p=015 p =053 p =0.80 p =067 p=057 p =098 p =057
E D'=0.83 D= D' = D' =0.95 D'=0.88 D' =0.27 D' =0.91 DE=H
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'Z. p < 0.01 p=013 p=0.36 p < 0.01 p < 0.01 p =057 p < 0.01 p < 0.01
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E. p < 0.01 p=0.18 p =040 p < 0.01 p < 0.01 p =057 p < 0.01 p < 0.01
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Supplementary table 2.4. Haplotypes obtained for the subset of samples with known allelic phase: - represents no info about the sequence; *represents

estimated haplotypes and ? represents heterozygous samples which was not possible to obtain the allele in cis with the expanded allele [124].
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Supplementary table 2.4. Haplotypes obtained for the subset of samples with known allelic phase: - represents no info about the sequence; *represents

estimated haplotypes and ? represents heterozygous samples which was not possible to obtain the allele in cis with the expanded allele [124] (cont.)
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Supplementary table 2.4. Haplotypes obtained for the subset of samples with known allelic phase: - represents no info about the sequence; *represents

estimated haplotypes and ? represents heterozygous samples which was not possible to obtain the allele in cis with the expanded allele [124] (cont.)
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Supplementary table 2.4. Haplotypes obtained for the subset of samples with known allelic phase: - represents no info about the sequence; *represents

estimated haplotypes and ? represents heterozygous samples which was not possible to obtain the allele in cis with the expanded allele [124] (cont.)
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Supplementary table 2.4. Haplotypes obtained for the subset of samples with known allelic phase: - represents no info about the sequence; *represents

estimated haplotypes and ? represents heterozygous samples which was not possible to obtain the allele in cis with the expanded allele [124] (cont.).
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Supplementary table 2.5. Adjusted onset (in years) in SCA3 patients carrying the alternative
allele of analysed variants (homozygous for the alternative allele and heterozygous) versus

patients homozygous for the reference allele [124].

. Carriers of the reference allele Carriers of the alternative allele  p value

Variant ID N Adj. mean onset N  Adj. mean onset

rs1055996 49 37.54 + 1.02 39 37.02+1.13 0.94
rs11628764 67 37.52 + 0.86 23 36.08 + 1.46 0.59
rs55966267 72 37.83 £+ 0.82 7 37.71 + 2.64 0.35
rs910369 42 36.53 + 1.09 58 37.84 £ 092 0.36
rs709930 33 3738 + 1.22 46 38.21 % 1.02 0.24
rs10151135 53 37.15 £ 0.95 25 39.09 £ 1.39 0.23
rs7158238 43 36.30 + 1.06 57 38.03 + 0.92 0.22
rs3092822 45 36.38 + 1.04 55 38.04 + 0.94 0.24
rs7158733 46 36.24 + 1.02 54 38.18 + 0.95 0.17

Onset is adjusted to the number of CAG repeats; Adj. mean onset is presented as mean + standard error.
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age at onset

3.1. Introduction

Variable expressivity, which is considered a hallmark of polyQ diseases [244] can be
manifested in the different degrees of severity displayed by individual patients sharing a
causative polyQ mutation, by distinct progression rates or by different ages at onset (onset).
An important part of this heterogeneity is explained by the size of the (CAG)n tract size; this
explanation varies from a minimum of 26% to a maximum of 88%, depending on the polyQ
disease (for more details see Chapter 1 and [4]). The number of CAG repeats, thus, only
partially correlates with onset, indicating that other genetic factors besides the CAG tract, as
well as yet largely unstudied environmental factors likely have an important influence in the
expressivity of polyQ diseases [4,245].

Identifying genetic modifiers of polyQ diseases, namely of SCA3, remains an
important goal; in fact, as SCA3 remains without treatment, the identification of disease-
modifying genes and their corresponding pathways may provide insights into novel
molecular targets for drug development [160]. Moreover, as already stated in Chapter 1, the
identification of such modifiers should further allow a better prediction of onset, of utility
not only in the context of genetic counseling but also when attempting to stratify patients
for clinical trials.

Genetic modifiers, defined as genes that contribute to the modulation of a
phenotype whose presence is primarily determined by a major causative gene (Chapter 1,
[158], have been extensively searched in SCA3
[50,101,124,160,161,163,165,166,170,171,173,174,176,177,185,191-193,246-251] as detailed
in Chapter 1. As shown by different studies [245,252,253], individual genetic modifiers are
part of complex systems of genes that can cause small to moderate phenotypic alterations.
So far, the search for genetic modifiers of SCA3, performed using candidate approaches as
well as, most recently, unbiased genome-wide strategies (for a revision see Chapter 1), has
been querying coding variants in specific genes whose presence/absence can, in addition to
the number of CAG repeats, increase the explanation of onset variance (see amongst others
[101,160,170,192,193]). Little is known, however, about the potential that non-coding
variants in regulatory regions may have as modifiers [124,163,250]. For the purpose of this
study, we will only consider untranslated regions (UTRs).

It is acknowledged that the variation found in UTRs of disease-causing genes can
significantly impact the regulation of their own expression and have the potential to

modulate disease phenotype. Likewise, variation in the UTRs of other genes can impact the
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phenotype under the dependence of the primary gene and thus such variation needs to be
considered when trying to identify genetic modifiers.

UTRs can also have a similar impact as coding sequences by modifying the original
function of a gene (revised in [254]). However, there still a lack of information about UTRs
sequences and its variation, despite a rising number of studies concerning these regions
(revised in [254]).

Studies targeting UTRs in an attempt to identify modifiers of SCA3 are limited and
focused on the variation found in ATXN3, the disease causative gene (see [124,163,250];
Chapter 1). Associations between variants in 5’and 3'UTR of candidate genes and onset in
SCA3 have, so far, been scarce. Bettencourt and colleagues [166] as well as Mergener and
collaborators [193], reported that a variant (rs3512) found in UTRs of FANT (FANCD2 And
FANCI Associated Nuclease 1), a gene implicated in the DNA repair process, modulated
onset in SCA3 and other SCAs [166,193]. The role of inflammation in SCA3 has been
investigated either in brain as in blood [255-257]. With this hypothesis in mind, a study
conducted by Raposo and colleagues [174] reported that variants found in the promoter
region of /L6 (Interleukin 6) support modifications in cytokines expression and modulate
onset [174]. In diseases where accumulation of the mutant protein is a hallmark, as SCA3,
autophagy is a key mechanism. Following this idea, Kazachkova and colleagues [176] have
investigated the variation at the promoter of BECNT (Beclin 1). BECNT is a gene related with
autophagy that encodes for beclin-1; this protein presents a decrease in its levels in
affected brain areas of animals models from different neurological diseases, such as SCA3
[176]. This study confirmed that the promotor of BECNT is not conserved. Also, BECN1
expression levels presented a tendency for a decrease in samples that presented
rs60221525 C allele , and for an increase in samples with the rs116943570 T allele ; SCA3
patients with rs60221525 C allele presented a tendency for an earlier estimated onset [176].
The finding that a variant in the promoter of the BECNT gene influences onset needs to be
confirmed in a larger cohort [176].

Recently, as referred in Chapter 2 a whole-exome sequencing (WES) based search of
genetic modifiers of SCA3 was performed in a discovery sample of pairs of first-degree
relatives SCA3 patients, which were onset concordant and onset discordant [160]. Several
coding variants whose genotypes were shared by both members of each concordant pair
but differed between members of each discordant pair were identified, and were tested for

associations with onset, leading to the proposal of nine candidate modifier genes [160]. In
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addition to the variants described by Raposo and collaborators [160], variants in 5" and
3'UTRs of several genes were also retrieved; the impact of those variants remained to be
studied.

In this chapter, we analysed the variants in the UTRs of several genes, obtained from
filtering the extended WES data from the study of Raposo and colleagues [160], to evaluate
their putative role as modifiers of SCA3. In order to identify potential onset modifiers genes,
we expanded the genotyping of those UTRs variants in a large multicentre cohort of SCA3
patients. Additionally, we performed in silico predictions to evaluate the functional impact
of those variants and, finally we performed genotype-phenotype correlations to infer their

effect on SCA3 onset.
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3.2. Patients and methods
Patients and samples

Genomic DNA from peripheral blood samples of a total of 303 SCA3 patients
corresponding to four different cohorts was used (Table 3.1). Samples were provided by M.

Lima (Azores), J. Sequeiros (Mainland Portugal), L. Jardim (Brazil) and C. Bettencourt (UK).

Table 3.1. Characterization of the four different cohorts (Azores, Mainland Portugal, Brazil and
UK) used in this study considering number of samples, gender, onset (in years) and the number

of CAG repetitions in the expanded allele (CAGexp).

Azores Mainland Brazil UK Total
Portugal
N 101 66 96 40 303
Gender (F/M) 49.5% / 50.5% 40% /60% 53.1% / 46.9% 40% / 60% 48.2% / 51.8%
Onset 37.65 £ 12.00 35.20 + 10.81 35.82 + 10.17 35.20 + 10.81 37.66 £ 11.78
CAGexp 7140 + 3.72 70.83 + 4.55 7411 + 3.68 70.83 + 4.55 72.03 + 4.09

All patients included in the study had a clinical diagnosis of SCA3 and were molecularly
confirmed as carrying an expanded ATXN3 CAG repeat; the sizing of the CAG tract in
ATXN3 was performed at a single laboratory (SEEBMO-Servico Especializado de
Epidemiologia e Biologia Molecular). Onset was considered as the age of appearance of the
first manifestation of the disease (gait ataxia or diplopia) reported by the patient or

relative/caregiver.

Extended whole-exome sequencing (WES) and variants selection

In the present chapter a total of sixty-one variants in UTRs mapping to forty genes,
were analysed. The list of variants was obtained from the analysis of the extended WES data
from Raposo and colleagues [160]. Briefly, extended WES was performed in genomic DNA
samples from four onset discordant and four onset concordant affected first-degree pairs
of Azorean SCA3 patients; the members of a discordant pair were defined as first degree
relatives presented different onset (range: 7-11 years) and the same number of CAG
repeats in expanded allele (x1 CAG), whereas members of a concordant pair had similar
onset (range: 1-4 years) and the same number of CAG repeats in the expanded allele (£1

CAG) [160].
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Extended WES analysis of these samples were performed at Macrogen, Inc (for more
details see Raposo and colleagues [160]). Variants in UTRs, whose genotype differed
between members of discordant pairs, but was the same for members of concordant pairs
were retrieved (n=94-list 1, Supplementary Table 3.1), using a script from R language. Only
the variants in genes expressed in the brain, including cerebellum (data accessed at GTEx

project [258]) were considered.

Variant’s genotyping

From the ninety-four variants identified in UTRs, sixty-four were selected to be
genotyped. From these variants, a total of sixty-one variants were successfully genotyped
(n=61 — list 2, Supplementary Table 3.1).

From the sixty-one variants identified, thirty-nine variants were genotyped
successfully in the 303 patients from the four different cohorts (Table 3.1) by multiplexed
sequencing at Eurofins Genomics (https://eurofinsgenomics.eu/), as described by Raposo
and collaborations [160]. Twenty-four variants were successfully genotyped in 177 SCA3
samples from Azorean, Mainland Portugal, and Brazilian cohorts (samples that remain from
the 303 samples of the initial group), using MassArray Agena Bioscience (Sequenom) at
CeGen (http://www.usc.es/cegen/); variant specific primers were designed using Agena
Assay Design Suite software. After primer design, DNA was amplified using iPLEX® Gold
technology [259]. One variant was genotyped by Sanger sequencing in 92 samples from the
Azorean cohort samples remaining from the previously genotyped group (conditions in

Supplementary Table 3.2).

In silico predictions for the functional impact of variants found in different UTRs

Functional effects of variants found in 5'UTRs and 3'UTRs were predicted using
Genome Wide Annotation of Variants (GWAVA)
(https://www.sanger.ac.uk/sanger/StatGen_Gwava) [225]; a cut-off of 0.5 was considered,
with variants showing scores higher than 0.5 being predicted to have a deleterious effect
(an effect that implies the modification in the sequence and can have a consequence).

For variants in 5'UTR, to detect differences in transcription factors binding sites
(TFBSs) and alterations in transcription factors (TFs) affinity due to the presence of variation

found in 5'UTRs, an in silico analysis using PROMO tool (http://alggen.lsi.upc.es/cgi-
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bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3) was performed [201]. The similarity
index (similarity of the sequence of TFBSs to the matrix and variant sequence) was
measured using the method of Quandt and collaborators [260] as implemented in this tool.
A dissimilarity threshold (the parameter that controls the similarity of a sequence to the
matrix to be reported as a hit) of 5% was used, which indicates 95% of similarity.

For 3'UTR variants, predicted miRNA binding sites were identified using MirSNP
(http://bioinfo.bjmu.edu.cn/mirsnp/search/) [228]; only predicted miRNAs binding sites with
a stringent score > 150 and an energy score < -7, as recommended, were considered valid.
For the exploration of RBPs motifs, an analysis was performed using RBP-Var2 tool
(http://www.rbp-var.biols.ac.cn/) [229]; the default settings were considered in this analysis.
To search for the abolishment or generation of alternative polyadenylation (polyA) motifs,

analysis were performed with PolyASite 2.0 [230] using the default settings.

Analysis of the genotyped variants

Determination of allelic and genotypic frequencies, conformity with Hardy-
Weinberg equilibrium, and linkage disequilibrium were obtained in Genepop [261] and
Arlequin software v.3.5 [222]. Exact tests of population differentiation using genotypic
frequencies of the several variants were performed to compare the different cohorts.

