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Abstract

It is difficult to find someone who has never heard of Parkinson’s Disease (PD). This is not
surprising because it is the second most common neurodegenerative disorder after Alzheimer’s
Disease that affects up to 10 million people worldwide. The classic image of the PD patient is an
older man that is slightly bent, has shaking hands and a shuffling gait. Indeed, older age is the most
important risk factor, but PD can develop in patients below thirty years of age. Men are more likely
to suffer from PD, but women are not safe as they make up one third of the patients. The motor
symptoms and changes in posture are more visible to the public, but the patients often suffer from
debilitating symptoms that are not as easy to see: fatigue, sleep disturbance, gastrointestinal
problems, pain, anxiety, depression and cognitive impairments. PD creates a burden to the patients,
their families and society as a whole. The impact of PD will keep growing because our population
is aging, and the life expectancy is increasing.

PD was described over two hundred years ago, yet the underlying mechanisms of the
disease are poorly understood and there is no cure. In the past two decades the research of the
genetic background of PD revealed that genetic variants can cause PD, increase or decrease its
risk, and have an effect on the progression of the disease. Genome-wide association studies proved
to be a great tool to identify novel genetic regions that are associated with PD. However, there is
a need for a more in-depth analysis to identify which genes in the GWAS regions are responsible
for the signal and then to pinpoint the variants within the gene that drive the association with the
disease. The general objective of this thesis was to have a closer look of the genes discovered
through PD GWAS using targeted next-generation sequencing.

Chapter 2 in this thesis describes the work focused on investigation of the GTP
Cyclohydrolase 1 (GCHI) which encodes an essential enzyme in the dopamine synthesis pathway.
GCH1 is one of the genes found in a locus associated with PD in GWASs. Our burden analysis
showed that three rare GCH variants that were previously reported to be pathogenic in dopamine-
responsive dystonia (DRD) are also associated with PD (p=0.024). Additionally, a common variant
rs841 was found to be associated with reduced risk of PD (OR=0.71, 95% CI=0.61-0.83, p=
1.24x10%).

Chapter 3 describes the project focused on the Vacuolar Protein Sorting 13 Homolog C
(VPS13C), also a gene within a PD GWAS locus. Furthermore, it was suggested in the literature
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that rare bi-allelic variants of VPSI/3C lead to early-onset PD-like disorder with severe clinical
presentation. We studied the role of rare bi-allelic variants, as well as rare heterozygous and
common variants in our large cohort of late-onset PD. Our results showed that rare bi-allelic or
heterozygous variants have no major role in PD without early-onset. However, the analysis of the
common variants identified a haplotype including the p.R153H-p.I3981-p.11132V-p.Q2376Q
variants that was associated with reduced the risk of PD (OR=0.48, 95% CI=0.28-0.82, p=0.0052)
and is not in linkage disequilibrium (LD) with the top GWAS hits in this locus.

Chapter 4 describes a larger study that examined at 32 genes from 25 loci that were
previously reported to be associated with PD risk in GWASs. Rare and common variants were
analyzed in three cohorts totaling 2,657 PD patients and 3,647 unrelated controls with both
European and Ashkenazi Jewish ancestry. After correcting for multiple testing, the burden of rare
variants in three genes was found to be associated with PD risk: SY771, FGF20 and GCHI. The
association of SY7// was mainly driven by a rare 3° UTR variant (rs945006601) and was
independent of GBA variants (p=5.23x107 after exclusion of all GBA variant carriers). A variant
located in the promoter region (rs1034608171) was the main driver of the association of FGF20.
As previously described in Chapter 2, the rare GCHI variants found to be associated with PD are
also reported to be pathogenic in DRD. We have also identified a few rare variants in LRRK?2 and
SCARB?2 that were carried only by controls and might have a protective effect. The analysis of
common variants was performed using adjusted logistic regression and was followed up by a meta-
analysis of the three cohorts. Common variants in MAPT, TMEM175, BST1, SNCA and GPNMB
were found to be associated with PD risk, and all identified variants were in strong or complete
LD with their respective GWAS hits. A potentially novel association was identified for PM20D].
A common coding variant (p.lle148Val) was associated with reduced risk of PD (OR=0.73, 95%
CI=0.60-0.89, p=1.161 x107%) and is not in LD with the top GWAS hits in its region. As this
association is nominal, further investigation in a larger cohort should be performed to validate this
finding.

The work described in this thesis has demonstrated the benefit of fine mapping the genes
discovered through GWAS. Our results provide additional evidence for the role of the identified
genes and specific variants in PD risk, making them potential targets for future functional studies

and for therapeutics development.



Resumé

11 est difficile de trouver quelqu’un qui n’a jamais entendu parler de la maladie de Parkinson (MP).
Cela est loin d’étre surprenant, la MP étant la seconde maladie neurodégénérative la plus commune
derriere la maladie d’Alzheimer. Elle affecte plus de 10 millions de personnes dans le monde.
L’image que I’on associe classiquement au patient de la MP est un homme agé, recroquevillé, les
mains tremblantes, la démarche lourde et difficile. En effet, 1’age est le facteur de risque le plus
important, malgré le fait que la MP peut aussi se développer chez des patients de moins de 30 ans.
Les hommes sont le plus souvent affecté, mais les femmes ne sont pas a 1’abris et constitue le tiers
des patients. Les symptomes liés a la motricité¢ at aux changements dans la posture sont plus
¢évidents visuellement mais les patients souffrent souvent de troubles débilitants qui sont parfois
peu visibles: fatigue, troubles de sommeil, troubles gastro-intestinaux, douleurs, anxiété,
dépression et troubles cognitifs. L impact de cette maladie ne fait qu’augmenter, notre population
¢tant vieillissante dans une société ou I’espérance de vie s’allonge.

La MP a été décrite pour la premiére fois il y a au-dela de 200 ans. Par contre, les
mécanismes contribuant au développement de la maladie sont trés peu connus et il n’existe pas de
remede. Les 20 dernieres années de recherche sur ’aspect génétique de la maladie ont révélé des
marqueurs génétiques associés avec une diminution ou une augmentation du risque de développer
la maladie, ainsi qu’un effet sur sa progression. Les études génomiques se sont avérées un outil de
choix pour le dépistage de régions génétiques qui pourraient €tre associés a la MP. Il y a par contre
un besoin d’étudier plus en profondeur quels génes de la région d'études d'association
pangénomiques (GWAS) sont responsables pour le signal pour ensuite identifier les variants du
gene lui-méme qui explique le lien avec la maladie. L’objectif général de la theése est de porter un
regard plus approfondi sur les génes découverts par ’entremise des GWAS, a I’aide de séquencage
de nouvelle génération.

Le deuxiéme chapitre de la these décrit le cheminement spécifique de 1’investigation du
GTP Cyclohydrolase 1 (GCH]I), qui encode une enzyme essentielle dans le processus de synthese
de la dopamine. GCH1 est I’'un des genes qui se trouve dans le locus associ¢ avec la MP dans les
¢tudes GWAS. La partie la plus significative de notre analyse démontre que le fardeau de trois

variants rares du GCHI qui ont été reportées comme étant pathogéniques pour la dystonie sensible



a la dopamine (DRD) sont associés avec la MP (p=0.024). De plus, un risque moindre en lien a la
MP (OR=0.71, 95% CI=0.61-0.83, p=1.24x10*) a été trouvé dans le variant commun rs841.

Le chapitre 3 comprend et décrit le Vacuolar Protein Sorting 13 Homolog C (VPSI3C) qui
se trouve aussi €tre un geéne en lien avec la MP dans les GWAS. De plus, la littérature suggere
que les rares variants bi-alléliques de VPS/3C mene a une maladie similaire a la MP mais avec
début précoce et avec une présentation clinique sévere. Nous avons étudié le role des variants
rares bi-alléliques et hétérozygotes ainsi que des variants communs dans notre grande cohorte avec
apparitions tardives des symptomes de la MP. Nos résultats démontrent que les variants rares bi-
alléliques et hétérozygotes n’ont pas d’impact majeur sur la MP sans 1’apparition précoce de
symptomes. Cependant, 1’analyse des variants communs ont permis d’identifier un haplotype
incluant p.R153H-p.13981-p.11132V-p.Q2376Q qui est associé avec la réduction du risque de la
MP (OR=0.48, 95% CI=0.28-0.82, p=0.0052) sans engendrer un déséquilibre de liaison (LD) avec
le signal le plus dominant de GWAS dans ce locus.

Le Chapitre 4 décrit une étude plus vaste qui comporte I’analyse de 32 geénes de 25 loci qui

ont ¢t¢ associés avec le risque de la MP dans la GWAS. De variants rares et communs ont été
analysés dans 3 cohortes. Celles-ci comprenaient 2,657 patients de la MP et 3,647 cas de control
non-reliés dans des communautés européennes et de descendance juifs ashkénazes.
Apres la correction de tests multiples, les fardeaux de variants rares dans trois génes ont été
associés avec risques de la MP: SYT1I, FGF20 et GCHI. L’association du SY711 a été
principalement déterminée par une variant rare 3° UTR (rs945006601) et indépendante des
variants GBA (p=5.23 x107 aprés ’exclusion de tous les porteurs de variants GBA). Un variant
trouvé dans la région du promoteur du gene a été principal déterminant de 1'association de FGF20.
Tel que décrit dans le chapitre 2, les variants rare associés a la MP ont aussi été reportés comme
pathogenes dans le DRD. Nous avons aussi identifi¢ quelques variants rares de LRRK?2, qui ont été
portées seulement par les contrdles et qui pourraient avoir un effet protecteur. L’analyse des
variants communs a été faite en appliquant la régression logistique ajustée. Une méta-analyse des
3 cohortes a suivi.

Un lien avec le risque de la MP a été trouvé dans les variants communs de MAPT,
TMEM175, BSTI, SNCA et GPNMB, et tous les variants identifiés étaient trés proches ou
complétement dans la LD avec leurs signaux GWAS respectives. Une association potentielle

inédite a ét¢ identifiée pour PM20DI. Un variant commun non-synonyme (p.lle148Val) a été



associée avec un risque réduit de la MP (OR=0.73, 95% CI=0.60-0.89, p=1.161 x107) et n’est pas
dans la LD en lien avec le signal le plus significatif de GWAS de la région. Etant donné que cette
association est nominale, une investigation sur une cohorte plus grande serait nécessaire pour
valider ses résultats.

Cette these établit les avantages de la cartographie fine de génes trouvés a travers la GWAS.
Nos résultats fournissent des preuves supplémentaires qui identifient le role de ces génes et des
variants spécifiques dans le risque de la MP qui les catégoriseraient comme cibles potentielles pour

des futures études fonctionnels ainsi que pour des développements thérapeutiques.
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CHAPTER 1: Introduction and literature review

1.1 Overview of Parkinson’s Disease

1.1.1 Epidemiology and etiology

A beautiful metaphor, Silver Tsunami, is often used to describe the surge in the number of elderly
people that will happen in the near future. According to the U.S. Census Bureau, come 2034,
around 77 million people will be over age 65 in the United States alone!. That means that it is
imperative to start preparing for this inevitable demographic shift by increasing efforts in the
research of aging-related diseases. Parkinson’s Disease (PD) deserves a place on that list as it is
the second most common neurodegenerative disorder with a prevalence of 1-2% in the population
over 60 years old? and up to 4% in individuals over 80 years old®. Considering that age is the most
important risk factor and the population is progressively aging, it was estimated that the number
of PD patients will double by 2030*. The disease risk is also higher for males, with incidence being
1.5 higher than for females®. Due to its long, slowly progressive course, PD creates a major burden
on patients, their caregivers, as well as society as a whole, and with the arrival of the Silver
Tsunami, the burden created by PD will keep increasing. Debilitating motor (bradykinesia, resting
tremor, rigidity, postural instability, freezing) and non-motor symptoms (depression, anxiety, sleep
disorders, fatigue, pain, constipation, cognitive and behavioural symptoms) progressively worsen
and in later stages lead to a partial or complete loss of autonomy®. The estimated economic loss
due to health care and reduced employment costs exceeds $US 22,000 per patient annually?
making PD not only a medical problem, but also an important socio-economic issue.