An ANCOVA, using the number of CAGs in the expanded allele as covariate, was
performed to calculate and compare adjusted onset (adjonset) between genotypes. Three
different groups of genotypic classes were established for those analysis: REF|REF
(homozygosity for reference allele)) REF|VAR (heterozygosity: reference allele and
alternative allele) and VAR|VAR (homozygosity for the alternative allele). We pooled
together two genotypic classes and compared REF|REF versus REF|VAR+VAR|VAR or
REF|REF+REF|VAR versus VAR|VAR, according to the number of samples presented in each
genotypic class and to guarantee a more equilibrated analysis, following the strategy used
by Raposo and colleagues [160]. Statistical analyses were performed in /BM SPSS Statistics
v.25.0 for all the tests, p values lower than 0.05 were considered statistically significant.

Pathway and interaction-network analyses were generated with the software
Ingenuity ~ Pathways  Analysis  (IPA;  https://digitalinsights.qiagen.com/products-
overview/discovery-insights-portfolio/analysis-and-visualization/qiagen-ipa/) [262].
Canonical pathways were obtained for the forty genes that were studied. Also, interaction

networks between ATXN3 and candidate modifiers genes that presented a genotype-
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phenotype correlation with a p-value <0.05 were investigated using the “Path Explorer”
tool, which calculated the “Shortest Path” between two molecules. All the analysis were
performed under default settings, except for the confidence level which was set to only

include experimentally observed interactions to be more stringent.

DOOE
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3.3. Results

Sixty-four variants located in UTRs of genes known to be expressed in the human
brain, were identified from the WES data generated by Raposo and colleagues [160]. From
the sixty-four variants, three failed to be genotyped. All variants identified are present in
dbSNP (https://www.ncbi.nlm.nih.gov/snp/). The general characterization of the sixty-one
variants successfully genotyped is described in Supplementary Table 3.3a and
Supplementary Table 3.3b.

Nine substitution variants were found in the 5'UTRs of eight genes; forty-six
substitution variants were found in 3'UTR, of thirty-one genes. Also, in 3'UTR a total of eight
indels were found in seven genes. Thirteen genes presented more than one variant. GL/4,
presented two variants in 5'UTR, while LEMDZ2 presented two variants in 3'UTR and one
variant in 5'UTR. The other genes presented variants in theirs 3'UTRs. Eight genes presented

two variants in 3'UTR, while the remaining presented more than two variants (Figure 3.1).
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Figure 3.1. Genes with more than one variant. The columns in blue represent the variants in

3'UTR, while the columns in orange represent the variants in 5'UTR.

The main results obtained for the in-silico analysis of the variants found in 5'UTR of
candidate genes, are shown in Table 3.1. One of the nine variants, rs7029012, did not
present modifications in transcription factors binding sites when the alternative allele is
present, according to PROMO predictions. In the other variants, the presence of the
alternative allele was predicted to modify the binding sites for transcription factors; for

three variants (rs17553593, rs7387207 and rs28375915) the loss of transcription factor
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binding sites occurs and for the remaining variants the binding of new transcription factors
is predicted. Concerning the scores obtaining for GWAVA, only two variants presented a
predicted deleterious effect which can mean that the original effect of those region suffers

a modification.

Table 3.1. Main results of in silico analysis obtained for the variants found in 5'UTRs of different

genes
Variant Gene GWAVA score PROMO New TFs that binds
. Maintain
rs4711351 (NC_000006.11: LEMD2 (LEM Domain Nuclear C/EBPalpha
X 0.44 number TFs and
g.33754592G>A) Envelope Protein 2) TFII1
number TFBS
rs2272624 (NC_000008.10: TRMT9B (KIAA1456) (TRNA (+) one TFBS
. 0.15 C/EBPbeta
g.12809667A>T) Methyltransferase 9B (Putative) (+) one TFs
rs17553593 (NC_000008.10: DLCT (DLC1 Rho GTPase 032 (-) all TFBS NA
g.12990734C>A) Activating Protein) : (-) all TFs
rs3812433 (NC_000008.10: o (+) one TFBS
GLI4 (GLI Family Zinc Finger 4) 0.32 T3R-beta'
g.144357479C>G) (+) one TF
7387207 (NC_000008.10: - TFBS
' (NC GLI4 (GLI Family Zinc Finger 4) 0.32 () one NA
g.144357772T7>C) (-) one TFs
KCNV2 (Potassium Voltage-Gated
rs7029012 (NC_000009.11: = . No TFBS
Channel Modifier Subfamily V 0.52 NA
g.2717698C>QG) No TFs
Member 2)
rs1549168 (NC_000019.9: RGL3 (Ral Guanine Nucleotide (+) one TFBS
. . . . 0.79 AP-2alphaA
g.11529958C>T) Dissociation Stimulator Like 3) (+) one TF
rs132770 (NC_000022.10: XRCC6 (X-Ray Repair Cross (-) one TFBS
. 0.47 GR-alpha
9.42017264A>G) Complementing 6) (-) one TF
rs28375915 (NC_000022.10: PIM3 (Pim-3 Proto-Oncogene, 0.50 (-) three TFBSs NA
g.50354255G>A) Serine/ Threonine Kinase) ’ (-) three TFs

(+) — gain; (-) loss; NA — not applicable. Scores in bold indicate a deleterious effect.

Regarding the variation found in 3'UTR, when the alternative allele of three variants,
rs3134430 (UBASH3B), rs8139993 (DESIT) and rs1051434 (MPHOSPH9). is present a
predicted impact was simultaneously found for GWAVA score, miRNAs binding sites and
RBP binding sites (Table 3.2). Concerning the effect that the variation in study can have in
polyA binding sites, none of the variants presented an impact in polyA signals. Also, a total
of eleven variants presented a GWAVA score superior to 0.5, meaning that were predicted
to have a deleterious effect. Relatively to miRNA binding sites, a total of forty variants can
break or create a binding site for miRNAs and/or increase/decrease the binding of a miRNA
to that specific site (for more details see Table 3.2). Finally, for RNA binding protein binding
sites a total of seventeen variants presented a score of 1e which means that they were

predicted to affect the secondary structure of RNA.
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Table 3.2. Main results of in silico analysis obtained for the variants found in 3'UTRs of different

genes

Variant

rs1051322 (NC_000017.10:
g.1946503C>G)

rs11274444 (NC_000002.11:
g.212245092_212245093insAAAATA
GGATTG)

rs1595065 (NC_000002.11:
g.212242641G>A)

rs34217661 (NC_000002.11:
g.212244761_212244762insG)

rs1972820 (NC_000002.11:
g.212243422G>A)

rs1836724 (NC_000002.11:
9.212244952G>A)

rs12475523 (NC_000002.11:
g.212245284A>G)

rs11542388 (NC_000001.11:
g.6100638A>C)

rs1056860 (NC_000001.10;
9.6160876 A>G)

rs1051434 (NC_000012.11:
g.123641200C>T)

rs3800373 (NC_000006.11:
9.35542476C>A)

rs2147201 (NC_000006.11:
g.13979526A>G)

rs11794 (NC_000006.11:
9.25701718G>A)

rs3732253 (NC_000002.11:
9.70676098G>A)

rs71710818 (NC_000002.11:
9.70676770delA)

rs3793428 (NC_000008.10:
9.17144020C> A)

rs2111212 (NC_000012.12:
9.108646018A>T)

rs2111211 (NC_000012.11:
9.109039869T>C)

rs35117663 (NC_000022.10:
g.42091027_42091028insAG)

Gene

DPH1 (Diphthamide
Biosynthesis 1)

ERBBA4 (Erb-B2 Receptor Tyrosine
Kinase 4)

ERBB4 (Erb-B2 Receptor Tyrosine
Kinase 4)

ERBB4 (Erb-B2 Receptor Tyrosine
Kinase 4)

ERBB4 (Erb-B2 Receptor Tyrosine
Kinase 4)

ERBB4 (Erb-B2 Receptor Tyrosine
Kinase 4)

ERBBA4 (Erb-B2 Receptor Tyrosine
Kinase 4)
KCNABZ2 (Potassium Voltage-
Gated Channel Subfamily A
Regulatory Beta Subunit 2)

KCNAB2 (Potassium Voltage-
Gated Channel Subfamily A
Regulatory Beta Subunit 2)

MPHOSPH9 (M-Phase
Phosphoprotein 9)

FKBP5 (FKBP Prolyl Isomerase 5)

RNF182 (Ring Finger Protein
182)

SCGN (Secretagogin, EF-Hand
Calcium Binding Protein)

TGFA (Transforming Growth
Factor Alpha)

TGFA (Transforming Growth
Factor Alpha)
VPS37A (VPS37A Subunit Of
ESCRT-I)

COROI1C (Coronin 1C)
COROI1C (Coronin 1C)
C220rf46 (Chromosome 22

Putative Open
Reading Frame 46)

(-) binding decrease, (+) binding increase.

GWAVA score

0.47

No info

0.46

No info

0.41

0.43

0.46

0.31

0.28

0.54

0.40

0.4

0.53

0.51

No info

0.35

0.53

0.46

No info

MirSNP - miRNA
binding sites (BS)

hsa-miR-4316 (break)
hsa-miR-4649-3p (create)
hsa-miR-4710 (break)
hsa-miR-582-3p (+)
hsa-miR-93-3p (create)

hsa-miR-587 (enhance)

hsa-miR-1244 (create)
hsa-miR-199a-3p (create)
hsa-miR-199b-3p (create)
hsa-miR-3129-5p (create)

hsa-miR-302a-5p (break)

hsa-miR-4633-5p (break)
hsa-miR-3144-3p
(create)
hsa-miR-28-5p (break)
hsa-miR-665 (break)
hsa-miR-708-5p (break)

hsa-miR-378i (break)

hsa-miR-182-5p (-)
hsa-miR-3614-3p (break)

hsa-miR-1193 (-)
hsa-miR-323b-3p (+)
hsa-miR-5193 (break)
hsa-miR-875-5p (break)

hsa-miR-4474-3p (create)

hsa-miR-505-3p (+)
hsa-miR-652-5p (break)

has-miR-4307 (decrease)

hsa-miR-138-5p (break)
hsa-miR-3186-3p (break)
hsa-miR-363-5p (break)
hsa-miR-3656
(create/break)
hsa-miR-3665 (create)
hsa-miR-4456 (break)
hsa-miR-4524b-3p (-)
hsa-miR-199a-5p (+)
hsa-miR-199b-5p (+)
hsa-miR-4669 (break)
hsa-miR-548ac (+)

hsa-miR-3915 (+)
No info

No info

hsa-miR-191-3p (create)
hsa-miR-5008-3p (break)
hsa-miR-548v (+)

hsa-miR-4768-5p (create)

RBP binding -

RBP-Var2 scores
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Table 3.2. Main results of in silico analysis obtained for the variants found in 3'UTRs of different

genes (cont.)

Variant

rs3793428 (NC_000008.10:
g.17144020C>A)

rs2187795 (NC_000022.10:
g.42092225C>A)

rs739135 (NC_000022.11:
9.41694065A>C)

rs6981281 (NC_000008.10:
g.17156904T>C)

rs2246121 (NC_000008.10:
0.17156293G>C)

rs9654238 (NC_000004.11:
9.156264942G>A)

rs10046724 (NC_000008.10:
9.27880155G>A)

rs921597 (NC_000008.10:

.27880826C>T)

rs4348512 (NC_000008.10:
g.144333434G>A)

rs34338282
(NC_000015.9:9.59389096C>T)

rs11539756
(NC_000015.9:9.59429111G>A)

rs1427793 (NC_000012.11:
g.106458238T>C)

rs139561 (NC_000022.10:
9.42195410T7>C)

rs3134430 (NC_000011.9:
g.122683382A>T)

rs3134428 (NC_000011.9:
g.122682156A>G)

rs895412 (NC_000002.11:
9.113973964T>C)
rs1056667 (NC_000006.11:
9.26510564T>C)
rs1061242 (NC_000001.10;
9.220142070C>T)
rs4673336 (NC_000002.11:
9.206481573A>G)

rs8139993 (NC_000022.10:
9.41995335T7>C)

Gene

VPS37A (VPS37A Subunit Of
ESCRT-I)

C220rf46 (Chromosome 22
Putative Open
Reading Frame 46)
C220rf46 (Chromosome 22
Putative Open
Reading Frame 46)

MTMR?7 (Myotubularin Related
Protein 7)

MTMR7 (Myotubularin Related
Protein 7)

MAP9 (Microtubule Associated
Protein 9)

NUGGC (Nuclear GTPase,
Germinal Center Associated)
NUGGC (Nuclear GTPase,
Germinal Center Associated)

ZFP41(ZFP41 Zinc Finger
Protein)

RNF111 (Ring Finger Protein
111)

MYOTE (Myosin IE)

NUAKT (NUAK Family Kinase 1)

MEIT (Meiotic Double-Stranded
Break Formation Protein 1)
UBASH3B (Ubiquitin Associated
And SH3 Domain Containing B)

UBASH3B (Ubiquitin Associated
And SH3 Domain Containing B)

PAX8 (Paired Box 8)

BTN1AT (Butyrophilin Subfamily
1 Member A1)
EPRS11 (Glutamyl-Prolyl-TRNA
Synthetase 1)
PARD3B (Par-3 Family Cell
Polarity Regulator Beta)

DESIT (Desumoylating
Isopeptidase 1)

GWAVA
score

0.35

No info

0.30

0.43

0.35
0.42

0.48

0.48

0.47

0.33

0.44

0.39

0.54

0.54

0.4

0.33

0.42

0.48

0.56

0.51

MirSNP - miRNA
binding sites (BS)

No info

hsa-miR-619 (decrease)

No info

hsa-miR-1229 (decrease)
hsa-miR-1285-5p
(decrease)

hsa-miR-4763-3p (break)

hsa-miR-4424 (create)
hsa-miR-4774-3p (-)
hsa-miR-186-5p (create)

has-miR-3913-5p (-)

hsa-miR-1269a (break)
hsa-miR-1269b (break)
hsa-miR-127-5p (break)
hsa-miR-378c (break)
hsa-miR-378f (break)
hsa-miR-422a (break)
hsa-miR-423-5p (-)
hsa-miR-4430 (-)
hsa-miR-4740-5p (break)
hsa-miR-218-5p (+)
hsa-miR-643 (break)
hsa-miR-2467-3p (+)
hsa-miR-3141 (break)
hsa-miR-3158-5p (+)
hsa-miR-3616-3p (create)
hsa-miR-4736 (create)
hsa-miR-622 (-)
hsa-miR-4436b-3p
(create)
hsa-miR-455-3p (break)
hsa-miR-4690-3p (create)
hsa-miR-4727-5p (-)

hsa-miR-4474-3p (break)

hsa-miR-5093 (-)

has-miR-338-3p (-)
hsa-miR-501-5p
(breahashsa-miR-5196-3p
(create)
hsa-miR-4687-5p (+)
hsa-miR-4694-3p (+)
hsa-miR-5093 (-)

hsa-miR-3163 (break)

No info

hsa-miR-3607-5p (create)
hsa-miR-3611 (create)
hsa-miR-3611 (create)

(+) binding increase; (-) binding decrease; Scores in bold indicates a deleterious effect.