The multifactorial nature of PD makes it challenging to understand the underlying
mechanisms of the disease. It is a complicated interplay between environmental exposures,
genetics and the normal process of aging. Various environmental factors have been linked with the
risk of developing PD. The increased incidence of PD in rural areas was linked with the use of
pesticides and herbicides, as well as with consumption of well water’. The studies on pesticide
exposure for 5 and 10 years reported increasing the risk of PD by 5% and 11% respectively®. Some
professions were reported to be associated with increased risk of PD which can be explained by
exposure to neurotoxins in workplace: e.g. carpenters (OR=3.9) and cleaners (OR=6.7)°. Mild to

moderate head trauma has also been associated with PD, and interestingly variants in SNCA were
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reported to modify the risk!'®. On the other hand, there are reports of cigarette smoking and caffeine
consumption associated with reduced risks of PD'""!2. Current smokers have been reported to have
up to 30% less risk of developing PD'3. However, there are conflicting results regarding the
directionality of causation, i.e. whether smoking reduces the risk of PD or individuals at
preclinical/prodromal stages of PD'4. Similar association with reduced risk was observed in male
coffee drinkers, while the effect in females was less consistent'!. Studies on the genes CYP1A42
and ADORA2A involved in caffeine metabolism and encoding an adenosine receptor that is
blocked by caffeine, have not yet produced results that could lead to any conclusions about this
potential gene-environment interaction'®. Some other factors were also reported to reduce the risk
of PD, including use of nonsteroidal anti-inflammatory agents'¢, calcium channel blockers!’,
hypolipidemic agents'® as well as physical activity and Mediterranean diet'’.

The discovery of SNCA mutations that cause PD showed that genetics have a role in the
disease and it is not a strictly environmental problem as it was once thought. While the majority
of PD cases are sporadic, and only ~10%-20% of patients have a family history of PD*, we now
know of many genes that are associated with risk of PD, rate of progression and specific clinical
presentations. Expanding our knowledge of genetic influence on the disease can help
understanding the underlying mechanisms, identifying targets for future basic and clinical studies,
improving clinical trials by stratifying the cohorts by the genetic profiles of the participants,

tailoring the treatments to the individual patient and estimating the prognosis.
1.1.2 Clinical presentation of PD

PD is an extremely heterogenous disorder with important interpatient variability in clinical
presentation, including age at onset, which ranges from the thirties (or rarely earlier) to over eighty
years old?!. The timeline of PD development (Figure 1.1) can be broken down to different stages.
The clinical stage begins at the diagnosis of the disease, when the patient presents with motor
symptoms. These symptoms include progressively worsening resting tremor, bradykinesia (slowed
movement) and muscle rigidity. Posture and balance impairments, freezing gait, as well as
cognitive and psychiatric symptoms may appear in the later stages of typical PD?2. It is estimated
that up to 70% of nigrostriatal dopaminergic neurons are degenerated by the time the motor
symptoms appear?>.

The clinical diagnosis of PD is preceded by a prodromal stage, during which non-motor

symptoms (NMS) such as REM Sleep Behavior Disorder (RBD), hyposmia, constipation and
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others may start appearing®*, but it is still not enough to diagnose the patient with PD. The

nonmotor symptoms often develop years before the onset of motor dysfunction and can go

unnoticed by the patient for a long time. The preclinical stage refers to the time when the

neurodegeneration has already begun, but it has not yet progressed to the point of causing any

noticeable motor or non-motor symptoms=>.
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Figure 1.1: Clinical symptoms and time course of Parkinson’s Disease.

Legend: The zero point of the x-axis represents the time of diagnosis, negative direction represents

the period before the diagnosis. The y-axis represents the measure of the disability by the PD

symptoms. EDS: excessive daytime sleepiness;, MCI: mild cognitive impairment(adapted with

permission from Kalia and Lang, 2015 %°).

Considering that PD is characterised as a movement disorder, it is not surprising that the

NMS were overlooked in the context of PD. Because of their major contribution to disability, poor

quality of life and increased disease burden, the assessment of NMS started to be considered a

requirement in order to deliver a holistic care to the patients in 20062”. PD is a very heterogenous

disease and not all patients will develop all of the symptoms discussed in this section. Table 1.1

contains the prevalence of some NMS from a large multicentre study?®’.

Cognitive impairment is the most serious nonmotor symptoms that can appear in the later

stages of the disease. The prevalence of dementia varies from ~30% and up to ~80% depending

on the characteristics of the study population and diagnostic criteria used®®. Rapid eye movement
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(REM) sleep behavior disorder (RBD) is a parasomnia characterized by dream enactment during
the REM-phase of sleep due to absence of muscle atonia. The only way to be certain of RBD and
avoid misdiagnosis of another parasomnia is to perform a video polysomnography (VPSG)%,
which complicates its use as a biomarker for screening in the general population. Hyposmia is
found in up to 90% of PD patients and typically appears years before the motor symptoms, making

it a potential biomarker of prodromal PD*°, although it is not specific.

Table 1.1: Nonmotor symptoms of PD

Nonmotor symptom Cumulative prevalence Reference
Anxiety 30-40% 21
Apathy 30-40% 21
Depression 15-50% 21
Psychosis 22-42% 31
Dementia 30-80% 2
Pains 24-83% 32
Fatigue 50% 33
Constipation 25-63% 34
Hyposmia 70-90% 30
Dream enactment (possible RBD) 25-50% 33
Nocturia 35-78% 36
Sleep disturbances 80% 37

Differential diagnosis of PD is largely based on clinical assessment. Meta-analysis of 28
studies® reported that the UK Brain Bank diagnostic clinical criteria, used as gold standard for a
long time, have a 90.8% sensitivity and a 34% specificity, which leads to common misdiagnoses
of other tremor disorders, atypical parkinsonian conditions, secondary parkinsonism and other
dementias®®. The phenotypic variability of PD, the overlap of symptoms with other disorders and
the increasing probability of co-pathology with advanced age make differential diagnosis

challenging. The more recent PD diagnostic criteria by the MDS?® are independent of dementia
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timeline, allowing dementia to be considered a comorbid condition at the time of the diagnosis

which is still debated by the experts.
1.1.3 Neuropathology

The current knowledge of PD neuropathology is incomplete. Multiple mechanisms have been
suggested as contributors to the underlying pathology. The complex interplay of known and
unknown pathways leads to the development of PD and produces the heterogeneity of disease
course, symptoms and response to treatments. Just like in the Anna Karenina principle, physiology
of healthy individuals is alike while every PD patient is sick in their own way. Any deviation from
normal physiological function, due to environmental exposure or genetic variations or both, can
trigger a cascade of consequences affecting multiple pathways and producing variability in the
resulting disease.

The pathological hallmark of PD typically found in patients with clinical PD is the
degeneration of dopaminergic (DA) neurons in the substantia nigra pars compacta (SNc¢)*. These
neurons innervate the motor portions of the basal ganglia, the putamen, the subthalamic nucleus,
thalamus and the cortex. The disruption of this physiological circuit results in the motor symptoms
of PD*. It was shown by studies in patients with both short disease durations and prodromal PD,

that degeneration of dopaminergic neurons occurs very early*!#?

. Hence to prevent the
neurodegeneration, the treatment needs to be provided before the clinical symptoms are
manifested, which means that there is a need for biomarkers that would allow early detection.
Another pathological hallmark, Lewy pathology (LP), is typical in PD. however, autopsy
studies on patients with some genetic forms showed absence of LP****, Even in sporadic PD, the
localization pattern, the quantity and the spreading speed of LP is highly variable among patients,

and some patients do not have LP at all 2!

. The relationship between the degeneration of
dopaminergic neurons and LP is yet to be elucidated. Lewy bodies (LB) are formed by aggregation
of misfolded proteins. More than 90 molecules have been found inside the LBs and one of them is
suspected to be a major contributor — a-synuclein (aSyn)*. aSyn is a soluble protein made of 140
amino acids and encoded by the SNCA gene. Under certain conditions aSyn starts forming dimers,
oligomers, fibrils and aggregates*, and the oligomers are considered to be neurotoxic. It is
suggested that aSyn plays a role in vesicular transportation and recycling in the nigrostriatal

presynaptic terminals, as well as storage and compartmentalization of dopamine®’, yet its exact

function is still unclear.
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The dopaminergic neurons of the SN¢ are not the first target of the aSyn aggregates and
Lewy bodies/neurites. At the earlier stages of PD, they can be found in the olfactory bulbs, lower
brain stem structures, Meissner’s plexus (gastrointestinal nerves) and dorsal motor nucleus of the
vagus nerve?2. This early systemic spread of the pathology may explain some of the earlier onset
of nonmotor symptoms such as hyposmia and gastrointestinal symptoms. These observations also
lead to a concept of pathological progression proposed by Braak and colleagues (Figure 1.2). In
this hypothesis, the LP is propagating to the medulla oblongata and the olfactory system from the
periphery via the vagus nerve or olfactory nerves causing autonomic and olfactory disturbances.
LP then progresses into the brainstem causing the prodromal sleep disturbances and initial motor
symptoms. Finally, limbic system and neocortical regions are affected last, leading to cognitive
and behaviour impairments associated with the late stages of the disease. This hypothesis of
stepwise progression of LP was supported by findings about the ability of aSyn to be transferred

18, What olfactory bulb and Meissner’s plexus have in common is their immediate

cell-to-cel
proximity to the outside world, which could be the access point for exogenous agents, such as

toxins, pathogens etc. to trigger the pathology.
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Figure 1.2: Representation of Braak stages for PD

Adapted with permission from (Halliday et al., 2011)%.
Braak’s hypothesis laid foundation for another hypothesis involving aSyn as the main
culprit — the prion hypothesis. Prion transmission implies that a misfolded protein infects nearby

healthy protein and causes it to become misfolded too. Observations supporting this hypothesis
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were made in patients receiving neural transplants for PD>%and in animal experiments of
inoculation of animal model brains with fibrillar aSyn or proteins taken from human LP>"32, In
both cases the spread of LP was observed, however there is no reported evidence that this happens
in living humans>>,

If the main mechanism of molecular pathogenesis of PD is misfolded protein, why isn’t it
taken care of by any of the quality control mechanisms that our cells have? Protein misfolding is
a normal occurrence in physiology of eukaryotic cells. Chaperones are responsible for the quality
control by preventing misfolding and aggregation of proteins, refolding or, if necessary, directing
them towards degradation®*. The misfolded proteins can be cleared by two different main ways:
ubiquitin-proteasome system (UPS)*> and autophagy pathway involving delivery to the
lysosome>®. Genetic mutations affecting both of these systems have been reported in PD>78,
offering explanation for accumulation of misfolded and aggregated aSyn in PD patients.

Multiple observations linked another factor with the neurodegeneration of the
dopaminergic neurons — mitochondrial impairment. Mutations in some genes responsible for

1°°. Considering that

familial forms of PD are involved in mitochondrial function and quality contro
physiological functioning of neurons is energy demanding, it is reasonable that impairments to the
energy producing organelles may lead to serious consequences.

There are indications that neuroinflammation has an important role in pathogenesis of
neurodegenerative diseases, including PD®. It was also suggested that oligomers and aggregates
of aSyn can trigger neuroinflammation in PD®'. On the other hand, neuroinflammation could have
a role in the spread of aSyn pathology following the prion hypothesis®?. Studies have shown that
inflammatory reactions, infiltration of T-cells (not found in the central nervous system (CNS) at
physiological conditions) and activation of glial cells can be found in PD patients, as well as in
animal models of parkinsonism, playing a role in the degeneration of the dopamine neurons®.
Multiple studies have reported signs of oxidative stress in PD patients. It is however hard to

establish whether it is a trigger or a consequence of other neuropathological mechanisms®+%3,

1.1.4 Treatment

There is currently no cure, nor disease modifying treatments for PD. The symptomatic relief
provided by levodopa is temporary and has side effects that worsen with time. Dyskinesias and

motor fluctuations are common levodopa-induced motor complications®.
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The slow progress in drug development can be partially attributed to the lack of clear
understanding of the underlying biological mechanisms of PD and to its heterogenous nature.
A surgical treatment called deep brain stimulation (DBS) is one of the most effective treatments
for parkinsonian motor symptoms®’. During this procedure, electrodes are inserted in the specific
areas of the brain (subthalamic nucleus or globus pallidus interna), to transmit an electrical impulse
generated by a special pacemaker. It can be a good alternative for patients who did not respond to
levodopa treatment or suffered from side effects of the medications.

Symptomatic relief is also provided for the nonmotor symptoms. Depression can be treated
with tricyclic antidepressants®® and selective serotonin reuptake inhibitors®®. There is a variety of
antipsychotic treatments available but all of them are associated with increased mortality?!.

Cognitive impairments are treated with cognitive behaviour therapy with some efficacy’’.

1.2 The genetics of Parkinson’s Disease

For over two decades, major advancements have been made in the understanding of the genetic
component of PD, transforming our notion of PD from being a sporadic disease into being a
disorder considerably affected by various genetic factors. PD is the net result of an elaborate
interplay of several genes, modifying effects of susceptibility alleles, environmental exposures,
gene-environment interactions and the normal process of aging.

With the development of new genetic methods, we now know of numerous genes, genetic
loci and specific variants that cause or affect the risk of PD. An important distinction can be made
between the two groups: gene variants that cause PD and those that affect the risk. The variants
with Mendelian inheritance are further classified to autosomal-dominant (one copy of mutation is
sufficient to cause the disease) and autosomal-recessive (two copies of the mutation needed to
cause the disease). It is important to note that some genes do not cause PD but can have variants

that confer high risk for the disease.
1.2.1 Familial genes in Parkinson’s Disease and Parkinsonism

The gene that put PD on the map as a disease with genetic contribution was the aSyn gene — SNCA.
From the first report as a causal gene in an Italian family with autosomal-dominant form of
parkinsonism’! to the latest findings in GWASs, it is clear that SNCA plays an important role in
PD. Single nucleotide variants (SNVs), duplications and triplications can be found in SNCA4 and
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are associated with autosomal-dominant pattern of inheritance (with a few cases of incomplete
penetrance)’?. There is a multitude of SNVs reported in SNCA: p.A53T”, p.A30P™*, p.E46K™,
p.A18T, p.A29S, p.G51D’; yet they are extremely rare in the general population. The p.H50Q
variant that was initially reported to cause PD has been recently refuted’’. Most of the time, the
carriers of SNCA SNVs were diagnosed with juvenile / early onset parkinsonism with cognitive
impairment, sometimes with dementia. Duplications and triplications are more common than
SNVs but are still considered rare in PD. Carriers of SNCA duplications are mostly phenotypically
similar to sporadic PD patients, however the disease onset is earlier, and they are more prone to
developing cognitive symptoms. Triplication of SNCA typically leads to juvenile parkinsonism
with cognitive impairment and psychiatric symptoms’®.

LRRK?2 was discovered as another autosomal-dominant cause of PD. The most common
variant in LRRK? is p.G2019S, which is enriched in certain North African Arabs (30-40%) and
Ashkenazi Jews (10-30%) due to founder effect’>®!. The frequency of this variant is much lower
in the general population, for example in patients of European descent, the frequency is around
1% in sporadic PD and 4% in familial PD%. LRRK?2 encodes the protein leucine-rich repeat kinase
(dardarin) which is an important kinase of Rab proteins. Additionally, it has been suggested to play
a role in protein processing, control of vesicular transport, growth and branching of axons and
functioning of Golgi apparatus, lysosomes and mitochondria®. Variants in LRRK2 are thought to
cause PD via increased kinase activity of the protein. Clinically, LRRK2-parkinsonism is similar
to sporadic PD with late onset. While the autopsies of the majority of p.G2019S carriers (65%)
showed LB containing neurons, most carriers of other LRRK?2 variants (70%) did not have that PD
hallmark pathology®. Penetrance of LRRK?2 variants is age-dependent and was estimated to be
around 42.5% at age 803,

PRKN, PINKI and DJ-1 are the three autosomal recessive genes that cause early-onset PD
(EOPD). A systematic review was carried out to estimate the prevalence of variants in these three
genes in EOPD®’, Variants in PRKN were identified in 4.3% in sporadic EOPD cases, up to 15.5%
in familial cases of EOPD. Variants in PINK were found more frequently in Asian EOPD patients
than in white or Latin American patients: 13.5%, 0.6% and 0.9% respectively with weighted
pooled frequency of pathogenic PINKI variants of 3.7%. The frequency of mutations in DJ-1 is
much lower than the previous two genes with 0.8% in familial EOPD cases and 0.4% in sporadic

EOPD. All three genes take part in mitochondrial quality control via mitophagy®®.
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GBA encoding glucocerebrosidase (GCase) is a perfect example of a gene that confers risk
of PD. Homozygous variants in GBA cause Gaucher disease, an autosomal-recessive disorder.
Clinical observations of comorbidities and increased frequency of PD in families affected by
Gaucher disease led to the identification of GBA association with PD®’. Currently, more than 300
GBA variants have been identified, including missense, nonsense, indels and recombinations with
the GBA pseudogene, leading to loss or reduction of GCase activity. Most of the variants are
located in exons 8 to 11, and only half of them are relevant in Gaucher disease®. Detection of
variants in GBA is challenging because of the pseudogene GBAP that has 96% homology. In a
multicentre study, frequency of GBA variants in PD was 7%, compared to 1% in controls,
identifying GBA as an important PD risk factor. The most common variants that also cause
Gaucher disease were found to be N370S and L444P%%°, N370S is the most common among the
two, and has a milder effect, leading to a slight reduction of GCase activity. L444P is considered
to be stronger risk factor. More recently, the E326K and T369M variants, which do not cause
Gaucher disease, have also been shown to mildly increase the risk of PD°!.There is a significant
enrichment in GBA variants among Ashkenazi Jews with 19.2.% in patients and 6.4% in controls®>
compared to 6.7% and 1% among Europeans in a study of similar size®®. Clinically, GBA-
associated PD has a faster disease progression and higher frequencies of cognitive impairment,
RBD and hyposmia than idiopathic PD, with the severe L444P variant having a stronger effect on
the rate of progression than the milder N370S°%. Although the exact mechanism for GBA
involvement in PD is still not clear, several mechanisms have been suggested, including: reduced
aSyn degradation in the lysosome leading to aSyn accumulation, misfolding of GCase leading to
accumulation in the endoplasmic reticulum and oxidative stress, effect on mitophagy, and others®>.

Table 1.2 summarizes the genes that were identified in the familial forms of PD which
accounts for less than 10% of PD cases’®. Additionally, ATP1342, PLA2G6, FBXO7, DNAJC6,
SYNJI, VPS13C and others were reported in familial forms of atypical parkinsonism, mostly with
juvenile or early onset of disease’®. RAB39B is the only X-linked Mendelian gene in parkinsonism
and is associated with early-onset intellectual disability”’. Multiple other genes have been
suggested to cause familial forms of PD or atypical parkinsonism in the past, but were since refuted
or remain controversial: UCHLI, HTRA2, EIF4G1, DNAJCI13, GIGYF2, TMEM?230, CHCHD?2,
LRPI10 and others *.

29



Table 1.2: Known genes of familial form of PD

Type of | PARK
. ‘ S Gene Phenotype
inheritance designation
SNVs: early onset, cognitive impairment, dementia;
PARK1 Duplications: typical PD, often early onset;
SNCA
Autosomal PARK4
dominant Triplications: Juvenile onset, cognitive impairment,
psychiatric symptoms
PARKS LRRK?2 Typical PD (incomplete penetrance in some variants)
PARK17 VPS35 Typical PD
PARK2 PRKN Early onset PD
Autosomal
‘ PARKG6 PINK1 Early onset PD
recessive
PARK7 DJ-1 Early onset PD

1.2.2 Genome Wide Association Studies of Parkinson’s Disease

A GWAS is based on the hypothesis of common-disease common-variant and seeks to test a large
number of single nucleotide polymorphisms (SNPs) randomly distributed across the genome. In a
GWAS, risk allele frequencies in cases are compared against healthy controls to test if the SNPs
are associated with the disease susceptibility’®. GWASs proved to be a great tool for identification
novel research targets that can lead to expansion of the knowledge of PD biology.

The latest PD GWAS analyzed 7.8 million SNPs in 37.7 thousand cases, 18.6 thousand
UK Biobank proxy-cases, and 1.4 million controls®. The study identified 90 independent

associations in 78 loci, including 38 independent signals in 37 novel loci (Figure 1.3).
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Figure 1.3: Manhattan plot for significant associations with PD.

Adapted with permission from Nalls et al. 2019

Legend: The nearest gene to each of the 90 significant variants is labelled in green for previously
identified loci and in blue for novel loci. Variant points are color-coded red and orange, with
orange representing significant variants at p<5E-08 and red representing significant variants at
Pp<SE-09. The x-axis represents the base pair position of variants per chromosome (1-22), only

autosomes were included in the analysis.

Further analysis combined data on methylation and expression with Mendelian
randomization (MR) for functional and causal inference. Seventy genes that are possibly causal
were identified and suggested for follow-up functional studies. The identified genes were found to
be enriched in ten biological pathways related to vacuolar function, calcium transporters, kinase
signaling, lysosomal function, endocytosis and dopamine metabolism. The analysis of protein-
protein interaction highlighted networks related to chemical signaling pathways or response to a
stressor”’

Polygenic risk score (PRS) is calculated by combining of the effects of multiple variants
associated with the disease into a statistical model. The output can be an estimation of the additive
effect of all the tested variants on disease risk, age at onset, rate of progression or risk of specific
symptoms of the disease, etc. The reliability of the estimation depends on the level of knowledge
about the genetic variants that are associated with the tested trait and the completeness of the tested

set of variants. Association studies using PRS of PD based on different sets of variants reported
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PRS to be correlating with PD age at onset, disease status, rate of motor and cognitive decline!®"-
102 The latest PD GWAS also reported that their PRS based on 1805 variants explained 26% of
PD heritability in normal prevalence population and up to 36% of heritability in a high-risk
population. Unfortunately, the ratio of false positives to true positives of 14 to 1 would be

unacceptably high for usage in population-wide screening®.

1.3 Advantages and limitations of genome-wide association studies

GWAS:s have been shown to be effective in identifying novel variant—trait associations. More than
3,500 GWASSs have been published, with more than 71,000 SNV—trait associations at the genome
wide significance threshold'®. What is even more important than the sheer number of the
identified associations is the replicability of the associations found which increased substantially
since the invention of the GWAS!™. GWASs have transformed the field of complex disease
genetics. The associations identified through GWAS enabled discoveries of novel disease-causing
genes and mechanisms, which in turn led to identification of new drug targets and disease
biomarkers that can potentially be used in clinical care. That was already shown in diseases such
as Type 2 diabetes mellitus (T2DM), rheumatoid arthritis, psoriasis, osteoporosis, schizophrenia
and dyslipidemia!®!® GWASs will continue to produce more new loci and improve our
understanding of PD biology as the sample size of studies increases, as was suggested in the latest
meta-analysis of PD GWAS, which identified 37 novel independent genome-wide significant risk
signals almost doubling the number of known risk signals (Figure 1.3)%.

Testing large number of SNPs comes at a price of an important multiple testing, which
forces the need for adopting a stringent statistical significance threshold. Larger sample sizes are
required to overcome correction for multiple testing, but it is not always possible, especially in the
case of less common diseases or smaller isolated populations. Stringent significance threshold
cause SNPs with modest effects to be missed which is not negligible. After all, the value of
biological insight gained from GWAS is not proportional to the strength of association. This was
clearly demonstrated by multiple drugs that were approved by the US Food and Drug
Administration (FDA), which used molecular targets identified by GWAS with less than 1% of
phenotypic variation explained by the variant'®>. The missing heritability in GWAS can be
partially explained by these biologically important variants with modest effect that are overlooked

due to the lack of power. Other variants that are challenging to identify and may contribute to
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missing heritability, are rare variants with very low allele frequency, which will require a huge
sample size to be detected through GWAS.

Association signals identified through GWASs are often mapped to non-coding regions of
the genome, making it challenging to know which gene is responsible for the observed
association'?’. Pinpointing causal variants is even more challenging, especially in haplotypes with
extended LD!®. Functional studies suggest that only about one third of causal genes are located
closest to the GWAS signal'®!1?, Regulatory variants make it even more complex as they can
have an effect on a gene through a long-range functional connection, as in the example of an
intronic variant of 70 (GWAS locus) that was found to interact with the promoter of /RX3 located

several hundred kilobases away'!!

. Additionally, partial LD of common non-causal SNPs with one
or multiple rare variants of large effect could lead to a phenomenon called synthetic association.
However, it is suggested that those occur rarely and involvement of rare and common variants at
a single locus is mostly independent!!%!13,

Most GWASs still use data from SNP arrays which are a reliable genotyping technology
that provides accuracy while being cost-effective. Also, there has been significant improvement of
the original arrays that targeted exclusively common genetic variants, and many known low-
frequency and rare variants are now also genotyped. However, to avoid missing very rare variants,
GWAS would need to be based on high-depth whole genome sequencing (WGS), which is cost
prohibitive at this time. Therefore, one of the more cost-effective follow up options for GWASs is
to do a targeted next-generation sequencing (NGS).