RBP binding -
RBP-Var2 scores
1e

Te

Te

3a

No info
No info

No info

No info

3a

Te

No info

Te

No info
No info
Te

No info

Te
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Table 3.2. Main results of in silico analysis obtained for the variants found in 3'UTRs of different

genes (cont.)

Variant Gene GWAVA MirSNP - miRNA binding RBP binding -
score sites (BS) RBP-Var2 scores
rs1048169 (NC_000009.11: HAUS6 (HAUS Augmin Like o
9.19055965T>C) Complex Subunit 6) 0.52 Do iiaton le
rs16920581 (NC_000008.10: . i .
9.57353530T>C) PENK (Proenkephalin) 0.55 No modifications No info
rs143599604 (NC_000003.11: . .
0.5222491 5222492insGGGATAGTAA  RLEE (ADPRibosylation Factor ) hsa-miR-3127-3p (create) Te

Like GTPase 8B)

G)

hsa-miR-3929 (+)
hsa-miR-4298 (-)
rs2296744 (NC_000006.11: LEMD2 (LEM Domain Nuclear 047 hsa-miR-4419b (-)
g.33740382G>A) Envelope Protein 2) ’ hsa-miR-4438 (-)
hsa-miR-4478 (+)

hsa-miR-873-5p (break)

hsa-miR-1913 (break)

hsa-miR-1915-5p (create)

rs2296743 (NC_000006.11: LEMDZ2 (LEM Domain Nuclear 0.42 hsa -miR-324-3p (break)

g.33740025C>T) Envelope Protein 2) ’ hsa -miR-502-5p (create)

hsa-miR-362-5p (create)

hsa-miR-500b (create)
rs11259151 (NC_000010.10: SFe 2”:672;3 S(‘IF;T;'QI’&N& 050 hsa-miR-3916 (-)
g.14562793C>T) Member B) hsa-miR-583 (+)
rs35508493 (NC_000022.10: EP300 (E1A Binding Protein . .
9.41574973_41574975delGTA) P300) No info hsa-miR-300 (break)
hsa-miR-3616-3p (enhance)
rs6633 (NC_000012.11: CDK2AP1 (Cyclin Dependent 0.64 hsa-miR-4503 (decrease)
g.123745809G>T) Kinase 2 Associated Protein 1) : hsa-miR-4670-3p (create)

hsa-miR-548p (decrease)
(+) binding increase; (-) binding decrease; Scores in bold indicates a deleterious effect.

Almost all of the variants were in Hardy-Weinberg Equilibrium; the exceptions were
rs921597 (NUGGC) and rs1051434 (MPHOSPH9). All of the variants localized in genes
presenting more than one variant (Figure 3.1, Supplementary table 3.4) were in Linkage
disequilibrium with the variants studied in the same gene.

Gene enrichment analysis, using the forty genes from List 2 (Supplementary table
3.1), resulted in eight overrepresented pathways (Table 3.3), including HIF1a signaling (1%
overlapping genes), neuroregulin signaling (2%), Nucleotide Excision Repair, Enhanced
Pathway (NER) (2%), the Granzyme A signaling (5%) and DNA Double-Strand Break Repair

by Non-Homologous End Joining (7%).
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Table 3.3. Eight statistically significant canonical pathways were obtained using all the
candidate genes in study containing variants further analysed in the cohorts of study. The -log

(Benjamini-Hochberg p-value) greater than 1.3 was considered as statistically significant.

Overlaps with

Ingenuity Canonical Pathways dataset* Molecules

RHOGDI Signaling 2/215 (1%) DLC1, EP300
HIF1a Signaling 2/208 (1%) EP300, TGFA

Granzyme A Signaling 1/19 (5%) EP300

Telomere Extension by Telomerase 1/15 (7%) XRCC6

DNA Double-Strand Break Repair by Non-Homologous
. 1/14 (7%) XRCC6
End Joining

Neuregulin Signaling 2/117 (2%) ERBB4, TGFA
NER (Nucleotide Excision Repair, Enhanced Pathway) 2/103 (2%) EP300, RNF111
TGF-B Signaling 2/96 (2%) EP300, RNF111

*Number and percentage of molecules that overlap with the total number of genes that belong to that pathway.

Candidate modifier variants of onset in SCA3 were identified

We tested the main effects of each of the sixty-one variants on onset in the four
cohorts. However, despite the population differentiation test revealing differences between
the populations, the ANCOVA performed was adjusted to CAGs and all the cohorts were
pooled together and treated like large cohort.

Twelve variants in four genes- GL/4 (GLI Family Zinc Finger 4), TGFA (Transforming
Growth Factor Alpha), MPHOSPH9 (M-Phase Phosphoprotein 9) and ERBB4 (Erb-B2
Receptor Tyrosine Kinase 4) showed a significant effect in the SCA3 onset (Figure 3.2).
Noteworthy, multiple variants in each of those genes were in LD (Supplementary table 3.4)
with a D' ~1; consequently, for each gene, only one variant was selected to represent the
effect of each gene (Figure 3.2.). The variants rs7387207 (GLI Family Zinc Finger 4 gene),
rs3732253 (Transforming Growth Factor Alpha gene), rs7127313 (M-Phase Phosphoprotein
9 gene) and rs1595065 (Erb-B2 Receptor Tyrosine Kinase 4) were selected as their p-value is

the lower when comparing with the other variants in the same gene.
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Figure 3.2. Effect of the candidate variants, in the candidate genes, on adjusted (Adj) onset (meanztstandard error), after adjusting for CAGs in expanded allele:

a) variants in GLI4 (rs7387207) and TGFA (rs3732253), revealed to be statistically significant (p<0.05) when comparing the groups REF|REF versus

REF|VAR+VAR|VAR, and b) variants in MPHOSPH9 (rs7127313) and ERBB4, (rs1595065) revealed to be statistically significant (p<0.05) when comparing the

groups REF|REF+ REF|VAR versus VAR|VAR. The number of SCA3 patients

by allelic variant and gene are

represented

inside the bars
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The variants in TGFA, MPHOSPH9 and GLI4 were associated with a later onset; for
the two first genes, this variation was ~2 years, and for GL/4 is ~3 years. All the six variants

in ERBB4 were associated with an earlier onset (~3 years).

Network analysis revealed interactions between ATXN3 and TGFA and ERBB4

A network analysis was performed with ATXN3 and the interacting candidate
modifier genes. TGFA and ERBB4 interact with NFKB1, which in turn, directly interacts with
ATXN3. TGFA and ERBB4 presented an association with the onset and interacts with ATXN3,
their study was more valorised. To evaluate the impact of these molecules in ATXN3 an
analysis of inhibition/activation were performed (see Figure 3.3) When TGFA and ERBB4
were activated, ATXN3 suffers activation, while their inhibition causes the inhibition of

ATXNS3.

73



Chapter 3: Extended whole exome sequencing reveals variants in untranslated regions of modifiers of Spinocerebellar ataxia type3 (SCA3) age at onset

al

Py EGR2
Hmgh2 -(ncmda:sﬁnﬁﬁﬁ/‘( %

cn@}w

74



Chapter 3: Extended whole exome sequencing reveals variants in untranslated regions of modifiers of Spinocerebellar ataxia type3 (SCA3) age at onset

b1

s
ai ey
o AT~
a8 Nitnwms

ch»J

il \\! \\o‘\’/
\\\“F'i"“‘?@é" i
\)‘ AR

N 27
Y l/ﬂ'f’f“
‘/‘?‘{I '\\}
p% é"{@_li\:»

—“ S _

75



Chapter 3: Extended whole exome sequencing reveals variants in untranslated regions of modifiers of Spinocerebellar ataxia type3 (SCA3) age at onset

a2

<ATXNS-

P CLI1E
KMT20 i

NU& 1

[GEA c KEBF 1



Chapter 3: Extended whole exome sequencing reveals variants in untranslated regions of modifiers of Spinocerebellar ataxia type3 (SCA3) age at onset

b2

> CxePis
Hmgb2 {includes #tvars) e (Foxoi» 4
ik S

5 2000-2022 QIAGEN. Al tighls rescrved

XRCCH

77



Chapter 3: Extended whole exome sequencing reveals variants in untranslated regions of modifiers of Spinocerebellar ataxia type3 (SCA3) age at onset

Figure 3.3. Interaction networks showing the relationship between TGFA and ATXN3 (a1 and a2) and between ERBB4 and ATXN3 (b1 and b2). Network analysis
was performed in IPA software with the tool Path Explorer. The inhibition of the two candidate modifier genes with a genotype-phenotype correlation (TGFA
and ERBB4) was represented in green (a1 and b1); the activation of TGFA and ERBB4 was represented in red (a2 and b2). Arrows in blue indicates the inhibition
of the molecules, while arrows in orange indicates the activation of the molecules. The two candidate modifiers also have an impact in NFKB1, which interact

directly with ATXN3 [160].
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3.4. Discussion

Genetic modifiers are known to be difficult to identify, especially in diseases that are
rare such as SCA3 and other polyglutamine diseases. We accessed WES data to identify
modifiers of SCA3 and focused our analysis on variants in UTRs.

In this study we showed that six variants in 5'UTR present the gain (rs2272624,
rs3812433 and rs1549168) or loss (rs17553593, rs7387207, rs132770 and rs28375915) of
transcription factor binding sites and transcription factors. The variant rs7029012 (KCNV2),
according to GWAVA score, was considered more likely to have a functional consequence,
as its score was 0.52 [225]; however in PROMO tool, this variant did not present
modifications in transcription factors binding sites, nor in transcription factors. Although we
have restricted the dissimilarity threshold, to guarantee that the transcription factors and
transcription factors binding sites that were found are likely to be real, a study have proved
that PROMO can present false results [263]. To evaluate our result for this variant, further
studies with the KCNV2 and functional studies with interference RNA in C.elegans should be
performed, to observe the effect of the silencing of this gene in the phenotype of the
mutant model.

For the variation found in 3'UTRs, a total of forty variants presented modifications in
the binding sites for miRNAs (Table 3.2) and seventeen variants presented a score of 1e for
modifications of the binding sites for RNA-binding proteins.

Using sixty-one variants we have obtained a total of eight statistically enriched
pathways. From these pathways, neuroregulin signaling, HIF1a signaling and DNA Double-
Strand Break Repair by Non-Homologous End Joining were particularly interesting due to
their roles in the nervous system and in the repair of DNA damage.

The neuroregulin signaling pathway presents an important function in the nervous
system and was previously reported in the study of Raposo and colleagues [160] as
containing modifier genes of onset in SCA3 patients. In our study, ERBB4 and TGFA were
the genes involved in this pathway. This pathway presents different roles in central and
peripheral nervous systems, being involved in the GABAergic neuron migration, synapse
formation, neuromuscular junction and development, maturation and myelination of
Schwann cells [264]. Also, the neuroregulin signaling pathway has been reported as playing
a role in important processes for neurodegeneration, such as neuroinflammation and

oxidative stress [265].
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The HIF1a signaling pathway presents an important role in neurodegenerative
diseases as the hypoxia-ischemia that occurs in brain can lead to depolarization,
excitotoxicity, oxidative stress, inflammation, and apoptosis [266]. Also, hypoxia can lead to
neurodegeneration and neuroprotection depending on the conditions: studies have
revealed that due to brain plasticity, hypoxia can ameliorate some functions of an injured
brain [267].

The DNA Double-Strand Break Repair by Non-Homologous End Joining pathway, is
the main pathway for the repair of the DNA double-strand breaks, which is an extremely
cytotoxic form of DNA damage [268]. This pathway involves synapsis and ligation of the
broken strands. Consequently, we can hypothesis that a dysregulation in this pathway may
led to extremely consequences in the damaged DNA.