Relying on genotyping by SNP arrays brings another limitation — dependence on reference
panels for imputation!'*!13, This limitation will leave rare variants undetected, can create false
haplotypes, and is especially problematic for samples with ethnicities that do not have a reliable
reference panel.

Even though GWAS provides practical means to discover valuable associations, in order
to explain more of the heritability of complex traits, further steps need to be taken to identify the

disease related genes within the GWAS loci, for example by resequencing full candidate genes

and performing functional studies.
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1.4 Next generation sequencing for gene discovery

Molecular scientists and translational researchers have been focusing on the identification of
genetic variants associated with various diseases since the rise of technology that allowed them to
do so. Quantitative PCR, Sanger sequencing and microarray technology were the core approaches
and had critical roles in genetic research. The arrival of NGS revolutionized the field. With NGS,
it became possible to examine large regions of the human genome in large cohorts of samples with
one experiment. On top of that, the price of NGS is relatively affordable, making it accessible for
a wider research community. The use of NGS can be divided in three main strategies: WGS, whole-
exome sequencing (WES) and panel or targeted sequencing!'®.

WGS, as its name suggests, is a process of determining the entire DNA sequence of the
genome. While it is a good way to capture all of the genetic variation, including the noncoding
regions, the sequencing, processing and storing the massive raw files require a considerable
budget. WES is an enrichment method that targets most protein-coding regions (the “exome”)
which effectively capture exonic and splice-site variants in most of the genes. This approach has
been proven to be very successful in finding the causing mutations in monogenic diseases!!’. While
the price of WGS and WES continues to decrease, it can still be cost prohibitive for many
researchers, especially for the study of large cohorts. Targeted NGS is a solution which can be
more cost-effective. In targeted sequencing, a specific set of genes or genetic regions are selected
to be isolated and enriched. The targeted approach allows to investigate the regions of the genome
most relevant to the disease with faster processing and simpler data analysis requirements. Panel
sequencing can be used in clinical settings for genetic screening of cases that do not carry the usual
variants that are found on genotyping chips. In research, the ability to detect rare variants can
enable identification of novel functional variants, biomarkers, and clinically relevant targets for
therapies. The reliable use of targeted NGS in PD has already been demonstrated earlier, showing
a great potential of this approach for Mendelian and complex genetics''®. However, an important
limitation of targeted sequencing (as well as WES) is its limited ability to identify copy-number
variations (CNVs). Also, NGS methods may identify a large number of rare genetic variants which
can create challenges with interpretations. In order to process the massive raw data, a number of
bioinformatic filters and tools need to be used. In many cases one has to rely on the databases to
estimate pathogenicity, functional role, levels of expression in different tissues, etc. of the

identified variants.
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The method of targeted capture used to produce the work described in this thesis is called
molecular inversion probes (MIPs) designed by O’Roak and colleagues'!® (Figure 1.4). It is a
variation of padlock probe technology that allows a reliable capture of regions of interest for the
fraction of WES cost. Each probe has the same structure, 70bp in length: a common 30bp linker
flanked by an extension arm of 16-20 bp and a ligation arm of 20-24bp. The unique, target specific
arms of each probe target a specific genomic region of 112bp. Probes that are activated by
phosphorylation hybridize to the target region, the gap between specific arms is filled, and the
construct circularizes. The unreacted probes stay linear and are degraded by the exonuclease
treatment. PCR amplification is performed using the primers corresponding to the common linker.

During the amplification step, I[llumina sequencing adaptors and sample-specific barcodes are

attached.
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Figure 1.4:Targeted capture by molecular inversion probes (MIPs)

Legend: Schematic showing design and general workflow of the targeted capture method using

MIPs.
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1.5 Aims and rationale

General aim

The aim of this thesis is to study the role of common and rare variants in genes within PD GWAS

loci.
Specific aims and rationale

Aim 1 (Chapter 2). To study the role of common and rare GCH1 variants in PD. Rationale:
GCHI is located within a GWAS locus, and rare variants in GCHI may cause dopamine
responsive dystonia and were also reported in PD. However, the role of GCHI variants in PD is
still not clear, and GCH1 is not generally considered as a PD-associated gene. GCHI codes GTP
cyclohydrolase 1, an enzyme important in dopamine metabolism. We hypothesize that rare and
common variants in GCHI are associated in PD.

Aim 2 (Chapter 3). To examine whether VPSI3C variants are associated with typical PD.
Rationale: Rare biallelic mutations have been reported to cause early onset, atypical
parkinsonism, and VPS13C is located within a GWAS locus. However, the role of VPS13C have
not been thoroughly studied in PD. We hypothesize that rare monoallelic or biallelic variants in
VPS13C, as well as common variants, are associated with PD.

Aim 3 (Chapter 4). To perform fine mapping of 32 genes from 25 PD GWAS loci. Rationale:
While many PD GWAS loci have been identified, the disease-associated gene within each locus is
mostly unknown. We hypothesize that by fine mapping using targeted sequencing we will be able

to identify some of the disease-associated genes within the tested loci.
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Preface to Chapter 2
GCHI is one of the genes identified within a locus associated with PD in GWASs!212!, The fact
that it encodes GTP-cyclohydrolase 1, an enzyme that is essential in the pathway of dopamine

122 provides a plausible biological mechanism for its role in PD.

synthesis in nigrostriatal cells
Additionally, mutations in GCH/ are known to be the major cause of another neurological disorder
— dopamine-responsive dystonia (DRD), and there were reports of possible role of DRD
pathogenic variants of GCHI in PD'?*. However, GCH] is still not considered a PD-associated
gene by the research community (for example, it is not mentioned in many reviews of PD

genetics)'?*12°. The work described in Chapter 2 focused on studying common and rare GCH1

variants identified through targeted next-generation sequencing, and their association with PD.
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2.1 Abstract

GCH1 encodes the enzyme GTP cyclohydrolase 1, essential for dopamine synthesis in nigrostriatal
cells, and rare mutations in GCHI may lead to Dopa-responsive dystonia (DRD). While GCH1 is
implicated in genome-wide association studies in Parkinson disease (PD), only a few studies
examined the role of rare GCHI variants in PD, with conflicting results. In the current study,
GCHI and its 5’ and 3’ untranslated regions were sequenced in 1,113 PD patients and 1,111
controls. To examine the association of rare GCHI variants with PD, burden analysis was
performed. Three rare GCHI variants, which were previously reported to be pathogenic in DRD,
were found in five PD patients and not in controls (SKAT, p=0.024). A common haplotype, tagged
by rs841, was associated with a reduced risk for PD (OR= 0.71, 95% CI=0.61-0.83, p= 1.24x10"
%), and with increased GCHI expression in brain regions relevant for PD (www.gtexportal.org).
Our results support a role for rare, DRD-related variants, and common GCH] variants in the

pathogenesis of PD.
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2.2 Introduction
The genetics of Parkinson disease (PD) is a rapidly evolving field, which may help identifying
patients with specific variants that will be eligible for future, specific precision medicine. Genetic
studies from recent years reported conflicting results on the involvement of rare and common
GCHI] variants in PD. GTP-cyclohydrolase 1, encoded by GCH1, controls the first, rate-limiting
step of the biosynthesis of tetrahydrobiopterin (BH4), which is an essential cofactor for synthesis
of dopamine in nigrostriatal cells'. Loss-of-function mutations in GCHI have been shown to cause
two rare disorders: autosomal dominant DOPA-responsive dystonia (DRD) and autosomal
recessive GCH-deficient hyperphenylalaninemia (HPA)?. Co-occurrence of DRD and
Parkinsonism has been reported in families with GCHI mutations>*, and a study on sporadic PD
patients demonstrated an increased frequency of pathogenic GCHI mutations that were previously
reported to cause DRD’. Three subsequent studies also supported an association between rare
GCH]I variants and PD in different populations*®’. However, other studies did not provide
convincing evidence for association of rare GCHI DRD-causing mutations and PD**?.

Some conflicting results were also reported on common variants in the GCHI locus. Large
genome wide association studies (GWAS) identified common variants near GCH1, associated with

risk for PD'%!. These were replicated is several studies'>!?, but not in others!#1¢

, possibly due to
the different sizes and ethnicities of the population studied. Understanding whether rare and
common GCH1 variants have a role in PD is of major importance, as GTP-cyclohydrolase 1 can
become a target for PD drug development in the upcoming era of precision medicine.

To further examine the potential role of rare and common GCH1 variants in PD, we sequenced
its entire coding regions, as well as the 5’ and 3’ untranslated regions and the intronic regions

around the exon-intron boundaries in two cohorts of PD patients and controls.
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2.3 Subjects and methods

2.3.1 Study population

Two cohorts with a total of 1,113 PD patients and 1,111 controls were included: A cohort
composed of French and French-Canadian unrelated PD patients (n=538) and controls (n=831),
recruited in Quebec (Canada) and in France. Average patient age was 65.7+10.0 years, with 62.9%
men. The control population of this cohort included 2 groups, elderly controls (n =201, average
age at enrollment of 62.7 + 8.2 years) and young controls (n = 619, average age at enrollment of
354 £ 6.5 years, data on age were not available for 11 controls). There was no significant
difference in GCH1 variant frequencies between the 2 groups, which allowed us to combine them
for the analysis (average age of 41.9 + 13.6 years with 51.7% men). The second cohort was
recruited in New York (Columbia University) and included 575 PD patients (average age
66.3£10.55 years, 64% men) and 280 unrelated controls (average age 65.0 9.7 years, 35.4% men).
As detailed below, due to the differences in age and sex, statistical analysis was adjusted. All PD
patients were diagnosed by movement disorder specialists according to the UK brain bank
criteria!’, without excluding patients with family history of PD. All patients signed informed

consent before entering the study, and the institutional review boards approved the study protocols.
2.3.2 DNA extraction and GCH1 sequencing

DNA was extracted using a standard salting out protocol. The coding sequence and regulatory
regions of GCH1 were targeted using molecular inversion probes (MIPs), designed as previously
described'®. MIPs were selected based on their predicted coverage quality and overlap. All MIPs
used to sequence GCH in the present study are detailed in Supplementary Table 1. Targeted DNA
capture and amplification was done as previously described!®, and the full protocol is available
upon request. The library was sequenced using Illumina HiSeq 2500 platform at the McGill
University and Genome Quebec Innovation Centre. Sequence processing was done by Burrows-
Wheeler Aligner for alignment®’, the Genome Analysis Toolkit (GATK, v3.8) for post-alignment
cleanup and variant calling?!, and ANNOVAR for annotation’?. Data on the frequency of each
GCH]1 variant were extracted from the public database Exome Aggregation Consortium (ExAC).
Only variants with high coverage (>30x) and read quality were included in the analysis.
Pathogenicity of variants was examined in ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/), and

through specific searches in PubMed. Since exon 1 of GCHI was not covered well by the targeted
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sequencing, Sanger sequencing of exon 1 was also done in all samples, using the following
primers: forward 5° - GAGGCAACTCCGGAAACT - 3°, reverse 5 —
GCTCATTCCGCAATAAGTGG - 3".

2.3.3 QC steps

During QC filtration using the PLINK software, we excluded SNPs that failed to follow Hardy-
Weinberg equilibrium, set at 0.001 threshold, and SNPs with genotyping rate of less than 90%.
Same genotyping rate cut-off was used for individual samples. Threshold for missingness between
cases and controls was set at 0.05. After the QC, 1,082 patients and 1,110 controls were included

in the analysis. The final genotype call rate post QC filtration was greater than 99%.
2.3.4 Statistical Analysis

The association between common GCH 1 variants and PD was analyzed using a logistic regression
with the status (patient or control) as a dependent variable. Since there were differences in age and
sex between patients and controls, and since the different recruitment sites recruited patients with
different ethnical background, age, sex and recruitment site were used as covariates. To analyse
all the rare variants (minor allele frequency [MAF] <1%), optimised sequence Kernel association
test (SKAT-O, R package) was performed?’. Association of presumed pathogenic variants was
tested using burden analysis (R package SKAT)%, since the direction of the association was
presumed as pathogenic prior to the test. All other statistical analysis was performed using the

SPSS software, version 24 (IBM Inc).

2.4 Results

Table 2.1 details the identified nonsynonymous GCH1 variants, and Figure 2.1 depicts the location
of mutations in GCHI reported in PD patients in the current and previous studies on PD. A total
of 11 rare variants (MAF <1%) and one less-frequent variant P23L (MAF 1-5%) were identified.
There were 6 novel variants that were not found in public databases (2 in patients and 4 in controls).
Three variants (p.R184C, p.M221T and p.K224R), that were previously reported to be pathogenic
in DRD?>%2425 were found in five (~0.5%) PD patients, and none in controls (SKAT burden test
p=0.024). The other variants are of unknown significance. When analyzing all nonsynonymous

variants, regardless of their contribution to DRD, no association was found (SKAT-O, p=0.223).
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One variant (p.V204I) that is reported in the ClinVar database to have conflicting interpretation of
pathogenicity in DRD was found in 3 controls (~0.3%) and in no PD patients.

When examining common variants, logistic regression showed a common SNP, rs841, to
be associated with reduced PD risk in our data (OR= 0.73, 95% CI=0.62-0.86, p= 1.24x10™*). The
rs841 SNP was also associated with reduced risk for PD in the PD GWAS portal
(www.pdgene.org) (Meta OR=0.91, 95%CI=0.87-0.95, p=1.00x10%)'-*. This SNP is in partial
linkage disequilibrium (LD) with the GWAS tagging SNP rs11158026!%!! (D’=0.98, 1>=0.5, due
to lower frequency of rs841). To examine whether this SNP is associated with GCH1 expression,
we accessed the Genotype-Tissue Expression portal (GTEx, www.gtexportal.org). Supplementary
Figure 2.1 demonstrates that this SNP is significantly associated with increased expression of
GCH]1 in multiple brain tissues, including the substantia nigra and other basal ganglia. The rs841

SNP was not associated with age at onset in 947 patients for which data was available.
Clinical presentation of PD patients with DRD-causing GCHI mutation

Partial clinical data was available for four of the five patients carrying a DRD-causing GCH1
mutation. Patient 1 (p.K224R) is a male patient that was diagnosed with idiopathic PD at age 58,
presenting with right hand tremor, that later progressed to bi-lateral hand tremor. The patient also
presented with rigidity in both knees as well as facial freezing and tremors at rest of lower limbs.
The patient had good response to L-DOPA. At age 66, he developed mild cognitive impairment.
Patient2 (p.K224R) is a male PD patient with age at onset of 64 years old. He is not treated with
L-DOPA and information about dystonia is not available. His unified PD rating scale (UPRDS)
part III was 15.5 and his Montreal cognitive assessment (MoCA) was 28 in his last examination.
Clinical data was not available for the third patient with the p.K224R mutation. Patient 4
(p-R184C) is a male patient with age at onset of 48 years old and family history of PD (father).
His initial clinical presentation was mainly left-sided rigidity, yet later tremor became more
predominant. He is treated with L-DOPA medication with good response, however, he suffered
from dyskinesia and on/off fluctuations. This patient also suffers from anxiety, hallucinations and
probable REM sleep behavior disorder, based on a questionnaire. In 2013 the patient went through
a successful deep brain stimulation surgery which led to improvement of motor symptoms. Patient
5 (p-M221T) is a female patient with age at onset of 61 years old. She had an excellent response
to L-DOPA medication. Her UPDRS and MoCA scores are 11 and 27, respectively.
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2.5 Discussion

The current study provides further support to previous reports suggesting that rare DRD-causing
GCHI] variants may also cause PD, and that common GCH/ variants are associated with a small
effect on PD risk, perhaps through regulation of GCH expression. The negative results previously

reported for common and rare GCHI variants in PD>!416.27.28

may be due to small sample sizes,
differential sequencing techniques, or population-specific effects (Table 2.2 details results from
previous sequencing and genotyping studies on GCHI in PD).

A total of 20 rare GCH] variants have been reported in PD / Parkinsonism (Figure 2.1).
However, it is still not clear if all 20 variants indeed have a pathogenic role in PD, as some of them
may be rare benign variants that were randomly found in PD patients. For example, there is
conflicting evidence regarding the role of p.V204I; this variant was reported in three PD patients®,
but was also found in compound heterozygosity with another pathogenic GCHI variant. If the p.
V2041 was indeed pathogenic as well, this patient should have had the infant-onset severe
phenotype®. In our study, this variant was found in three controls, and none in patients, further
supporting lack of pathogenicity. Furthermore, in EXAC it is found in about 1:500 individuals of
South Asian origin (http://exac.broadinstitute.org/variant/14-55312502-C-T), which is a
somewhat high frequency for a disease-causing variant. Similarly, we have identified two PD
patients with the p. P69L variant, which was previously reported in PD patients with dystonia®’,
but was also reported as a benign variant by others®. However, this mutation is slightly less
common, found in about 1:1000 Europeans. At this point, the pathogenicity of these variants, or
alternatively, their role as risk factors with reduced penetrance (as seen with some GBA variants
for example®!), cannot be ruled out, and larger genetic studies or functional studies are required to
examine their pathogenicity. Other variants such as p.S8ON7%32 pR184C>33, p.M221T?,
p.K224R>® are more rare and repeatedly reported in DRD and PD, and thus can be considered as
pathogenic for both.

Large GWASs identified a risk locus that includes GCHI'®!!, suggesting that common,
possibly regulatory variants in GCHI may affect the susceptibility for PD. The common SNP
rs841, which was identified in our study, seems to be associated with reduced risk of PD. In the
GTEx portal (www.gtexportal.org), this SNP is associated with increased GCHI expression in
brain regions important in PD, including the substantia nigra (Supplementary Figure 2.1). Of note,
since this SNP is in LD with the GWAS tagging SNP rs11158026, it is possible that the rs841 SNP
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is responsible for the association in this locus, however, functional studies are required to
determine whether this or other SNPs in this locus drive the association. Considering that rare,
probably loss-of-function (LOF) mutations in GCHI cause DRD or PD, that the biologic function
of GTP-cyclohydrolase 1 is in the synthesis of dopamine, together with the protective effect of
common variants that are likely to increase expression of GCHI, may suggest that increasing the
expression and/or the activity of GCHI/GTP-cyclohydrolase 1 could be an attractive target for
drug development for sporadic PD as well.

Clinically, late onset DRD may present as Parkinsonism?®, which may suggest that patients
diagnosed with PD who carry a presumed pathogenic GCHI mutation, actually have a rare
phenotype of DRD which presents similarly to PD3-. Alternatively, it is possible that GCHI
mutations may predispose to both, and whether a carrier will develop DRD or PD is dependent on
other genetic or environmental factors. For example, in a family with a novel pathogenic GCH1
variant, p.E2G, it seemed to cause both PD and DRD phenotypes in different members of the
studied family*. Further supporting this notion, neuropathological studies of DRD patients with
GCH1 mutations demonstrated that in most DRD patients there was an absence of Lewy bodies
(LB) pathology, while a subset of patients with late-onset Parkinsonism was positive for LB
pathology**. Chart reviews of two of our patients from NY confirmed the clinical diagnosis of PD.

Our study has several limitations. First, in the French-Canadian and French controls, some
of the controls are significantly younger than the patients. It is important to note that this is a bias
towards the null hypothesis, which only means that our results could be more significant had we
used an age-matched control group. Furthermore, we accounted for the age and sex differences by
demonstrating that there was no difference in frequencies of rare or common variants between the
young and elderly controls, and by adjusting the regression model with age and sex as covariates.
Lastly, despite having a relatively large cohort, since many of the GCH1 variants are rare, a larger
study, or rather a meta-analysis of multiple studies, will be required to determine the role of some
of the variants which are still questionable.

Overall, our results support a role for rare GCH] variants in PD, and for common variants
as modifiers of risk for PD. While larger genetic studies, as well as functional studies are still

warranted, GCHI should already be considered as a target for drug development.
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2.6 Figures and Tables

Figure 2.1: Mutations in the guanosine triphosphate cyclohydrolase I (GCH]I) gene detected

in patients with Parkinson’s Disease.

The mutations found in this study are indicated highlighted in red.
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Supplementary Figure 2.1: eQTL of rs841 in the GCHI1 locus in different tissues

Tissue

Brain - Nucleus accumbens (basal ganglia)
Brain - Cerebellar Hemisphere
Brain - Substantia nigra
Brain - Hippocampus
Brain - Putamen (basal ganglia)
Brain - Caudate (basal ganglia)
Brain - Cerebellum
® Spleen
Nerve - Tibial
® Pancreas
' Uterus
Brain - Cortex
Brain - Spinal cord (cervical c-1)
Brain - Frontal Cortex (BA9)
@ Vagina
Pituitary
@ Breast - Mammary Tissue
Brain - Anterior cingulate cortex (BA24)
Ovary
@ Adrenal Gland
@ Whole Blood
@ Esophagus - Gastroesophageal Junction
@ Heart - Left Ventricle
' Esophagus - Muscularis
Muscle - Skeletal
Prostate
Lung
@ Heart - Atrial Appendage
® Artery - Aorta
® Adipose - Subcutaneous
Adipose - Visceral (Omentum)
@ Thyroid
@ Colon - Transverse
Brain - Amygdala
@ Skin - Not Sun Exposed (Suprapubic)
@ Artery - Tibial
@ Small Intestine - Terminal lleum
Stomach
Liver
@ Cells - EBV-transformed lymphocytes
Artery - Coronary
@ Skin - Sun Exposed (Lower leg)
Cells - Transformed fibroblasts
Brain - Hypothalamus
Minor Salivary Gland
Colon - Sigmoid
Testis
@ Esophagus - Mucosa

Samples NES
130 0.368
125 0.353
80 0.310
111 0.299
111 0.296
144 0.295
154 0.278
146 0.247
361 0.233
220 0.219
101 0.214
136 0.214
83 0.204
118 0.195
106 0.189
157 0.188
251 0.186
109 0.184
122 0.175
175 0.163
369 0.162
213 0.154
272 0.152
335 0.143
491 0.142
132 0.126
383 0.123
264 0.113
267 0.107
385 0.0983
313 0.0891
399 0.0725
246 0.0685
88 0.0667
335 0.0301
388 0.0270
122 0.0255
237 0.0125
153 0.00640
117 -0.00284
152 -0.0169
414 -0.0406
300 -0.0548
108 -0.0928
85 -0.0970
203 -0.105
225 -0.110
358 -0.117

p-value

1.4e-4
2.5e-3
0.02
0.02
0.02
4.6e-3
0.01
0.007
4.0e-6
1.1e-3
0.06
0.1
0.08
0.1
0.06
0.02
3.0e-3
0.2
0.06
0.05
3.5e-5
4.6e-3
1.2e-3
5.1e-4
5.6e-4
0.2
1.4e-4
0.05
0.05
0.06
0.04
0.1
0.03
0.6
0.5
0.6
0.7
0.8
0.9

1

0.8
0.3
0.3
0.4
0.5

0.1
0.04
0.01

m-value

0.999
0.990
0.938
0.946
0.953
0.977
0.921
0.974
1.00
0.990
0.901
0.858
0.896
0.874
0.859
0.960
0.975
0.834
0.871
0.937
1.00
0.998
1.00
1.00
0.998
0.854
1.00
0.960
0.861
0.887
0.873
0.558
0.462
0.615
0.177
0.116
0.31
0.0720
0.304
0.504
0.176
0.00
0.00
0.298
0.316
0.0130
0.00
0.00

Single-tissue eQTL
NES (with 95% Cl)

-0.2 0.0 02 0.4
NES

The rs841 SNP is associated with increased expression of GCHI in several brain regions,

including those involved in PD such as the substantia nigra and other basal ganglia (top part of

figure, in yellow). Figure was extracted from the GTEx portal (www.gtexportal.org).
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Table 2.1: Summary of all non-synonymous variants detected in the current study

PD Controls ExAC MAF
dbSNP Position Substitution N=1082 N=1110 in Europeans
rs41298432 14:55369314 p.P23L 3 8 1.502E-02

rs1030068813  14:55369276 p.A36S
- 14:55369231 p.DSIN

0 1 -
0

- 14:55369219 p.G55S 0
2

1 -

1 -
rs56127440 14:55369176 p.P69L 0 5.934E-04
- 14:55312562 p.R184C* 1 0 -
15200891969  14:55312502 p.V2041 0 3 1.798E-04
- 14:55310569 p.N215K 0 1 -

- 14:55310570 p.N2151 0 1 -
- 14:55310841 p.R216Q 1 0 -
rs104894434  14:55310826 p.M221T* 1 0 4.495E-05
1541298442 14:55310817 p.K224R* 3 0 4.195E-04

Total 11(1.02%) 16 (1.44%)

*Variants reported to be pathogenic in DRD.