In the group of the candidate genes with variants found in 5'UTR, only GL/4 variant
presented simultaneously a predicted impact in in silico analysis and an effect on onset in
genotype-phenotype analysis (delaying onset by 3 years). GL/4 belongs to the group of zinc
finger proteins, a group of proteins that were predicted to enable DNA binding
transcription factor activity, and can be involved in the regulation of transcription [269,270].
This gene did not interact with ATXN3 and was not present in the enrichment pathways that
we have obtained. Nevertheless, in a study conducted in C.elegans in the Lab of Patricia
Maciel (personal communication) it was observed an amelioration of the transgenic model
phenotype when GL/4 is inactivated. Consequently, and for a better understanding of the
mechanism involved with this gene and SCA3 onset variance further studies need to be
performed.

Three genes with variants in 3'UTRs that presented a predicted impact in the in
silico analysis and, simultaneously, have an effect on onset: TGFA, ERBB4 and MPHOSPHO.
TGFA are associated with a signaling pathway for cell proliferation, development and
differentiation; this cytokine is involved in the regulation of reactions of immune system
[271]. Inflammation processes have been described in SCA3 related to cytokines expression
levels, as reported by different studies [174,255,256,272]. ERBB4 is a transmembrane
tyrosine kinase that binds and is activated by neuregulins and other different factors
[273,274]. This gene is also responsible for the induction of diverse cellular responses, such
as mitogenesis and differentiation [273,274] and is associated to amyotrophic lateral
sclerosis [273,274]. Neuroregulins are important in neural development but also in adult

brain [273,274]. MPHOSPH9 is a phosphoprotein related to brain volume, being associated
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to splicing abnormalities [275]. As these genes presented an effect in variance of SCA3
onset, a further study considering them as disease-modifying targets can be of value to this

disease.

DOOE
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3.5. Conclusions

In this study we proposed four different SCA3 modifying genes with variants in
UTRs. We have also identified pathways that can be relevant for further studies concerning
disease-modifying targets; one of these pathways, neuroregulin signaling pathway, have
been recently reported by Raposo and colleagues in the context of a genome-wide study
considering variation in coding regions of different genes and their impact in SCA3 onset

[160].

POOE
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3.6. Supplementary material

Supplementary Table 3.1. List of the variants/genes found which were selected for the study.

rs4148552
rs143599604
rs3215660
rs1056667
rs1056668
rs12217414
rs739135
rs35117663
rs2187795
rs6633
rs2111212
rs2111211
rs12463238
rs10667709
rs3830756
rs8139993
rs17553593
rs1051322
rs1272944
rs35508493
rs1061248
rs1061242
rs1595065
rs1972820
rs34217661
rs1836724
rs11274444
rs12475523
rs11259151
rs3800373
rs1126827
rs2853839
rs1540253
rs3812433
rs7387207
rs1048169
rs112943240
rs4711095
rs2072242
rs9434641
rs60141764
rs11542388
rs1056860
rs538
rs7029012
rs2272624
rs2272623
rs149099560
rs2296743
rs2296744
rs4711351

List 1 (n=94)

ABCC4
ARL8B
BTN1AT
BTN1AT
BTNTAT
CT00RF68
C22o0rf46
C220rf46
C22orf46
CDK2AP1
COROIC
COROIC
CRX
DENNDAC
DESIT
DESIT
DLC1
DPH1
DPP6
EP300
EPRST
EPRST
ERBB4
ERBB4
ERBB4
ERBB4
ERBB4
ERBB4
FAM107B
FKBP5
GDF10
GDF10
GDF10
GLI4

GL/4
HAUS6
HISTTH2AA
HISTTH2AA
HS3ST3B1
KCNAB2
KCNAB2
KCNABZ2
KCNAB2
KCNABZ2
KCNV2
KIAA1456
KIAA1456
LEMD?2
LEMD2
LEMD2
LEMD2

rs143599604

rs1056667

rs739135
rs35117663
rs2187795
rs6633
rs2111212
rs2111211

rs8139993
rs17553593
rs1051322

rs35508493

rs1061242
rs1595065
rs1972820
rs34217661
rs1836724
rs11274444
rs12475523
rs11259151
rs3800373

rs3812433
rs7387207
rs1048169

rs60141764
rs11542388
rs1056860
rs538
rs7029012
rs2272624

rs2296743
rs2296744
rs4711351

List 2 (n=61)

ARL8B

BTN1AT

C22o0rf46
C220rf46
C220rf46
CDK2AP1
COROIC
COROIC

DESIT
DLCT
DPH1

EP300

EPRS1
ERBB4
ERBB4
ERBB4
ERBB4
ERBB4
ERBB4
FAM107B
FKBP5

GL/4
GL/4
HAUS6

KCNAB2
KCNAB2
KCNAB2
KCNAB2
KCNV2
KIAAT456

LEMD2
LEMD2
LEMD2
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Supplementary Table 3.1. Identification of the variants/genes found which were selected for

the study (cont.).

rs9654238
rs139561
rs1727313
rs1051434
rs2246121
rs6981281
rs11853828
rs11539756
rs8779
rs5787350
rs888208
rs1064959
rs1427793
rs10046724
rs921597
rs4673336
rs2019137
rs895412
rs67776659
rs16920581
rs4738502
rs28375915
rs1265099
rs554190572
rs11676058
rs11633629
rs9607434
rs1549168
rs34338282
rs2147200
rs2147201
rs11794
rs6576
rs3732253
rs71710818
rs2022065
rs3134428
rs3134430
rs3793428
rs132770
rs4348512
rs55636053
rs2494703

List 1 (n=94)

MAP9
MEIT
MPHOSPH9
MPHOSPH9
MTMR7
MTMR7
MYOTE
MYOTE
NHP2L1
NKX2-3
NKX2-3
NUAK1
NUAK1
NUGGC
NUGGC
PARD3B
PAX8
PAX8
PAX8
PENK
PENK
PIM3
PSORS1C2
PTPN4
PTPN4
PYGO1
RAC2
RGL3
RNF111
RNF182
RNF182
SCGN
SETD8
TGFA
TGFA
TRIM10
UBASH3B
UBASH3B
VPS37A
XRCC6
ZFP41
ZNF286B
ZNF322

rs9654238
rs139561

rs1727313
rs1051434
rs2246121
rs6981281

rs11539756

rs1427793
rs10046724
rs921597
rs4673336

rs895412

rs16920581

rs28375915

rs554190572
rs11676058

rs1549168
rs34338282
rs2147200
rs2147201
rs11794

rs3732253
rs71710818

rs3134428
rs3134430
rs3793428
rs132770

rs4348512

List 2 (n=61)

MAP9

MEIT
MPHOSPH9
MPHOSPH9
MTMR7
MTMR7

MYOITE

NUAKT

NUGGC
NUGGC
PARD3B

PAX8

PENK

PIM3

PTPN4
PTPN4

RGL3
RNF111
RNF182
RNF182
SCGN

TGFA
TGFA

UBASH3B
UBASH3B
VPS37A
XRCC6
ZFP41
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Supplementary Table 3.2. PCR conditions for the amplification of the variant rs28375915
(PIM3). The sanger sequencing for the samples was performed as a service at Eurofins Genomics

(https://eurofinsgenomics.eu/).

Primers
Primer forward - PIM3_F: 5'-CATTGGCTCGTGCAGTCCC-3'
Primer reverse - PIM3_R: 5'GAACTTGGAGAGCAGCATCGC-3'
PCR conditions
Reaction mixture
0.3 UM of each primer
0.3 uM of dNTPs
1.5 mM of MgCl,
10x reaction buffer
10% of dimethyl sulfoxide (DMSO)
1 U of BIOTAQ™ DNA polymerase (Bioline)

200 ng of genomic DNA

Thermocycle conditions

Initial denaturation: 95°C, 5 min
Denaturation: 94 °C, 30 sec

Annealing: 61°C, 30 sec 24 cycles
Extension: 72°C, 30 sec

Final extension: 72 °C, 7 min
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Supplementary Table 3.3a. General characterization of the genotyped candidate variants in 5'UTRs (N=9) provided by extended WES analysis (List 2).

Variant

rs4711351 (NC_000006.11:
9.33754592G>A)

rs2272624 (NC_000008.10:
g.12809667A>T)

rs17553593 (NC_000008.10:

g.12990734C>A)

rs3812433 (NC_000008.10:
g.144357479C>G)

rs7387207 (NC_000008.10:
g.144357772T>C)

rs7029012 (NC_000009.11:
9.2717698C>G)

rs1549168 (NC_000019.9:
9.11529958C>T)

rs132770 (NC_000022.10:
g.42017264A>G)

rs28375915 (NC_000022.10:

9.50354255G>A)

Gene

LEMD2 (LEM Domain Nuclear
Envelope Protein 2)

TRMTIB (KIAA1456) (TRNA
Methyltransferase 9B (Putative)

DLCT (DLC1 Rho GTPase
Activating Protein)

GL/4 (GLI Family Zinc Finger 4)

GL/4 (GLI Family Zinc Finger 4)

KCNV2 (Potassium Voltage-
Gated Channel Modifier
Subfamily V Member 2)

RGL3 (Ral Guanine Nucleotide

Dissociation Stimulator Like 3)

XRCC6 (X-Ray Repair Cross
Complementing 6)

PIM3 (Pim-3 Proto-Oncogene,
Serine/ Threonine Kinase)

Type

substitution

substitution

substitution

substitution

substitution

substitution

substitution

substitution

substitution

(+) — gain; (-) loss; NA — not applicable. Scores in bold indicate a deleterious effect.

N . Genotypic A
Allelic Frequencies . GWAVA score PROMO New TFs that binds
Frequencies
G: 0.71 GG: 0474 Maintain
C/EBPalpha
A: 0.29 GA: 0.463 0.44 number TFs and TR
(N=177) AA: 0.063 number TFBS
A: 0.55 AA: 0.280
(+) one TFBS
T:0.45 AT: 0.531 0.15 C/EBPbeta
(+) one TFs
(N=177) TT:0.189
C:0.79 CC: 0.623
(-) all TFBS
A: 0.21 CA: 0.331 032 NA
(-) all TFs
(N=177) AA: 0.046
C:0.50 CC: 0.264
(+) one TFBS
G:0.50 CG: 0472 032 T3R-beta1
(+) one TF
(N=303) GG: 0.264
T:0.49 TT: 0.254
(-) one TFBS
C: 0.51 TC: 0.465 032 NA
(-) one TFs
(N=303) CC: 0.281
C. 047 CC: 0.251
No TFBS
G:0.53 CG: 0429 0.52 NA
No TFs
(N=177) GG: 0.320
C: 0.61 CC: 0.343
(+) one TFBS
T:0.39 CT: 0.543 0.79 AP-2alphaA
(+) one TF
(N=177) TT:0.114
A:0.20 AA: 0.026
(-) one TFBS
G:0.80 AG: 0.337 047 GR-alpha
(-) one TF
(N=303) GG: 0.637
G:0.51 GG: 0.293
(-) three TFBSs
A: 049 GA: 0.435 0.50 NA
(-) three TFs
(N =92) AA: 0.272
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Supplementary table 3.3b. General characterization of the genotyped candidate variants in 3'UTRs (N=52) provided by extended WES analysis (List 2).

Variant

rs1051322 (NC_000017.10:
g.1946503C>G)

rs11274444 (NC_000002.11:
g.212245092_212245093insAAAATA
GGATTG)

rs1595065 (NC_000002.11:
g.212242641G>A)

rs34217661 (NC_000002.11:
g.212244761_212244762insG)

rs1972820 (NC_000002.11:
g.212243422G>A)

rs1836724 (NC_000002.11:
9.212244952G>A)

rs12475523 (NC_000002.11:
g.212245284A>G)

rs60141764 (NC_000001.10:
9.6160692_6160693insC)

rs11542388 (NC_000001.11:
g.6100638A>C)

rs538 (NC_000001.10: g.6160958
A>QG)

Gene

DPH1 (Diphthamide
Biosynthesis 1)

ERBB4 (Erb-B2 Receptor
Tyrosine Kinase 4)

ERBB4 (Erb-B2 Receptor
Tyrosine Kinase 4)

ERBB4 (Erb-B2 Receptor
Tyrosine Kinase 4)

ERBB4 (Erb-B2 Receptor
Tyrosine Kinase 4)

ERBB4 (Erb-B2 Receptor
Tyrosine Kinase 4)

ERBB4 (Erb-B2 Receptor
Tyrosine Kinase 4)

KCNABZ2 (Potassium Voltage-
Gated Channel Subfamily A
Regulatory Beta Subunit 2)

KCNAB2 (Potassium Voltage-
Gated Channel Subfamily A
Regulatory Beta Subunit 2)

KCNABZ2 (Potassium Voltage-
Gated Channel Subfamily A
Regulatory Beta Subunit 2)

(-) binding decrease, (+) binding increase.