Table 2.2: Role of GCH1I in PD - Summary of previous reports

Article Role #controls #cases Diagnosis of cases Ethnicity GCHI1 findings
in
PD
Hertzetal.,2006 No 0 87 EOPD Danish No pathogenic GCH1 variants found
Cobbetal., 2009 No 0 53 familial EOPD, 21  with North-American No coding changes/CNV
EOPD+dystonia Caucasian
Momma et al., Yes 96 2 EOPD Chinese 1 rare mutation found in patients
2009
Mencacci et al., Yes 5935 1318  PD North-American of 11 different heterozygous variants at low frequency,
2014 European descent, 4 of them associated with DRD
Estonians
Nalls etal., 2014 Yes 95282 13708 PD European ancestry GWAS signal
Newman et al., No 862 1105  PD/dystonia Australian No association between PD and the analyzed SNPs
2014
Weissbachetal., Yes 0 15 PD/Parkinsonism/dystonia N/A GCHI mutation carriers with parkinsonism and
2014 idiopathic PD (one had dystonia)
Guella et al, Yes 290 528 361PD/167 atypical N/A Rare heterozygous nonsynonymous substitutions
2015 Parkinsonism+DLB+MSA-+PSP found in patients
Lewthwaite et Yes 6 6 2EOPD, 1 Parkinsonism, 3DRD  Caucasian 1 novel heterozygous substitution found in a very
al., 2015 conserved region
Bandres-Ciga et No 0 134 97LOPD/28EOPD/9FPD South Spanish No mutation carriers for GCH1
al., 2016
Chenetal., 2016 Yes 553 528 PD Taiwanese rs11158026 increased the risk of developing PD
Rengmark et al., No 230 509 LOPD Norwegian/Swedish No pathogenic GCH1 variants found
2016
Safaralizadeh et Yes 1200 600 PD (excluded EOPD,FPD) Iranian Replicated the association of rs11158026 with PD
al., 2016
Chang et al, Yes 302042 6476  PD European ancestry GWAS signal
2017
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Xuetal., 2017 Yes 1565 1758  PD Chinese 7 rare heterozygous non-synonymous mutations in

patients
Yangetal.,2017 No 634 589 sporadic PD (FPD excluded) Han Chinese No association of rs11158026 with PD
Yanetal., 2018 Yes 438 421 170EOPD/251LOPD(FPD Han Chinese 1 LOPD patient (maybe +dystonia) with rare GCH1
excluded) mutation(+1 found earlier)
Zou et al., 2018  No 624 579 sporadic PD (FPD excluded) East Asians No association of rs11158026 with PD

CNV, copy number variation; DLB, dementia with Lewy Bodies; DRD, dopa-responsive dystonia; EOPD, early-onset PD; FPD, familial
PD; GWAS, genome wide association study; LOPD, late onset PD; MSA, multiple system atrophy; PSP, progressive supranuclear palsy
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Preface to Chapter 3

The project described in Chapter 3 also focused on a gene that was identified within a PD GWAS
locus — the vacuolar protein sorting 13C gene (VPS13C)'?*!?!. Homozygous and compound
heterozygous mutations in this gene were identified as a rare cause of early onset atypical
Parkinsonism with rapid progression and severe clinical presentation'?®. Since full sequencing
studies of VPS13C were never reported in late onset PD, we decided to examine if variants of this
gene have a role in typical PD. The inclusion of participants with European and Ashkenazi Jewish

ancestry allowed us to assess the possible differences due to ethnicity.

55



CHAPTER 3: Analysis of common and rare VPSI13C

variants in late onset Parkinson disease

Uladzislau Rudakou, BSc!?, Jennifer A. Ruskey, MSc?3, Lynne Krohn, BSc'?, Sandra B. Laurent,
BSc?3, Dan Spiegelman, MSc??, Lior Greenbaum, MD, PhD*>$, Gilad Yahalom, MD%"# Alex
Desautels, MD, PhD®!% Jacques Y. Montplaisir, MD, PhD®!!, Stanley Fahn, MD!?, Cheryl H.
Waters, MD'2, Oren Levy, MD, PhD'? | Caitlin M. Kehoe, MA'?, Sushma Narayan, MS'2, Yves
Dauvilliers, MD, PhD'3, Nicolas Dupré, MD, FRCP'*!3 Sharon Hassin-Baer, MD>®7# Roy N.
Alcalay, MD, MS''1® Guy A. Rouleau, MD, PhD, FRCPC, FRSC!?3, Edward A. Fon, MD,
FRCPC??, Ziv Gan-Or, MD, PhD!?.

Affiliations: 1. Department of Human Genetics, McGill University, Montréal, QC, H3A 1Al,
Canada; 2. Montreal Neurological Institute, McGill University, Montréal, QC, H3A 1A1, Canada;
3. Department of Neurology and Neurosurgery, McGill University, Montréal, QC, H3A 1A1l,
Canada; 4. The Danek Gertner Institute of Human Genetics, Sheba Medical Center, Tel Hashomer,
Ramat Gan , Israel; 5. The Joseph Sagol Neuroscience Center, Sheba Medical Center, Tel
Hashomer, Ramat Gan, Israel; 6. Sackler school of medicine, Tel-Aviv University, Tel-Aviv
69978, Israel; 7. Department of Neurology, Sheba Medical Center, Tel Hashomer, 52621 Ramat-
Gan, Israel; 8. Movement Disorders Institute, Sheba Medical Center, Tel Hashomer, 52621 Ramat
Gan, Israel; 9. Centre d’Etudes Avancées en Médecine du Sommeil, Hopital du Sacré-Ceeur de
Montréal, Montréal, QC, H4J 1CS5, Canada; 10. Department of Neurosciences, Université de
Montréal, Montréal, QC, H3T 1J4, Canada; 11. Department of Psychiatry, Université de Montréal,
Montréal, QC, H3T 1J4, Canada; 12. Department of Neurology, College of Physicians and
Surgeons, Columbia University Medical Center, New York, NY 10032, USA; 13. National
Reference Center for Narcolepsy, Sleep Unit, Department of Neurology, Gui-de-Chauliac
Hospital, CHU Montpellier, University of Montpellier, Inserm U1061, Montpellier, France; 14.
Division of Neurosciences, CHU de Québec, Université¢ Laval, Québec City, QC, G1V 0A6,
Canada; 15. Department of Medicine, Faculty of Medicine, Université Laval, Québec City, QC,
G1V 0A6, Canada;; 16. Taub Institute for Research on Alzheimer’s Disease and the Aging Brain,

56



College of Physicians and Surgeons, Columbia University Medical Center, New York, NY 10032,
USA;

This paper was published in Neurology: Genetics, 2020 Jan 9; 6(1):385. (PMID:X 32042909 /
DOI: 10.1212/NXG.0000000000000385)%°.

Keywords: Parkinson’s disease; genetic variants; VPS13C; association study

Publication History: A preprint of this manuscript was previously published in bioRxiv:
BIORXIV/2019/705533

Study Funding:

This work was financially supported by the Michael J. Fox Foundation, the Canadian Consortium
on Neurodegeneration in Aging (CCNA) and the Canadian Glycomics Network (GlycoNet). This
research was also undertaken thanks in part to funding from the Canada First Research Excellence
Fund (CFREF), awarded to McGill University for the Healthy Brains for Healthy Lives (HBHL)
program. The Columbia University cohort is supported by the Parkinson’s Foundation, the
National Institutes of Health [K02NS080915, and UL1 TR000040] and the Brookdale Foundation.

57



3.1 Abstract

Objective: We aimed to study the role of coding VPSI3C variants in a large cohort of late-onset
PD (LOPD) patients.

Methods: VPS13C and its untranslated regions were sequenced using targeted next-generation
sequencing in 1,567 PD patients and 1,667 controls from 3 cohorts. Association tests of rare
potential homozygous and compound heterozygous variants and burden tests for rare heterozygous
variants were performed. Common variants were analyzed using logistic regression adjusted for
age and sex in each of the cohorts, followed by a meta-analysis.

Results: No bi-allelic carriers of rare VPS13C variants were found among patients and two carriers
of compound heterozygous variants were found in two controls. There was no statistically
significant burden of rare (MAF<1%) or very rare (MAF<0.1%) coding VPSI3C variants in PD.
A VPS13C haplotype including the p.R153H-p.13981-p.11132V-p.Q2376Q variants was nominally
associated with a reduced risk for PD (meta-analysis of the tagging SNP p.I1132V (OR=0.48,
95%CI=0.28-0.82, p=0.0052). This haplotype was not in linkage disequilibrium (LD) with the
known genome-wide association study (GWAS) top hit.

Conclusions: Our results do not support a role for rare heterozygous or bi-allelic V¥PS13C variants
in LOPD. Additional genetic replication and functional studies are needed to examine the role of

the haplotype identified here associated with reduced risk for PD.
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3.2 Introduction

The vacuolar protein sorting 13C (VPS13C) gene is located within a risk locus for Parkinson
Disease (PD), reported in large genome-wide association studies (GWAS) of European
population'?. The SNP reported in the GWAS (rs2414739, chr15.hg19:2.61994134G>A) was also
studied in several Asian populations and in Iranians, with conflicting results*”, possibly due to
ethnicity-related differences.

Subsequently, homozygous and compound-heterozygous VPSI3C mutations were
identified as a rare cause of early onset PD (EOPD) characterized by rapid progression and early
cognitive dysfunction. It was demonstrated that VPSI3C is partially localized at the mitochondrial
membrane, and its silencing led to mitochondrial dysfunction and increased PINKI1/Parkin-
dependent mitophagy®. A follow-up study in 80 EOPD patients identified an additional patient
with compound-heterozygous mutations with similar clinical features to the previously reported
patients’. In another recent study, a homozygous deletion in VPSI3C was reported to be the
probable cause of an early onset parkinsonism in one patient!®. Thus far, full sequencing studies
of VPS13C have not been reported in late onset PD (LOPD).

To further study the potential role of VPS13C variants in PD, we sequenced its coding and
regulatory regions using targeted next-generation sequencing in three cohorts of PD
(predominantly LOPD) and in controls. We examined the association of common, rare and bi-
allelic VPS13C variants on the risk for PD. We further tested whether any coding variant or
variants in the untranslated regions of VPS/3C are in linkage disequilibrium (LD) with the top
VPS13C-associated GWAS hit, to determine if any of these variants can explain the GWAS

association of this locus.

3.3 Methods

3.3.1 Study population

Three cohorts, with a total of 1,567 unrelated PD patients and 1,667 controls, were included in this
study, detailed in Table 3.1. First cohort was composed of French and French-Canadian
participants recruited in Quebec (Canada) and in France. This cohort was previously genotyped
using the GWAS OmniExpress array, the ethnicity was confirmed using principal component

analysis, and samples that were of different ethnicities were not included in this study. The second
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cohort was recruited in New York - Columbia University, and was previously described!!. The
majority of participants from New York are of European descent and 38% are Ashkenazi Jewish
(AJ), 40% of PD patients and 35% of controls. This difference was not statistically significant, yet
we adjusted for ethnicity when analyzing this cohort, to avoid effects of ethnicity on the results.
The third cohort was recruited in Israel (Sheba Medical Center) and all participants included in
this study from the Israeli cohort are of full AJ origin (all four grandparents are full AJ). All
patients were consecutively recruited through the clinics, and they represent the typical LOPD
patient population with AAO of about 60 (Table 3.1), as opposed to the studies published so far
on VPSI3C in EOPD. As detailed below, due to the differences in age and sex (Table 3.1),
statistical analysis was adjusted and included age and sex as co-variates. To account for different
ethnicities in the New York cohort, an ethnicity covariate was also introduced in this cohort
(GWAS data was not available for this cohort, therefore the reported ethnicity was used and not
principal components). All three cohorts were sequenced in the same lab (McGill University),
following the same protocol. All PD patients were diagnosed by movement disorder specialists
according to the UK brain bank criteria'?, without excluding patients with family history of PD,
since it is now known that there are familial cases of PD, so patients who reported family history
of PD were included. However, it is important to emphasize that in the current study only unrelated

patients were included, there were no multiple cases from the same family.
3.3.2 Standard Protocol Approvals, Registrations, and Patient Consents

The institutional review board (McGill University Health Center Research Ethics Board - MUHC
REB) approved the study protocols (reference number IRB00010120). Informed consent was

obtained from all individual participants before entering the study.
3.3.3 DNA extraction and VPS13C sequencing

DNA was extracted using a standard salting out protocol. The coding sequence and regulatory
regions of VPS13C were targeted using molecular inversion probes (MIPs), that were designed as
previously described!®. MIPs were selected based on their predicted coverage, quality and overlap.
All MIPs used to sequence VPS13C in the present study are included in Table e-1. Targeted DNA
capture and amplification was done as previously described'*, and the full protocol is available
upon request. The library was sequenced using Illumina HiSeq 2500 platform at the McGill

University and Genome Quebec Innovation Centre. Reads were mapped to the human reference
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genome (hg19) with Burrows-Wheeler Aligner'>. Genome Analysis Toolkit (GATK, v3.8) was
used for post-alignment quality control and variant calling'® , and ANNOVAR was used for
annotation!’. Data on the frequency of each VPSI3C variant were extracted from the public
database Genome Aggregation Database (GnomAD)'®. Validation of the tagging variant p.11132V
was performed using Sanger sequencing, with the following primers: forward 5° —

CCGGGAAGGTAATGACAAAA — 3, reverse 5 — CCCCTGATTGAAAAGTCACA- 3’
3.3.4 Quality control

During quality control (QC) filtration using PLINK software v1.9'%, SNPs with genotyping rate
lower than 90% were excluded. Genotyping rate cut-off for individuals was 90%, and individuals
with a lower genotyping rate were excluded. SNPs that deviated from Hardy-Weinberg
equilibrium set at p=0.001 threshold were filtered out. Threshold for missingness difference
between cases and controls was set at p=0.05 and the filtration script adjusted it with Bonferroni
correction. After these QC steps, cohort composition was as described in Table 3.1. To be included
in the analysis, minimum quality score (GQ) was set to 30. Rare variants (minor allele frequency,
MAF<0.01 or 0.001) had to have a minimal coverage of >50x to be included, and common variants

had to have a minimal coverage of >15x to be included in the analysis.
3.3.5 Statistical Analysis

The association between common VPSI3C variants and PD was examined by using logistic
regression models using PLINK v1.9, with the status (patient or control) as a dependent variable,
age and sex as covariates in all cohorts, and AJ ancestry as an additional covariate in the New York
cohort. To analyze rare variants (MAF < 0.01) and very rare variants (MAF < 0.001), an optimised
sequence Kernel association test (SKAT-O, R package) was performed?’. In addition, we
examined using SKAT-O the burden of predicted pathogenic variants with Combined Annotation
Dependent Depletion (CADD) score of > 12.37 representing the top 2% of potentially deleterious
variants. The effects of SNP genotypes on the AAO was tested using analysis of variance
(ANOVA; in R software). Meta-analysis of common variants in the three cohorts was performed
using Metafor Package in R software?!. Linkage disequilibrium in our data was examined by
PLINK v1.9 and LD between discovered SNPs and the GWAS top hit rs2414739 was tested using

LDlink application, selecting all non-Finish Europeans®?.
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3.3.6 Data Availability Statement

Anonymized data is available upon request by any qualified investigator.

3.4 Results

3.4.1 Rare VPS13C variants and homozygous or compound heterozygous VPS13C variants

are not associated with late onset PD.

The average coverage of VPS13C with the MIPs was 94% of nucleotides covered at > 10x, and
90% covered at > 50x. This coverage, while not ideal, is better than the whole exome sequencing
coverage reported in the original paper on VPS/3C in PD, and better than the whole exome and
whole genome  sequencing coverage of this specific gene in  gnomAD

(https://gnomad.broadinstitute.org/). There were no differences in coverage between the cohorts

and between patients and controls. A total of 60 rare variants that are either nonsynonymous, stop
variants or potentially affect a splicing site were identified in the three cohorts and are detailed in
Table e-2.

In order to examine whether rare homozygous or compound heterozygous VPS13C variants
may cause LOPD, and since patients with VPS13C bi-allelic mutations are very rare, we included
in this analysis only rare variants with allele frequency < 0.001. Only two carriers of two
heterozygous variants were identified, and both were controls (Table e-3), suggesting that bi-allelic
mutations are not common in LOPD. Of note, we did not examine whether these two variants were
on the same allele or different allele (compound heterozygous), since they were found only in
controls, which suggests that rare bi-allelic variants are not involved in LOPD in our cohorts.

To further study a potential role for rare (allele frequency < 0.01) or very rare (allele
frequency < 0.001) VPSI3C nonsynonymous or splice variants in LOPD, a SKAT-O was
performed on the variants detailed in Table e-2. In the French and French Canadian cohort, 33
(6.6%) PD patients carried a rare variant compared to 49 (6.2%) in controls. In the NY cohort, 43
PD patients (8.6%) carried a rare variant compared to 29 (11.8%) controls. In the Israeli cohort 57
(11.9%) PD patients carried a rare variant compared to 59 (12.1%) among controls. There was no
association between rare variants (French/French Canadian cohort p=0.44, New York cohort
p=0.34, Israel cohort p=0.91) or very rare variants (French/French Canadian cohort p=0.17, New
York cohort p=0.85, Israel cohort p=0.89) and PD. We further examined whether rare variants
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that are predicted to be deleterious based on CADD score > 12.37 are enriched in PD (the variants
included in this analysis are detailed in Table e-4), and no association was found (French/French

Canadian cohort p=0.58, New York cohort p=0.39, Israel cohort p=0.40).

3.42 A VPSI3C haplotype including the p.R153H-p.I13981-p.11132V-p.Q2376Q coding

variants is nominally associated with reduced risk for PD.

We have identified 14 common coding variants in our cohort of French and French Canadians,
and 13 such variants in each of NY and Israeli cohorts. More details on the number of carriers and
frequencies can be found in Table e-5. To test whether common coding variants in VPSI3C are
associated with LOPD, logistic regression models adjusted for age and sex were performed, and
additional adjustment for ethnicity was included in the New York cohort (see methods). A nominal
association was observed in four variants (p.R153H [rs12595158, chr15.hg19:2.62316035C>T],
p.I3981  [rs9635356, chrl15.hgl9:2.62299603T>G], p.I1132V  [rs3784635, chrl15.hgl9:
2.62254989T>C] and p.Q2376Q [rs17238189, chr15.hgl9: g.62212781T>C]) with reduced risk
for PD in the New York cohort (Table 3.2). These remained nominally significant with and without
including adjustment for ethnicity, suggesting that ethnicity has no role in this association, and
only one of them, p. 11132V (OR 0.28, 95% CI 0.12-0.64, p=0.0025), remained statistically
significant after correction for multiple comparisons. In the two other cohorts, these variants
showed the same directionality as in the New York cohort, but did not reach statistical significance
(Table 3.2). These four variants, p.R153H, p.I13981, p.I11132V and p.Q2376Q), are in strong or even
complete LD (Table e-6). The most significant tagging SNP of this haplotype, p. 11132V, was
validated using Sanger sequencing in all three cohorts. Meta-analysis of all the common coding
variants showed an association of these four linked SNPs with reduced risk for PD (Figure 3.1),
with similar directionality across all cohorts. To examine whether this haplotype may affect AAO
of PD, ANOVA with the status of the p. [1132V variant was performed. This variant was not
associated with AAO in all three cohorts (French/French Canadian cohort p=0.65, New York
cohort p=0.34, Israel cohort p=0.99).

None of these variants were in LD with the known GWAS top hit, rs2414739, and therefore
these associations do not explain the GWAS hit in the VPS13C locus. Of all the other common
coding variants, only one variant, p.E2008D (rs78071599, chr15.hg19: g.62223303C>@G), was in
some LD with the GWAS top hit (D’=0.808, r>=0.006, Table e-7), but this variant was not

associated with LOPD, and therefore it also cannot explain the GWAS hit in our populations.
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Interestingly, an intronic variant, rs78530361 (chr15.hgl9: g.62214265C>T), was in strong LD
with the top GWAS SNP (D’=1, 1?=0.003). Of note, r* is low since this intronic SNP has a much
lower allele frequency than the top GWAS hit, but every time the rs78530361 SNP is found, it is
on an allele which harbors the top GWAS hit rs2414739. However, in our cohorts, this variant was

not associated with PD (p=0.66), likely due to its very low r*> with the GWAS hit.

3.5 Discussion

Our study, which included full sequencing of VPSI3C in three cohorts, identified 60 rare VPSI3C
variants (MAF<0.01) that are nonsynonymous or affect splicing, and 18 common variants
(MAF>0.01) in coding regions of the gene and splice sites. Our results suggest that rare
homozygous and compound heterozygous variants are rare in LOPD and probably have
importance mainly in early onset PD, as previously described. We have identified a potentially
protective haplotype, which includes four variants, two of which are substitutions of amino acids,
p.R153H and p.I1132V. The association was driven by the NY cohort mainly, but the two other
cohorts demonstrated similar directionality of effect and effect size, and also contributed to the
association. It is unlikely that differences in ethnicity in the NY cohort drove the association, since
analysis was with adjustment for ethnicity, and analysis without adjustment yielded nearly
identical results, ruling out effect of ethnicity. The other two cohorts were of homogeneous
ethnicities, therefore in these cohorts too, ethnicity could not have affected the results.
Interestingly, this haplotype is not in LD with the top GWAS SNP, rs2414739, suggesting that this
may be a secondary association in the VPS13C locus, which was not identified in previous studies.
However, this should be considered as preliminary results and needs to be examined in additional
cohorts in order to conclude whether this haplotype is indeed associated with reduced risk for PD.
Since the disease-causing mutations reported in VPSI3C are loss-of-function mutations, a
protective effect could occur for example due to gain of function or overexpression. In GTEx
(https://www.gtexportal.org’/home/) these variants were not associated with increased expression
or affect splicing. The two nonsynonymous variants of this haplotype, p.R153H and p.I11132V,
have high CADD scores (22.8 and 13.7, respectively), suggesting that they may affect the protein
structure or function. Whether there is such effect and whether it is associated with gain-of-
function will need to be examined in follow-up studies. Furthermore, the full sequencing analysis

did not identify any coding variant that is in LD with the original GWAS hit that can explain the
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GWAS association in this locus. This may suggest that the variant that has the main effect on the
risk for PD in the VPS13C is outside of the coding and untranslated regions of the gene, likely
being a regulatory element.

Previous studies on the top GWAS hit in the VPSI/3C locus demonstrated conflicting
results. While significant associations of the top GWAS hit in this locus (rs2414739) with PD were
found in Iranian® and East Asian® populations, negative results were reported in Taiwanese* and
Han Chinese®’ populations. Therefore, it is possible that the association of VPSI3C with PD is
population dependent. Of note, that the association in the current study was mainly driven by
populations enriched in Ashkenazi Jews, while in the French/French Canadian cohort the
differences between patients and controls were much smaller and not statistically significant
(Table 3.2). This may suggest that this haplotype association is population specific, and additional
studies in different populations are required to answer this question.

In our three cohorts, we did not find any very rare homozygous variants with MAF<0.001
and found only two carriers of two heterozygous variants, both of which were controls (Table e-
3). We were unable to determine if the variants were in cis or trans, but since no carriers of two
variants was found among patients, it is clear that VPS13C bi-allelic mutations do not contribute
to PD in our cohorts. Previously reported cases of PD in carriers of compound heterozygous or
homozygous mutations all shared a specific clinical presentation of PD: early onset, rapid
progression and early cognitive dysfunction®. In one study, the patient’s AAO was 39, and disease
progression was moderately severe with psychiatric symptoms and impaired cognition®. In another
study, the three patients showed severe phenotypes: AAO of 25, 33, and 46 years, severe and early
cognitive dysfunction, and became bedridden at 31, 43, and 58 years, respectively. Considering
the young age of one of the compound heterozygous VPSI3C variant carriers in our cohort (30
years), it is still possible, although unlikely that this individual will develop PD in the future. The
negative results of the SKAT-O analyses demonstrate that rare heterozygous variants in VPS/3C
do not have an important role in PD in our cohorts.