Type

substitution

indel

substitution

indel

substitution

substitution

substitution

indel

substitution

substitution

Allelic
Frequencies

C: 0.81
G:0.19
(N=303)

-035
iNSAAAATAG
GATTG:0.65
(N=303)

G:0.30
A: 0.70
(N=303)

-10.35
insG: 0.65
(N=303)
G:0.35
A: 0.65
(N=303)
G:0.38
A: 0.62
(N=303)
A: 037
G:0.63
(N=303)
-10.25
insC: 0.75
(N=303)
A: 0.75
G:0.25
(N=303)
A:0.26
G:0.74
(N=303)

Genotypic
Frequencies

CC: 0.647
CG: 032
GG: 0.03

--:0.139
-ins: 0.479
ins ins: 0.383

GG: 0.096
GA: 0.399
AA: 0.505

--:0.135
- ins: 0.455
ins ins: 0.409
GG:0.129
GA: 0.446
AA:0.426
GG: 0.139
GA: 0472
AA: 0.389
AA: 0.132
AG: 0.479
GG: 0.389
--:0.063
-ins: 0.383
ins ins: 0.554
AA: 0.063
AG 0.383
GG: 0.554
AA: 0.063
AG: 0.389
GG: 0.548

GWAVA
score

0.47

No info

0.46

No info

0.41

0.43

0.46

No info

0.31

0.22

MirSNP - miRNA binding
sites (BS)

hsa-miR-4316 (break)
hsa-miR-4649-3p (create)
hsa-miR-4710 (break)
hsa-miR-582-3p (+)
hsa-miR-93-3p (create)

hsa-miR-587 (enhance)

hsa-miR-1244 (create)
hsa-miR-199a-3p (create)
hsa-miR-199b-3p (create)
hsa-miR-3129-5p (create)

hsa-miR-302a-5p (break)

hsa-miR-4633-5p (break)
hsa-miR-3144-3p (create)

hsa-miR-28-5p (break)
hsa-miR-665 (break)
hsa-miR-708-5p (break)

hsa-miR-378i (break)

No info

hsa-miR-182-5p (-)
hsa-miR-3614-3p (break)

No info

RBP binding -
RBP-Var2 scores

Te

No info

No info

No info

No info

No info

No info

No info

No info
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Supplementary table 3.3b. General characterization of the genotyped candidate variants in 3'UTRs (N=52) provided by extended WES analysis (List 2) (cont.).

Variant

rs1056860 (NC_000001.10:
9.6160876 A>G)

rs1727313
(NC_000012.11:9.123640853 C>G)

rs1051434 (NC_000012.11:
g.123641200C>T)

rs3800373 (NC_000006.11:
g.35542476C>A)

rs2147200 (NC_000006.11:
0.13978854G>T)

rs2147201 (NC_000006.11:
g.13979526A>G)

rs11794 (NC_000006.11:
g.25701718G>A)

rs3732253 (NC_000002.11:

9.70676098G>A)

rs71710818 (NC_000002.11:
9.70676770delA)

(+) binding increase; (-) binding decrease; Scores in bold indicates a deleterious effect.

Gene

KCNAB2 (Potassium Voltage-
Gated Channel Subfamily A
Regulatory Beta Subunit 2)

MPHOSPH9 (M-Phase
Phosphoprotein 9)

MPHOSPH9 (M-Phase
Phosphoprotein 9)

FKBP5 (FKBP Prolyl Isomerase 5)

RNF182 (Ring Finger Protein
182)

RNF182 (Ring Finger Protein
182)

SCGN (Secretagogin, EF-Hand
Calcium Binding Protein)

TGFA (Transforming Growth

Factor Alpha)

TGFA (Transforming Growth
Factor Alpha)

Type

substitution

substitution

substitution

substitution

substitution

substitution

substitution

substitution

indel

Allelic
Frequencies

A: 0.27
G:0.73
(N=303)

C:0.20
G:0.80
(N=303)
C:0.38
T:0.62
(N=303)
C:033
A: 0.67
(N=177)
G: 0.61
T:0.39
(N=303)
A: 0.61
G:0.39
(N=303)

G:0.77
A:0.23
(N=303)

G:0.74
A: 0.26
(N=303)

A:0.74
delA: 0.26
(N=303)

Genotypic
Frequencies

AA: 0.069
AG:0.399
GG: 0.531

CC:0.020
CG: 0.366
GG: 0.614
CC:0.125
CT:0.515
TT: 0.360
CC:0.103
CA: 0.451
AA: 0.446
GG: 0.363
GT: 0492
TT: 0.145
AA: 0.366
AG: 0.488
GG: 0.145

GG: 0.587
GA: 0.373
AA: 0.040

GG: 0.545
GA: 0.386
AA: 0.069

AA: 0.548
A delA: 0.380
delA delA:
0.073

GWAVA

score

0.28

0.47

0.54

0.4

0.4

0.53

0.51

No info

MirSNP - miRNA
binding sites (BS)
hsa-miR-1193 (-)
hsa-miR-323b-3p (+)
hsa-miR-5193 (break)
hsa-miR-875-5p (break)

No info

hsa-miR-4474-3p (create)

hsa-miR-505-3p (+)
hsa-miR-652-5p (break)

No info

has-miR-4307 (decrease)

hsa-miR-138-5p (break)
hsa-miR-3186-3p (break)
hsa-miR-363-5p (break)
hsa-miR-3656
(create/break)
hsa-miR-3665 (create)
hsa-miR-4456 (break)
hsa-miR-4524b-3p (-)
hsa-miR-199a-5p (+)
hsa-miR-199b-5p (+)
hsa-miR-4669 (break)
hsa-miR-548ac (+)

hsa-miR-3915 (+)

RBP binding -
RBP-Var2 scores

2b

2d

Te

Te

2d

2d

No info
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Supplementary table 3.3b. General characterization of the genotyped candidate variants in 3'UTRs (N=52) provided by extended WES analysis (List 2) (cont.).

Variant

rs3793428 (NC_000008.10:
g.17144020C>A)

rs2111212 (NC_000012.12:
g.108646018A>T)

rs2111211 (NC_000012.11:
g.109039869T>C)

rs35117663 (NC_000022.10:
9.42091027_42091028insAG)

rs2187795 (NC_000022.10:
g9.42092225C>A)

rs739135 (NC_000022.11;
9.41694065A>C)

rs6981281 (NC_000008.10:
9.17156904T>C)

rs2246121 (NC_000008.10:
9.17156293G>C)

rs9654238 (NC_000004.11:
0.156264942G>A)

rs10046724 (NC_000008.10:
9.27880155G>A)

rs921597 (NC_000008.10:
g.27880826C>T)

(+) binding increase; (-) binding decrease; Scores in bold indicates a deleterious effect.

Gene

VPS37A (VPS37A Subunit Of
ESCRT-I)

CORO1C (Coronin 1C)

CORO1C (Coronin 1C)

C220rf46 (Chromosome 22
Putative Open
Reading Frame 46)

C220rf46 (Chromosome 22
Putative Open
Reading Frame 46)
C220rf46 (Chromosome 22
Putative Open
Reading Frame 46)

MTMR7 (Myotubularin Related
Protein 7)

MTMR7 (Myotubularin Related
Protein 7)

MAP9 (Microtubule Associated
Protein 9)

NUGGC (Nuclear GTPase,
Germinal Center Associated)

NUGGC (Nuclear GTPase,
Germinal Center Associated)

Type

substitution

substitution

substitution

indel

substitution

substitution

substitution

substitution

substitution

substitution

substitution

Allelic

Frequencies

C:0.76
A:0.24
(N=303)
A: 0.46
T:0.54
(N=303)
T: 0.47
C:0.53
(N=303)

-:0.28
insAG: 0.72
(N=303)

C:0.18
A: 0.82
(N=303)
A:0.190
C:0.810
(N = 303)
T:0.76
C: 024
(N=303)
G:0.74
C:0.26
(N=303)
G: 047
A:0.53
(N=177)

G: 042
A: 0.58
(N=177)

C:0.74
T:0.26
(N=177)

Genotypic
Frequencies
CC: 0.574
CA: 0.373
AA: 0.053
AA: 0.201
AT: 0.505
TT:0.294
TT: 0.211
TC: 0.508
CC: 0.281
--10.086
-insAG: 0.380
insAG insAG:
0.535
CC: 0.026
CA: 0.307
AA: 0.667
AA: 0.026
AC:0.310
CC: 0.663
TT: 0.554
TC: 0.409
CC: 0.036
GG: 0.548
GC: 0.386
CC: 0.066
GG: 0.229
GA: 0.491
AA: 0.280

GG: 0.160
GA: 0.514
AA: 0.326

CC: 0.160
CT:0.514
TT: 0.326

GWAVA
score

0.35

0.53

0.46

No info

No info

0.30

0.43

0.35

0.42

0.48

0.48

MirSNP - miRNA binding
sites (BS)

No info

No info

hsa-miR-191-3p (create)
hsa-miR-5008-3p (break)
hsa-miR-548v (+)

hsa-miR-4768-5p (create)

hsa-miR-619 (decrease)

No info

hsa-miR-1229 (decrease)
hsa-miR-1285-5p (decrease)

hsa-miR-4763-3p (break)

hsa-miR-4424 (create)
hsa-miR-4774-3p (-)

hsa-miR-186-5p (create)

has-miR-3913-5p (-)

RBP binding -
RBP-Var2 scores
1e

2d

2d

3a

No info

No info

No info
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Variant

rs4348512 (NC_000008.10;
0.144333434G>A)

rs34338282
(NC_000015.9:9.59389096C>T)

rs11539756
(NC_000015.9:9.59429111G>A)

rs1427793 (NC_000012.11:
g.106458238T>C)

rs139561 (NC_000022.10;
9.42195410T>C)

rs3134430 (NC_000011.9;
.122683382A>T)

rs3134428 (NC_000011.9;
9.122682156A>G)

rs895412 (NC_000002.11:
9.113973964T>C)

Gene

ZFP41(ZFP41 Zinc Finger
Protein)

RNF111 (Ring Finger Protein
111)

MYOTE (Myosin IE)

NUAKT (NUAK Family Kinase 1)

MEIT (Meiotic Double-Stranded
Break Formation Protein 1)

UBASH3B (Ubiquitin Associated
And SH3 Domain Containing B)

UBASH3B (Ubiquitin Associated
And SH3 Domain Containing B)

PAX8 (Paired Box 8)

Type

substitution

substitution

substitution

substitution

substitution

substitution

substitution

substitution

(+) binding increase; (-) binding decrease; Scores in bold indicates a deleterious effect.

Allelic
Frequencies

G: 0.51
A: 0.49
(N=303)

C:0.73
T:0.27
(N=177)

G:0.76
A:0.24
(N=177)

T:0.77
C:0.23
(N=177)
T:0.82
C:0.18
(N=177)
A:0.38
T:0.62
(N=177)
A: 037
G:0.63
(N=177)
T:0.51
C:049
(N=177)

Genotypic
Frequencies

GG: 0.274
GA: 0.482
AA: 0.244

CC:0.543
CT:0.371
TT: 0.086

GG: 0.571
GA: 0.377
AA: 0.051

TT:0.617
TC: 0314
CC: 0.069
TT: 0.669
TC: 0.303
CC: 0.029
AA: 0.149
AT: 0.457
TT:0.394
AA: 0.149
AG: 0451
GG: 0.400
TT:0.274
TC: 0.474
CC: 0.251
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GWAVA
score

0.47

0.33

0.44

0.39

0.54

0.54

0.4

0.33

MirSNP - miRNA binding
sites (BS)

hsa-miR-1269a (break)
hsa-miR-1269b (break)
hsa-miR-127-5p (break)
hsa-miR-378c (break)
hsa-miR-378f (break)
hsa-miR-422a (break)
hsa-miR-423-5p (-)
hsa-miR-4430 (-)
hsa-miR-4740-5p (break)

hsa-miR-218-5p (+)
hsa-miR-643 (break)

hsa-miR-2467-3p (+)
hsa-miR-3141 (break)
hsa-miR-3158-5p (+)
hsa-miR-3616-3p (create)
hsa-miR-4736 (create)
hsa-miR-622 (-)
hsa-miR-4436b-3p (create)
hsa-miR-455-3p (break)
hsa-miR-4690-3p (create)
hsa-miR-4727-5p (-)

hsa-miR-4474-3p (break)

hsa-miR-5093 (-)
has-miR-338-3p (-)
hsa-miR-501-5p (breahashsa-
miR-5196-3p (create)

hsa-miR-4687-5p (+)

RBP binding -
RBP-Var2 scores

No info

3a

Te

No info

Te

Te

No info

Supplementary table 3.3b. General characterization of the genotyped candidate variants in 3'UTRs (N=52) provided by extended WES analysis (List 2) (cont.).
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Supplementary table 3.3b. General characterization of the genotyped candidate variants in 3'UTRs (N=52) provided by extended WES analysis (List 2) (cont.).

Variant

rs1056667 (NC_000006.11:
g.26510564T>C)

rs1061242 (NC_000001.10:
g.220142070C>T)

rs4673336 (NC_000002.11:
g.206481573A>G)

rs8139993 (NC_000022.10:
9.41995335T>C)

rs1048169 (NC_000009.11:
9.19055965T>C)

rs16920581 (NC_000008.10:
g.57353530T>C)

rs143599604 (NC_000003.11:

g.5222491_5222492insGGGATAGTAA

G)

rs2296744 (NC_000006.11:
0.33740382G>A)

rs2296743 (NC_000006.11:
g.33740025C>T)

(+) binding increase; (-) binding decrease; Scores in bold indicates a deleterious effect.

Gene

BTN1AT (Butyrophilin Subfamily
1 Member A1)

EPRS11 (Glutamyl-Prolyl-TRNA
Synthetase 1)

PARD3B (Par-3 Family Cell
Polarity Regulator Beta)

DESIT (Desumoylating
Isopeptidase 1)

HAUS6 (HAUS Augmin Like
Complex Subunit 6)

PENK (Proenkephalin)

ARL8B (ADP Ribosylation Factor
Like GTPase 8B)

LEMDZ2 (LEM Domain Nuclear
Envelope Protein 2)

LEMDZ2 (LEM Domain Nuclear
Envelope Protein 2)

Type

substitution

substitution

substitution

substitution

substitution

substitution

indel

substitution

substitution

Allelic
Frequencies

T:0.48
C: 0.52
(N=177)
C:0.58
T:0.42
(N=177)
A: 0.35
G: 0.65
(N=303)
T:0.79
C:0.21
(N=177)
T:0.57
C: 043
(N=177)
T:0.69
C: 031
(N=303)
-:0.63
INsGGGATAG
T
AAG: 0.40
(N=303)

G:0.54
A: 0.46
(N=177)

C:0.71
T:0.29
(N=177)

Genotypic
Frequencies
TT: 0.223
TC:0.514
CC: 0.263
CC: 0.360
CT: 0.440
TT: 0.200
AA: 0.119
AG: 0472
GG: 0.409
TT: 0.623
TC: 0343
CC: 0.034
TT: 0.331
TC: 0474
CC: 0.194
TT: 0.455
TC: 0.469
CC: 0.076

--:0.409
- ins: 0.442
ins ins: 0.149

GG: 0.274
GA: 0.526
AA: 0.200

CC: 0474
CT: 0.463
TT: 0.063

GWAVA

score

0.42

0.48

0.56

0.51

0.52

0.55

No info

0.47

0.42

MirSNP - miRNA binding

sites (BS)

hsa-miR-4694-3p (+)
hsa-miR-5093 (-)

hsa-miR-3163 (break)

No info

hsa-miR-3607-5p (create)
hsa-miR-3611 (create)
hsa-miR-3611 (create)

No modifications

No modifications

hsa-miR-3127-3p (create)

hsa-miR-3929 (+)
hsa-miR-4298 (-)
hsa-miR-4419b (-)
hsa-miR-4438 (-)
hsa-miR-4478 (+)
hsa-miR-873-5p (break)
hsa-miR-1913 (break)
hsa-miR-1915-5p (create)
hsa -miR-324-3p (break)
hsa -miR-502-5p (create)
hsa-miR-362-5p (create)
hsa-miR-500b (create)

RBP binding -
RBP-Var2 scores

No info

No info

No info
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Supplementary table 3.3b. General characterization of the genotyped candidate variants in 3'UTRs (N=52) provided by extended WES analysis (List 2) (cont.).

Variant Gene Type Allelic Genotypic GWAVA MirSNP - miRNA binding RBP binding -
yp Frequencies Frequencies score sites (BS) RBP-Var2 scores
rs11259151 (NC_000010.10: TR A - €055 €C:0269 hsa-miR-3916 ()
14562793C>T) Sequence Similarity 107 substitution T: 0.45 CT: 0.560 0.5 hsa-miR-583 (+) 5
g Member B) (N=177) TT: 0171
. ) ] AA: 0.102
9.120734737_120734738insA) P P pA. » dupA dupA:
Type 4) (N=303) 0515
. PTPN4 (Protein Tyrosine T:0.72 TT: 0.545
rs1 167?233;2‘;52?82?211 Phosphatase Non-Receptor substitution C:0.28 TC: 0.356 No info No info 6
¢ Type 4) (N=303) CC: 0.099
GTA GTA: 0.512
535508493 (NC_000022.10: EP300 (E1A Binding Protein el de;/?:Aqu 6 GTAOTZ'STA: No info hsa-miR-300 (break) s
g.41574973_41574975delGTA) P300) (N=303) delGTA
delGTA:0.066
. . hsa-miR-3616-3p (enhance)
rs6633 (NC_000012.11: CDK2AP1 (Cyclin Dependent B . ?858 g? 836543 0.64 hsa-miR-4503 (decrease)
g.123745809G>T) Kinase 2 Associated Protein 1) (N.—.177) TT: 0'023 . hsa-miR-4670-3p (create)

hsa-miR-548p (decrease)
(+) binding increase; (-) binding decrease; Scores in bold indicates a deleterious effect.
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Supplementary Table 3.4. List of the variants that were in Linkage Disequilibrium and

presented a D' > 0.98 and a p value < 0.05.

Linkage Disequilibrium

Variant (Gene) LD with variant(s) (Gene) D’
rs3812433 (GLI4) rs7387207 (GLI4) 0.99
rs2296744 (LEMD?2) rs4711351 (LEMD2) 1
rs1595065 (ERBB4) rs34217661 (ERBB4) 0.99
rs1972820 (ERBB4) rs34217661 (ERBB4) 0.99
rs1595065 (ERBB4) rs1836724 (ERBB4) 0.99
rs35117663 (C220rf46) rs2187795 (C220rf46) 0.99
rs739135 (C220rf46) rs2187795 (C220rf46) 1
rs739135 (C220rf46) rs35117663 (C220rf46) 0.99

DOOE
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Chapter 4: Epigenome-wide DNA methylation profiles in whole blood of Spinocerebellar ataxia type 3/ Machado-Joseph disease patients:
a pilot study

4.1. Introduction

DNA methylation (DNAm) is an epigenetic mechanism that consists in the addition
of a methyl group frequently to a cytosine in cytosine-phosphate-guanine sequence [276].
This mechanism plays a crucial role in different biological processes, such as tissue-specific
gene expression regulation, silencing of repetitive DNA sequences, genomic imprinting and
inactivation of the X chromosome [184,276]. To understand the functions of DNAm, we
have to consider the distribution of methylation across the genome; the genomic location
of DNAm may lead to a different impact on gene expression [277]. DNAm in genes bodies
is usually associated with gene transcription, elongation and splicing whereas when
methylation occurs in gene promoters it may lead to a decrease in its expression [276].
Abnormal patterns of DNAm have been associated with the pathophysiology of
neurodegenerative diseases influencing their clinical and pathological expression, such as
age at onset (onset) and pathological burden in brain regions affected by these diseases
[276,278,279]. In the neurodegenerative diseases belonging to the polyglutamine (polyQ)
group, DNAm patterns have also been associated to repeat instability [280]; it is also
important to understand the impact of DNAm changes in other aspects of these diseases,
such as variable disease expressivity and transcriptional changes. Throughout the years,
different studies on DNAm were performed in Huntington disease (HD) and a few studies in
Spinocerebellar ataxias (SCAs). In HD, studies were performed in post-mortem brain samples
of patients, in cell and animal models and in whole blood [281-285]; overall, these studies
revealed that DNAm levels presented profound changes: i) a study that analysed motor
progression of HD patients and in animal model, three loci (PEX74 GRIK4, and COX4I2)
revealed an association between their methylation levels and motor progression [281]; ii) a
study targeting global DNAm reported elevated methylation values [282]; iii) in a study with
DNA from whole-blood samples, 326 differentially methylated genes were identified
between patients and controls [283]; iv) a study with brain samples, led to the
establishment of a DNA methylation profile [284]; moreover, a correlation between onset
and DNAm in tissues from cerebral cortex was identified. In this research, HTT gene locus
presents tissue specific DNA methylation patterning; thirty-eight sites within the HTT locus
were differentially methylated between matched cortex and liver samples [284].v) in a study
with culture cells, it was reported the hypermethylation of the APEXT promoter in HD cells
when comparing to controls [285]. In SCAs, few studies in blood were performed

concerning DNAm, mainly for SCA1, SCA2 and SCA3 [188,282,286-289]. Until the moment
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of the writing of this thesis, no methylation studies in post-mortem brain samples of SCAs
patients were published. Hamzeiy and colleagues [282], in a study of DNA global
methylation in blood, reported that SCA1 and SCA2 patients presented a significant
increase in global methylation, when compared to sex-and age matched healthy subjects,
and after controlling for lifestyle factors such as smoking, alcohol consumption and physical
activity. For SCA2, another study revealed that CpG methylation in ATXN2 gene promotor
was associated with disease onset in SCA2 homozygotes [287]. SCA3 methylation studies
will be presented later in this section.

DNAm pattern changes in the genome, during the development due to a dynamic
process involving new DNA methylation and demethylation [208]; consequently, cells that
were differentiated develop an unique and stable DNAm pattern that will regulate gene
transcription specific for each tissue [208]. DNAm patterns also changes with aging and
with physiological and environmental stimuli [208]. Indeed, the lifestyle of a subject is
known to have an impact on DNAm patterns; factors like smoke, alcohol, medication, and
other diseases can modify these patterns [208].

Despite the increasing number of studies about DNAm and its changes in human
blood and brain, reliable results require the fulfilment of very specific conditions. Storage
conditions, the years of storage until the DNA extraction, age at collection (chronological
age) of the biological tissue (blood, brain, etc.), the availability of human post-mortem brain
tissue and information about the lifestyle of the participants and/or donors are crucial to
avoid biased results [290-294].

Although chronological age (the age of the subject when the sample is collected -
age at collection) is stable among individuals, the same is not applicable to biological age
(the age that each body seems to have according with different factors such, molecular
changes and lifestyle) which varies and can predict the aging acceleration or deacceleration
of those individuals [295]. Different epigenetic clocks are available for different tissues and
were applied in different studies and diseases [189,190,210,281,296-303]; these clocks
estimate DNAm-age as a proxy of biological age, individuals can be predicted as
biologically older or younger than their chronological age. Examples of epigenetic clocks
applicable to blood samples include Horvath Pan-tissue epigenetic clock [190] and Hannum
blood based epigenetic clock [210]. A higher biological aging might be a reflection of

disease, morbidity and mortality [295].
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Epigenetic studies for SCAs are scarce. For spinocerebellar ataxia type 3 (SCA3), two
small methylation studies analysed the promoter of the ATXN3 gene [186,288] revealed that
methylation levels can have a modulator effect on the variance of onset of SCA3. In one of
the studies, conducted by Emmel and colleagues, a methylation-specific multiplex ligation-
dependent probe amplification (MS-MLPA) was performed to assess the methylation
degree at six CpG dinucleotides at the promotor of SCA3 causal gene [288], which presents
two large CpG islands. In the other study, performed by Wang and colleagues [186], the
levels of methylation of the two CpG islands were analyse by pyrosequencing. Ding and
colleagues [187] studied polymorphisms in DNAm related genes and observed an
association with (CAG)n instability also modulating the variance in onset in SCA3. More
recently, the same group [286], using a mouse model (three transgenic mice and three wild-
type mice), identified two DNAm genes, whose methylation status of differential methylated
regions were negatively associated with their levels of transcription: En1 (Engrailed
Homeobox 1) and Nkx2-1 (NK2 Homeobox 1); these genes may be useful for understanding
the pathogenesis of this disease. Zhao and colleagues [188] performed a study with
monozygotic twins that revealed differences on methylation levels at nine CpG sites
between the individuals. More recently, Li and colleagues [189] suggested that DNAm age
acceleration, which in this study was estimated as the difference between DNAm age and
chronological age can be a modifier of SCA3 onset; an increase in DNAm age leading to an
earlier onset [189].

Currently, there is no study that compares genome wide DNAm in SCA3 patients
with controls. Therefore, the aims of this study were to generate genome wide DNAm data
from whole-blood samples of SCA3 patients and paired-matched healthy control and to
explore the presence of differentially methylated positions that can define a SCA3-specific
blood-based methylation profile. Moreover, we aimed to identify the main genes/pathways
involved in methylation alterations observed in SCA3. Lastly, we wanted to explore the

existence of age acceleration in SCA3, as estimated by several epigenetic clocks.
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4.2. Subjects and methods
Subjects

Genomic DNA from peripheral blood of sixteen samples, eight from Azorean
individuals with SCA3 (patients) and eight from matched healthy Azorean (controls), was
used (Table 4.1).

SCA3 patients were clinically and molecularly confirmed as carriers of the expansion
at the ATXN3 gene. The sizing of CAG tract for normal and expanded alleles was performed
according to Bettencourt and colleagues [219]. Patients selected had a disease duration
ranging from zero to five years; seven patients were non-smokers, and one was a smoker.
Age at onset (onset) was considered the age of the first manifestation of the disease (gait
ataxia or diplopia), reported by each patient and/or caregiver.

Controls were free from neurological-movement diseases and selected from non-
SCA3 families and non-carriers of the ATXN3 CAG repeat expansion. Patients and controls
were matched for age, gender, smoker status and approximate DNA storage time. Age at
collection (chronological age) was considered the age of the subjects (patients or controls)

at the time of blood collection.

Table 4.1. General demographic characterization of the SCA3 patients and paired-matched

controls used in the present study.

N Gender (F/M) . Onset CAGor Chro.nological

(in years) age (in years)*
Patients 8 5/3 37.25+3.54 69.88+3.93 39.50+3.62
Controls 8 5/3 NA NA 39.25+4.53
Total 16 10/6 NA NA 39.38+3.96

NA- not applicable
*Chronological age - average age in years (meanztstandard error)

Infinium EPIC BeadChip methylation profiling and quality control

Genomic DNA concentration was determined using a Qubit 1™ Fluorometer with
dsDNA BR Assay Kit™ for Qubit. A bisulfite conversion was performed with 500ng of DNA
and using the EZ DNA Methylation Kit (Zymo Research), according to the manufacturer
instructions. Genome-wide DNA methylation profiling was performed at UCL Genomics,
using the Infinium HumanMethylationEPIC BeadChip array (EPIC array; lllumina), which

covers over 850,000 methylation sites throughout the genome; the covered regions can
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include gene bodies, gene promoters and regulatory intergenic regions. In these regions
different CpG sites can be found: i) islands, which are DNA regions rich in CpG, and are
often associated with transcription starting site of a gene; can be also found in intergenic
regions and gene bodies [277]; ii) open seas, that are regions located more than 4kb from
CpG islands [304]; iii) shores are the regions immediately flanking CpG islands [277]; and iv)
shelves are regions <2kb flanking outwards from a CpG shore these CpG sites were
distributed across different genomic regions [277] Beta values obtained were used to
estimate the methylation levels of each CpG site using the ratio of intensities between
unmethylated and methylated alleles [278]; Beta values presented a range from 0 to 1,
which represents approximately 0% to 100% methylation, respectively. For all statistical
analysis M values (logarithmic transformation of the beta values) were used.

The EPIC array DNAm data was analysed using different R Bioconductor packages.
The obtained raw data (idat files) were imported and pre-processed with minfi [305] and
ChAMP packages [306]. Quality control was performed with minfi [305], watermelon [307]
and ChAMP packages [306]. Probes with one or more of the following criteria were
excluded: a) poor quality; b) cross reactive; ¢) included common genetic variants; and d)
mapped to sex chromosomes. Blood cell type heterogeneity beta matrix and cell-type

specific proportions corrections were performed using the ChAMP package [306].

Differential methylation analysis

Determination of differentially methylated positions (CpGs) between SCA3 patients
and controls was performed as previously described [278]. Briefly, a multiple linear
regression model was applied to identify associations between DNAm changes that occur
at specific CpG sites and SCA3 status; possible confounding factors such as age, sex, and
surrogate variables were taken in account in this model. Limma package [308] was used for
analysis differentially methylated CpG sites; p-values <0.05 were used to select differentially

methylated CpGs in the absence of genome-wide significant CpGs.

Identifying the most promising genes with differentially methylated CpGs sites

To obtain a list of genes that can present CpGs differently methylated, CpGs were
ranked by an arbitrary lower nominal p-value (p < 0.005). The genes with CpGs which

nominal p-value was lower than 0.005 were selected for functional enrichment analysis.
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Enrichment analysis were performed in gProfiler [309,310]; significance Benjamini-

Hochberg-FDR threshold of 0.05 were considered.

DNA methylation (DNAm) age estimates

To obtain DNAm age for each sample, epigenetic age was calculated using Horvath
and colleagues tutorial and online tool [190] (https://dnamage.genetics.ucla.edu); two
epigenetic clocks were used to obtain DNAm age: Horvath Pan-Tissue epigenetic clock
[190], and Hannum Blood Based epigenetic clock [210]. A linear regression model was
applied and DNAm age according to Horvath and Hannum epigenetic clocks was regressed
on chronological age (age at collection). Age acceleration residuals was defined as the
corresponding raw residuals. Age acceleration difference was calculated by subtracting
chronological age to DNAm age obtained for each epigenetic clock.

A Mann-Whitney test was performed to evaluate differences between SCA3 patients
and controls for: chronological age and DNAm age obtained for each of the considered
epigenetic clocks. Spearman’s correlations were performed between DNAm age for each
epigenetic clock and chronological age (patients and controls), chronological age and
disease duration (only patients), DNAm age for Horvath and Hannum epigenetic clocks and
onset (patients), and age acceleration difference for Horvath and Hannum epigenetic clocks
and chronological age (patients and controls).

Statistical analyses were performed in IBM SPSS Statistics v.25.0; p-values lower than

5% were considered statistically significant.
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4.3. Results

After stringent quality control, we obtained results for 724,096 CpG sites covering a
total of 199,620 CpG sites mapping to genes. A nominal arbitrary p value of 0.005, was used
as a cut-off for selection of the differentially methylated CpG sites. The resulting list

contained 1398 CpG sites distributed by 1279 different genes (Figure 4.1).

a) b)

M 1st Exon

W island M Body
M Opensea ExonBnd

W Shelf o
M Shore - T551500

W T55200

Figure 4.1. Distribution of the differentially methylated CpGs sites according to a) classification
of the percentage of islands, open seas, shelves and shores was described; b) regions: 1% Exon,
represents the first exon of a gene with CpG sites; 3'UTR and 5'UTR represents untranslated
regions in 3' and 5', respectively; body, represents the part of genes between untranslated
regions; ExonBnd represents exon boundaries; IGR, represents intergenic regions; TSS1500,
represents 200-1500 bases upstream of the transcription start site; and TSS200, represents 0-

200 bases upstream of the transcriptional start site.

The majority of CpGs sites are located at open seas (56.24%), with shores and
islands presenting almost the same number of CpG sites (18.25% and 18.44%, respectively),
whereas the lowest number of CpG sites are shelves (6.89%) (Figure 4.1 a)). Only 27.57% of
the CpG sites are located in IGR, whereas the remaining (72.43%) are in gene related
elements (Figure 4.1.b)).

From the top ranked 1398 CpG sites (Figure 4.1b), a total of one hundred and one
(8.63%) mapped to 5'UTRs; these CpG sites were located in a total of ninety-six genes. In

the gene bodies it was possible to obtain a total of 718 CpG sites (37.55%) in 662 genes.
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Relatively to CpG sites located in 3'UTRs, a total of thirty-seven was mapped in thirty-seven
genes (Figure 4.1b).

For ATXN3, the causative gene of SCA3, from a list of 24 CpG sites remaining after
quality control, none presented a nominal p value lower than 0.005. However, we still

characterised these as it may provide the ground for further studies (Figure 4.2, Table 4.1).

W 3'UTR

Ws5'UR

W Body

W 1551500
T55200

W island
M opensea
M shelf

M shore

Figure 4.2. Distribution of the CpGs sites for ATXN3 according to a) classification of the
percentage of islands, open seas, shelves and shores; b) regions: 3'UTR and 5'UTR represents
untranslated regions in 3" and 5, respectively; body, represents the part of genes between
untranslated regions; TSS1500, represents 200-1500 bases upstream of the transcription start

site; and TSS200, represents 0-200 bases upstream of the transcriptional start site.

Wang and colleagues [186] reported that the SCA3 causal gene presents two CpG
islands in the promotor. From the twenty-four CpG sites found in ATXN3, the majority is
located in gene body (37.50%); it is of note that the remaining CpG sites are localized in
UTRs and TSSs (transcription starting sites). Noteworthy, only one CpG site which passed
quality control is located at the 5'UTR of ATXN3. A detailed characterization of the 24 CpG
sites for ATXN3 is presented in table 4.1.

102



Chapter 4: Epigenome-wide DNA methylation profiles in whole blood of Spinocerebellar ataxia type 3/ Machado-Joseph disease patients:

a pilot study

Table 4.1. Characterization of the 24 CpGs sites at ATXN3 gene, after quality control.

CpGs Map Info* Feature** CGI***
cg02013035 92572273 Body shore
cg10500579 92572856 Body island
€g26758642 92573987 TSS1500 shore
€g09996633 92566961 Body opensea
cg02777278 92526520 3'UTR opensea
cg09972424 92573067 TSS200 island
cg07188233 92573147 TSS200 shore
€g12939335 92525886 3'UTR opensea
€g20089531 92573973 TSS1500 shore
cg04896976 92526934 3'UTR opensea
cg12034871 92525005 Body opensea
€g26081025 92570361 Body shelf
cg06220504 92564574 Body opensea
cg02028524 92573410 TSS1500 shore
cg00355673 92573075 TSS200 island
cg16135395 92573832 TSS1500 shore
cg09458170 92572575 Body island
cg06216926 92572917 5'UTR island
€g12027153 92572993 TSS200 island
cg12671658 92572097 Body shore
cg04314597 92559815 Body opensea
€g27159443 92526015 3'UTR opensea
cg07468777 92573175 TSS1500 shore
cg11817993 92572978 TSS200 island

*Map info is the location of the CpG site in chromosome.

**Feature is the region where the CpG site is located in the genome.

***CGl is constituted by CpG sites grouped within clusters or islands.

The enrichment analysis, performed in g:Profiler for the genes containing the top

ranked 1398 CpG sites revealed an enrichment for pathways of Morphine addiction, G

protein signaling, PI3K-Akt signaling pathway, Inflammatory mediator regulation of TRP

channels, amongst others (Table 4.2).

Table 4.2. Enrichment analysis performed in gProfiler. KEGG: Kyoto encyclopedia of genes and

genome; WP: Wiki-Pathways. 1398 CpGs at CpG sites differentially methylated at an adjusted p

value of 0.05.
Source Pathway ID Adjusted p
value
KEGG Morphine addiction KEGG:05032 0.0079
KEGG PI3K-Akt signaling pathway KEGG:04151 0.0100
KEGG  Inflammatory mediator regulation of TRP channels KEGG:04750 0.0100
KEGG Rap1 signaling pathway KEGG:04015 0.0138
KEGG Focal adhesion KEGG:04510 0.0294
KEGG ECM-receptor interaction KEGG:04512 0.0427
KEGG Endocrine and other factor-regulated calcium KEGG-04961 0.0445
reabsorption
KEGG Calcium signaling pathway KEGG:04020 0.0445
KEGG Inositol phosphate metabolism KEGG:00562 0.0445
KEGG Platelet activation KEGG:04611 0.0445
WP G protein signaling pathways WP:WP35 0.0004
WP mBDNF and proBDNF regu!ation of GABA WP-WP4829 0.0204
neurotransmission
WP Hippo signaling regulation pathways WP:WP4540 0.0204
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The result of our enrichment analyses also revealed that despite we were analyzing
results from DNA present in blood samples, it was possible to obtain some terms related
with brain (Table 4.3 and Table 4.4.).

The result of enrichment analyses provided by GO (gene ontology) which analyses
aimed to perform the identification of biological processes, cellular locations as well as
molecular functions that impact the condition that is studied. This analysis showed that for
molecular function protein binding, cytoskeletal protein binding amongst others presented

a significant result.

Table 4.3. Results of enrichment analysis performed in gProfiler. GO: gene ontology: MF:

molecular function; BP: binding protein; CC: cellular component

Source Name ID Adjusted p value
GO:MF protein binding GO:0005515 6.237900820797352e-28
GO:MF cytoskeletal protein binding G0:0008092 0.000018769236423520046
GO:MF actin binding GO:0003779 0.0000696710331577782
GO:MF identical protein binding G0:0042802 0.000269658405234293
GO:MF ion binding GO:0043167 0.0003402401534337794
GO:MF transmembrane transporter binding G0:0044325 0.0010101733304248635
GO:MF binding G0:0005488 0.0011778027402245788
GO:MF protein domain specific binding G0:0019904 0.0019269357874824383
GO:MF signaling adaptor activity G0:0035591 0.0023401866513908134
GO:MF kinase activity G0:0016301 0.0030242621476718307
GO:MF adenyl nucleotide binding G0:0030554 0.004492010128228928
GO:MF adenyl ribonucleotide binding G0:0032559 0.004759582067217344
GO:MF phosphotransferase activity, alcohol group as GO:0016773 0.0050643972752335755
acceptor
GO:MF ATP binding G0:0005524 0.00669784210316821
GO:MF actin filament binding GO0:0051015 0.00669784210316821
GO:MF phosphatidylinositol binding G0:0035091 0.00669784210316821
GO:MF lipid binding G0:0008289 0.008796261753088492
GO:MF metal ion binding GO:0046872 0.009332857960146585
GOME transferase activity,‘ transferring phosphorus- GO:0016772 0.010942308133446422
containing groups
GO:BP regulation of cellular process G0:0050794 5.4463027265219e-18
GO:BP developmental process G0:0032502 2.4669441125189323e-16
GO:BP anatomical structure development G0:0048856 1.4013683649506866e-15
GO:BP multicellular organismal process G0:0032501 1.973168237510035e-15
GO:BP multicellular organism development G0:0007275 1.99067015921706e-13
GO:BP biological regulation G0:0065007 3.1108483756614157e-13
GO:BP cell communication GO:0007154 3.1108483756614157e-13
GO:BP system development G0:0048731 3.733163210297515e-13
GO:BP signaling G0:0023052 2.0297539040311744e-12
GO:BP regulation of biological process G0:0050789 8.274448323734957e-12
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Noteworthy for GO the four top enrichment results for binding proteins were regulation of
cellular process, developmental process, anatomical process and multicellular organism

development.

Table 4.4. Results of enrichment analysis performed in gProfiler. BP: binding protein; CC: celullar

Component.
Source Name ID Adjusted p value
GO:BP cellular developmental process G0:0048869 1.6195967593631977e-11
GO:BP localization GO:0051179 1.7321387823714578e-11
GO:BP cell differentiation GO:0030154 1.7321387823714578e-11
GO:BP cellular response to stimulus GO0:0051716 5.2451025701461626e-11
GO:BP regulation of biological quality G0:0065008 9.229191606828542e-11
GO:BP regulation of localization G0:0032879 8.514409440630333e-10
GO:BP nervous system development G0:0007399 1.2313933740209654e-9
GO:BP regulation of cellular component organization G0:0051128 1.2313933740209654e-9
GO:BP signal transduction GO:0007165 1.4172152459127372e-9
GO:BP movement of cell or subcellular component G0:0006928 2.952793457774442e-9
GO:CC cytoplasm G0:0005737 5.713981953894149¢-16
GO:CC cytosol G0:0005829 2.5036764128020284e-14
GO:CC cell junction G0:0030054 3.735019558785243e-14
GO:CC cell periphery G0:0071944 3.735019558785243e-14
GO:CC plasma membrane G0:0005886 5.937015052028292e-13
GO:CC cell projection G0:0042995 1.6617898195054043e-12
GO:CC plasma membrane region G0:0098590 3.934160947015692e-12
GO:CC plasma membrane bounded cell projection G0:0120025 2.4463360961438608e-11
GO:CC membrane G0:0016020 1.816998196754985e-10
GO:CC neuron projection GO0:0043005 2.067620928680382e-9
GO:CC synapse G0:0045202 2.2624150906605488e-9
GO:CC anchoring junction G0:0070161 8.049537600891896e-8
GO:CC nucleoplasm G0:0005654 0.00000280941825612688
GO:CC axon G0:0030424 0.0000032892025731639493
GO:CC cell projection membrane G0:0031253 0.000004687782514317666
GO:CC actin cytoskeleton GO:0015629 0.000011776074200100058
GO:CC somatodendritic compartment G0:0036477 0.00002049389597001827
GO:CC ruffle GO:0001726 0.00003538239654681194
GO:CC vesicle G0:0031982 0.000050266626038260473
GO:CC actin-based cell projection G0:0098858 0.00007440261100654966

Interestingly, results by cellular components show that cytoplasm, cytosol, cell
junction and cell periphery presented the lower p-value; also, and despite our DNA is from
blood samples, we have obtained some cellular components related with nervous system,

namely, neuron projection and synapse.
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The epic array used in the recent study of Li et al. [189] include all CpGs which are
used to provide information concerning methylation age (Epigenetic clocks). In the analysis
of our small set of subjects, we detect no differences in chronological age between SCA3
patients and controls (p = 0.874) as expected, since our controls were age matched with
SCA3 patients. When we compared DNAm age for Horvath and for Hannum epigenetic
clocks between SCA3 patients and controls, no differences were observed between the two

groups (Figure 4.3).
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Figure 4.3. Comparisons between SCA3 patients (SCA3) and controls (CTRL) by a) DNAm age
estimated from Horvath epigenetic clock; and b) DNAm age estimated obtained from Hannum

epigenetic clock.

Since that were no differences for DNAm age in SCA3 patients and controls, we pooled
together the two groups and correlated DNAm age obtained for each epigenetic clock with

chronological age of the subjects (Figure 4.4).
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Figure 4.4. Correlation, with SCA3 patients and controls pooled together, between DNAm age
for a) Horvath epigenetic clock and chronological age (rho = 0.587, p = 0.017) and b) Hannum
epigenetic clock and chronological age (rho = 0.750, p= 0.001).
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As expected, a positive correlation was found between DNAm age and
chronological age for both clocks, the Hannum epigenetic clock being the one with a
higher correlation. This result is in agreement with the fact that this epigenetic clock is
specific for blood samples.

For age acceleration difference, no significant differences were obtained between
SCA3 patients and controls for both clocks (Figure 4.5). Noteworthy in both groups,
methylation age was lower than chronological age providing negative values of age

acceleration.
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Figure 4.5. Comparisons between SCA3 patients (SCA3) and controls (CTRL) by a) Age
acceleration difference from Horvath epigenetic clock; and b) Age acceleration difference from

Hannum epigenetic clock.

In the case of age acceleration difference residuals, no differences were found

between SCA3 patients and controls for both clocks (Figure 4.6).
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Figure 4.6. Comparisons between SCA3 patients (SCA3) and controls (CTRL) by a) Age
acceleration difference residuals from Horvath epigenetic clock; and b) Age acceleration

difference residuals from Hannum epigenetic clock.

In summary we were not able to detect differences between SCA3 patients and controls, for
both measures of age acceleration. However, for the case of age acceleration residuals we

observed a tendency for an acceleration in SCA3 patients for both clocks.
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4.4. Discussion

This genome-wide DNA methylation pilot study is the first one reporting results
from an EPIC array in SCA3 patients and in matched controls.

From the 1279 genes obtained for the ranking of CpG sites differentially methylated
the enrichment analysis highlighted three pathways of particular interest: G protein
signaling, inflammatory mediator regulation of TRP channels and Calcium signaling
pathway.

G protein-coupled receptors (GPCRs), involved in the G protein signaling pathway
were reported to be implicated in the pathogenesis of neurodegenerative diseases, such as
Alzheimer's, Parkinson’s and Huntington'’s diseases [311]. Several of the non-sensory GPCRs
can be expressed in brain playing an important role in basic features for human survival
such as appetite, pain or vision but also plays a role in the immune regulation and synaptic
transmission [311,312]. As GPCR ligands include several molecules of different categories
such as lipids, growth factors, hormones, peptides, ions, photons and biogenic amines,
GPCRs have a high potential as targets for therapeutic applications [311].

TRP channels, which are regulated by the inflammatory mediator regulation of TRP
channels, act directly on cations intracellular levels and indirectly modulate several
intracellular pathways [313]. These channels were reported to be involved in cytokine
production, cell differentiation and cytotoxicity [313]. As they have contributed to the
transition of immune responses and inflammation, their study in SCA3 can be of interest.

Calcium signaling pathway was proposed as a common mechanism in the
pathogenesis of different SCAs [314]. A study conducted by Bettencourt and colleagues
[314], presented data that support this hypothesis and showed the importance of this
pathway as it may explain selective neuropathology and are relevant for Purkinje cells.
These cells are important targets in the pathogenesis of SCAs, being the signaling of
calcium important to their normal function [314]. Also, abnormal levels of calcium in
Purkinje cells are thought to activate toxic cascades that can lead to cellular death.

Interestingly, the Morphine addiction pathway presents a low p-value. Opioid
receptors constitute a group of G protein-coupled receptors and its activation by ligands
induces significant molecular modifications in the cell, such as the activation of potassium
channels and the reduction of calcium conductance, amongst others [315]. To the best of

our knowledge, the role of opioids in SCA3 is not yet explored.
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DNAm has already been the target of a few studies in SCA3, as already mentioned.
In particular, a recent study from Li and colleagues [189], for genome-wide DNAmM
approach to samples from SCA3 patients using the same array we have used in this work.
However, there are some constrains in their study: a) they failed to include controls subjects
and therefore were not able to provide data on the blood based methylome profile of
SCA3; and b) they have not taken in consideration any kind of lifestyles factors such as
smoking, and therefore their results might be biased by such factors. Using a set of 40
patients, Li and colleagues [189] have reported the existence of age acceleration in SCA3.

In our study, we were not able to identify differences for DNAm age estimated
between patients and controls for both epigenetic clocks that were applied. Although this
can be due to our sample size, it is unclear whether the lack of consideration for the
smoking habits in the study of Li and colleagues [189], can have biased their results. This
can only be confirmed in further studies with a higher number of DNA samples from
individuals with detailed lifestyle factors. Such studies are currently being planned in our
group. Also, the study of DNAm patterns in post-mortem brain samples of SCA3 patients is
mandatory since these patterns should be tissue specific. Such studies are currently being

developed in our group.
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4.5. Conclusions

In summary, this study provided an overview of DNA methylation variation in SCA3
patients and matched controls. As no significant results were found for the first genome-
wide study on DNA methylation comparing patients and controls, further studies with a
higher number of patients and controls should be conducted to obtain a methylation

profile for SCA3.
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4.6. Supplementary material

Supplementary Table 4.1. DNA methylation (DNAm) age according to Horvath and Hannum and colleagues epigenetics clocks for blood DNA samples from

SCA3 patients and controls. NA: not applicable.

ID

C18
DMJ118
DMJ092

FL20
DMJ086

C93

Co1
DMJ127
DMJ140

C37

C16
DMJ089

FL7
DMJ093

C27
DMJ098

Status

Control
Patient
Patient
Control
Patient
Control
Control
Patient
Patient
Control
Control
Patient
Control
Patient
Control
Patient

Onset

NA
38
39
NA
37
NA
NA
42
32
NA
NA
33
NA
36
NA
41

Chronological Age

31
40
41
36
42
37
41
42
33
40
40
36
44
38
45
44

DNAm Age
Horvath

21,265
31,573
33,552
29,395
34,364
29,628
35,739
37,371
28,073
35,491
32,441
24,573
33,662
27,279
24,518
39,282

Age Acceleration
Difference Horvath

-9,735
-8,427
-7,448
-6,605
-7,636
-7,372
-5,261
-4,629
-4,927
-4,509
-7,559
-11,427
-10,338
-10,721
-20,482
-4,718

DNAm Age
Hannum

28,614
33,529
38,425
28,007
33,328
30,284
39,992
40,018
29,369
36,981
41,612
32,187
37,671
32,248
36,222
43,821

Age Acceleration
Difference Hannum

-2,386
-6,471
-2,575
-7,993
-8,672
-6,716
-1,008
-1,982
-3,631
-3,019
1,612
-3,813
-6,329
-5,752
-8,778
-0,179
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5.1. General conclusions

The search for the genetic basis of disease, namely in what concerns genetic
modifiers can be facilitated with the use of a more homogeneous cohort [101]. In the
present thesis, the Azorean SCA3 cohort, due to its features, such as a regular follow-up of
patients, which result in a rigorous date of onset, together with the registration of the
lifestyle components such as smoking habits, was studied to identify genetic and epigenetic
modifiers in SCA3.

To perform these studies, together with the samples from the Azorean SCA3 cohort,
samples from other cohorts (Mainland Portugal, United Kingdom, and Brazil) were added.

The analysis of variation in ATXN3 besides the CAG repeats, is an approach to find
genetic modifiers. In Chapter 2, we reported nine variants presented in the 3'UTR of ATXN3
gene, which can have a role in its own expression regulation. The predicted functional
impacts for these variants support the complexity and importance of the 3'UTR regulation
on ATXN3 expression. However, none of the variants that were identified presented a
significant modulatory effect on the disease onset. Moreover, when we compare our results
for rs709930 (and rs910369) in ATXN3 gene, with the ones reported by Long and colleagues
[163], we were not able to replicate the result of an earlier onset in our patients whose
alternative allele was in cis with expanded CAG tract. In the study of Long and colleagues
[163], the percentage of patients carrying the alternative allele for rs709930 was more than
two-fold than in our cohort of patients. This population-specific differences in allelic
frequencies can have increased the power to detect an effect in the Chinese cohort of
patients, a fact that we also reported for other modifier genes of the SCA3 onset.
Noteworthy, we were able to identify disease-associated haplotypes that can discriminate
the expanded allele; this fact can be relevant for the design of new allele-specific silencing
strategies. Various factors may limit the statistical power to detect significant associations
between the presence of the nine variants and SCA3 onset for the disease, such as small
sample effect size. Further studies with additional cohorts of SCA3 patients would be
needed to confirm these results.

In Chapter 3, we obtained associations between the presence of some variants in
the UTRs of different genes and SCA3 disease onset, when using a multicenter cohort of
SCA3 patients. The four different cohorts from the Azores, Mainland Portugal, United
Kingdom, and Brazil, were pooled together for genotype-phenotype correlations, adjusting

for the CAGs in the expanded allele. This analysis allowed us to identify four candidate
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modifier genes of the disease onset: GLI4, TGFA, ERBB4 and MPHOSPH9. GLI4, presented
two variants in 5’'UTR with a predicted modification in transcription factors binding sites and
in transcription factors that bind to those sites, when the alternative allele is present. This
gene also showed a delay of three years in SCA3 onset, in the genotype-phenotype
analysis. GL/4 has not been reported as a direct or indirect interactor of ATXN3, but this
gene can be involved in reported transcription regulation [269,270]. Noteworthy, a study
conducted by P. Maciel Lab (personal communication) has revealed that the silencing of
this gene leads to the amelioration of a C. elegans transgenic model phenotype, which
could be an indicator that indeed this gene could be related with SCA3 pathogenesis. More
studies will be needed to understand the impact of this gene. The remaining candidate
modifier genes (TGFA, ERBB4 and MPHOSPH9) identified in this study, which presented
variants in 3'UTRs are known ATXN3 interactors, and significantly influence the onset of the
disease. Variants in TGFA, a cytokine involved in the regulation of reactions of immune
system [271] and have a role in the inflammation process as described for other cytokines
expression levels, in different SCA3 studies [174,255,256,272], are associated with a later
onset in SCA3 patients. Variants in ERBB4, a transmembrane tyrosine kinase that is
responsible for the induction of diverse cellular responses, such as mitogenesis and
differentiation [273,274], are associated with an earlier onset of the disease. Variants in
MPHOSPHY, a phosphoprotein related to brain volume and associated to splicing
abnormalities in schizophrenia [275] are associated with a delayed onset. We were also able
to obtain eight statistically enriched pathways, two of them containing genes with a
modifier effect on the onset (TGFA and ERBB4): HIF1a Signaling and Neuregulin Signaling.
These pathways can be important for further therapeutic applications.

In Chapter 4, we performed a pilot study that, as far as we are aware, is the first
study investigating genome-wide DNA methylation changes in SCA3 patients compared to
matched controls, not only by age and sex, but also by smoking habits. As the sample size
was small, we were not expecting genome-wide significant differentially methylated CpG
sites, between patients and controls. After considering an arbitrary cut-off for nominal p
value for differentially methylated CpG sites, a list of genes was obtained. Enrichment
analysis of this list of 1279 genes showed an enrichment for pathways involved in
neurodegenerative diseases such as Calcium signaling pathway. Alterations in DNA
methylation age have been reported for several neurodegenerative diseases. Whether these

alterations occur in SCA3 was not stablished. We performed an analysis of epigenetic clocks
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(Hannum and Horvath) for SCA3 patients and matched healthy controls. We were not able
to find differences between patients and controls for DNA methylation age for both
epigenetic clocks. Also, for DNA methylation age acceleration difference and DNA
methylation age acceleration difference residuals we were not able to find differences
between the two groups for both clocks. The sample size and the limited power of this
study can affect these results.

This thesis tried to contribute to unveiling the role of untranslated and methylation
prone regions in the clinical variability of SCA3. We found variants with predicted impact in
3'UTR of ATXN3 gene. We were able to obtain candidate modifier genes, with variants in
UTRs and performed the first genome-wide study on DNA methylation comparing patients
and controls, providing an approach to DNA methylation landscapes in SCA3. However,
further studies in a higher number of patients and controls are required to obtain a

methylation profile for SCA3.
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