Our study has several limitations. The differences between PD patients and controls in sex
and mainly age are significant in some of our cohorts. To address this limitation, we included age
and sex as covariates in the regression models. Therefore, if the association of the protective
haplotype was related to age and not to disease status, we would likely not observe an association

in the adjusted model. Furthermore, the association with the haplotype had the same directionality
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and similar effect size in the NY cohort in which the controls were older (and the association was
statistically significant), and in the other two cohorts where the controls were younger, likely ruling
out effect of age. There was no significant difference in the percentage of Ashkenazi Jews between
patients and controls in the New York cohort, yet we still performed the regression model with
and without ethnicity as a covariate, and in both analyses the results remained significant.
Nevertheless, the fact that our populations are enriched with relatively homogeneous populations
such as Ashkenazi Jews and French Canadians requires additional studies in other populations.
Another potential limitation is that we could not analyze the effect of CNVs in VPS13C with our
data. Loss of function and exonic deletions/duplications are rare in gnomAD, found in only 3
individuals at a heterozygous state, and therefore not likely to have a major contribution in PD.
However, future studies to examine the potential role of PS/3C in PD are required. Furthermore,
as no functional experiments were performed in the current study, the potential effects of variants
that we report here should be examined in additional studies.

In conclusion, our results suggest that VPS/3C variants have a limited role in late-onset
PD. The potentially PD protective haplotype located within VPSI3C, which requires additional
replications, may suggest that VPS13C could be a future target for PD therapeutic development. If
naturally occurring genetic variants may reduce PD risk, it is conceivable that drugs that can mimic
their effects could be developed. Additional genetic and functional studies will be required to

determine if VPS13C may be a viable target for PD drug development.
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3.6 Figures and Tables

Figure 3.1: Forest plots — meta-analyses of four VPS13C coding variants associated with reduced risk for Parkinson Disease.

The forest plots depict the effects of the four VPS13C coding variants that create the haplotype associated with reduced PD risk in the
three cohorts studied, and their meta-analyzed effect on risk for PD. The results in the random effect model are nearly identical. CI,

confidence interval; FE, fixed effect
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Table 3.1: Study population details

Sequenced Analyzed
Min Depth Cases Controls
N N Cohort ¢ Genotyping
ohor 0
(cases) (controls) Mean Age Mean age call rate
Coverage N (SD) %Male N  (SD) %Male
0
y y
73 866 French/French-  15x 534 59.7(11.4) 63.7 858 42.0(13.6) 51.6 99.6
5
Canadian 50x 498 59.8(11.2) 63.5 785 42.3(13.5) 52.0 99.2
15x 520 59.3(11.8) 64.0 262 65.009.8) 34.0 99.9
533 270 New York
50x 502 59.3(11.8) 64.1 245 65.4(9.6)  32.7 99.5
15x 482 60.6(11.7) 61.8 488 33.9(7.2) 57.8 99.3
491 531 Israel
50x 478 60.7(11.7) 61.7 487 33.9(7.2) 57.7 99.3

N, number; Min, minimum; SD, standard deviation; y, year

68



Table 3.2: Four variants forming the protective haplotype found in VPS13C and the results of the logistic regression in three

cohorts
nt- N N Affected Unaffected GnomAD

Variant rs number substitution Cohort (cases) (controls) MAF MAF MAF¥ OR (95%CI) P
F/FC 15 27 0.0143 0.0157 0.56 (0.26-1.20)  0.1358

p-R153H 1512595158 c¢.G458A NY 14 16 0.0135 0.0324 00734 0.38 (0.17-0.84)  0.0172
Israel 16 22 0.0166  0.0225 0.0236 0.70 (0.19-2.6) 0.5940
F/FC 15 28 0.0143 0.0163 0.56 (0.26-1.20)  0.1330

p.13981 1$9635356  c.A1194C NY 16 16 0.0154  0.0324 00737 0.42 (0.20-0.91) 0.0274
Israel 15 19 0.0156  0.0195 0.0214 0.75(0.19-2.89)  0.6752
F/FC 15 26 0.0143 0.0152 0.69 (0.32-1.48) 0.3404

p.I1132V 153784635 ¢.A3394G  NY 11 18 0.0106  0.0363 0-0720 0.28 (0.12-0.64)  0.0025
Israel 14 19 0.0145 0.0195 0.0233 0.65 (0.16-2.65)  0.5444
F/FC 10 24 0.0095 0.0140 0.51(0.21-1.23) 0.1344

p-Q2376Q r1s17238189 c¢.A7128G  NY 16 17 0.0154  0.0344 0-0098 0.42 (0.20-0.90)  0.0245
Israel 16 20 0.0166  0.0215 0.0212 0.47 (0.07-3.10)  0.4350

nt: nucleotide; N, number; MAF, minor allele frequency; GnomAD, Genome Aggregation Database; OR, odds ratio; CI, confidence

interval; P, p value; F/FC, French/French-Canadian; NY, New York.

TGnomAD_ASJ frequencies were used for the Israeli cohort; all samples are Ashkenazi Jewish.
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Preface to Chapter 4

Chapters 2 and 3 described two single-gene analyses that focused on GCH1, a gene that plays a
role in the synthesis of dopamine and causes DRD if certain mutations occur and VPS13C that was
reported to cause atypical Parkinsonism with early onset and severe phenotype if contains rare bi-
allelic mutations. Both genes were also identified within GWAS loci associated with PD. Hence,
the next logical step was to study more genes reported in this way. The latest GWAS identified 90
genes from 78 loci, but our study was designed a few years earlier and based its targets on the data
of previous PD GWASs!'?*!21. We targeted 32 genes which were picked for the analysis in 3
cohorts adding up to 2,657 PD cases and 3,647 unrelated controls.

Working with this number of genes presented an additional challenge for processing of the
data. In order to automate the quality control and the analysis steps, a custom bioinformatic
pipeline was designed with the help of our team. Furthermore, receiving additional samples
allowed me to get practical experience performing the targeted capture using MIPs and prepare

that samples for the sequencing.
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CHAPTER 4: Targeted sequencing of Parkinson’s disease
loci genes highlights SYT11, FGF20 and other associations
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4.1 Abstract

Genome-wide association studies (GWAS) have identified numerous loci associated with
Parkinson’s disease. The specific genes and variants that drive the associations within the vast
majority of these loci are unknown. We aimed to perform a comprehensive analysis of selected
genes to determine the potential role of rare and common genetic variants within these loci. We
fully sequenced 32 genes from 25 loci previously associated with Parkinson’s disease in 2,657
patients and 3,647 controls from three cohorts. Capture was done using molecular inversion probes
targeting the exons, exon-intron boundaries and untranslated regions (UTRs) of the genes of
interest, followed by sequencing. Quality control was performed to include only high-quality
variants. We examined the role of rare variants (minor allele frequency < 0.01) using optimized
sequence Kernel association tests (SKAT-O). The association of common variants was estimated
using regression models adjusted for age, sex and ethnicity as required in each cohort, followed
by a meta-analysis. After Bonferroni correction, we identified a burden of rare variants in SY7/1,
FGF20 and GCH1 associated with Parkinson’s disease. Nominal associations were identified in
21 additional genes. Previous reports suggested that the SY77/ GWAS association is driven by
variants in the nearby GBA gene. However, the association of SY7'// was mainly driven by a rare
3> UTR variant (rs945006601) and was independent of GBA variants (p=5.23E-05 after exclusion
of all GBA variant carriers). The association of FGF2(0 was driven by a rare 5 UTR variant
(rs1034608171) located in the promoter region. The previously reported association of GCHI with
Parkinson’s Disease is driven by rare nonsynonymous variants, some of which are known to cause
dopamine-responsive dystonia. We also identified two LRRK2 variants, p.Arg793Met and
p.GIn1353Lys, in ten and eight controls, respectively, but not in patients. We identified common
variants associated with Parkinson’s disease in MAPT, TMEM175, BST1, SNCA and GPNMB
which are all in strong linkage disequilibrium (LD) with known GWAS hits in their respective
loci. A common coding PM20D] variant, p.lle149Val, was nominally associated with reduced risk
of Parkinson’s disease (OR 0.73, 95% CI 0.60-0.89, p=1.161E-03). This variant is not in LD with
the top GWAS hits within this locus and may represent a novel association. These results further
demonstrate the importance of fine mapping of GWAS loci, and suggest that SYT/1, FGF20, and
potentially PM20D1, BSTI and GPNMB should be considered for future studies as possible

Parkinson’s disease-related genes.
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4.2 Introduction

Genome-wide association studies (GWASs) are an important tool for identifying genetic
associations with complex disorders such as Parkinson’s Disease!”. GWASs examine the
association of multiple common variants across the genome with specific traits. Typically, each
associated locus includes multiple genes, and very often GWAS alone cannot identify the specific
gene or variant within each locus that drives the association. Furthermore, GWASs generally
overlook rare variants, while accumulation of rare variants on a specific common allele may drive
some of these associations. Even if not located on a specific common allele, rare variants in GWAS
genes may contribute to disease. For example, rare variants in SNCA*, GBA™® LRRK2°'°,
VPS13CH113 GCHI'2!, all GWAS loci genes, also cause or increase the risk of Parkinson’s
disease.

Recently, a large-scale GWAS has identified 78 loci associated with risk of Parkinson’s
disease?, yet only for a few of them we have identified the specific genes and variants that drive
the association. In some of these loci, there are multiple hits, suggesting that more than one variant,
or perhaps more than one gene within the locus, can be associated with Parkinson’s disease. Fine-
mapping of GWAS loci may help identifying these genes and variants, as was done for SNCA*>%,
VPS13CY1% and TMEM175%. In the SNCA region, fine mapping has identified independent 5’ and
3’ variants that drive the associations with different synucleinopathies®®. Similarly, a potentially
protective haplotype in VPS13C" and common nonsynonymous variants in TMEM]175 have been
associated with Parkinson’s Disease through fine mapping, and in the case of TMEM175 also by
functional studies®*?>.

In the current study, we fully sequenced 32 genes from 25 different Parkinson’s disease
GWAS loci in a total of 2,657 cases and 3,647 controls. We examined the association of common

and rare variants with Parkinson’s Disease, including the role of rare bi-allelic variants.
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4.3 Materials and Methods

4.3.1 Study Population

The study population included, consecutively recruited, unrelated patients with Parkinson’s
Disease (n=2,657) and controls (n=3,647) from three cohorts, collected at McGill University
(Quebec, Canada and Montpellier, France), Columbia University (New York, NY, USA), and the
Sheba Medical Center (Israel). The McGill cohort was recruited in Quebec, Canada (in part with
the assistance of the Quebec Parkinson’s Network?®) and in Montpellier, France. It includes 1,026
Parkinson’s Disease patients (mean age 61.5+11.3, 62.6% male) and 2,588 controls (mean age
54.5+14.2, 47.4% male), all unrelated of French-Canadian/French ancestry. The Columbia cohort
includes 1,026 Parkinson’s Disease patients (mean age 59.4+11.7, 64.2% male) and 525 controls
(mean age 64.2+10.1, 37.1% male). This cohort has been previously described in detail, and is
mainly composed of participants with European descent, but 21.2% of Parkinson’s Disease
patients and 18.7% controls are of Ashkenazi Jewish (AJ) origin?’. The Sheba cohort included 605
Parkinson’s Disease patients (mean age 60.7+11.9, 62.3% male) and 534 controls (mean age
34.0+7.0, 55.8% male), all of full AJ origin; previously described in more details®® . Movement
disorder specialists diagnosed Parkinson’s Disease with UK brain bank criteria?® or the MDS
clinical diagnostic criteria *.

As detailed in the Statistical Analyses subsection, due to the differences in age and sex,
statistical analyses were adjusted and included age and sex as co-variates. To account for ethnical
heterogeneity of the Columbia cohort, an ethnicity covariate was also introduced for the analysis
of this cohort (GWAS data was not available, therefore the reported ethnicity was used and not
principal components). All three cohorts were sequenced in the same lab (McGill University),

using the same protocol.
4.3.2 Standard Protocol Approvals, Registrations, and Patient Consents

The institutional review boards approved the study protocols and informed consent was obtained

from all individual participants before entering the study.
4.3.3 Target genes

A recent Parkinson’s Disease GWAS identified 78 loci, however the current study was designed

and performed before its publication and the target genes were taken from earlier literature'-. Our
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target genes included: ACMSD, BSTI, CCDC62, DDRGKI, FGF20, GAK, GCHI, GPNMB,
HIPIR, INPP5F, ITGAS, LAMP3, LRRK2, MAPT, MCCCI1, PM20D1, RAB25, RAB29, RIT2,
SCARB2, SETDIA, SIPAIL2, SLC41A41, SNCA, SREBF1, STK39, STXIB, SYT11, TMEM163,
TMEM175, USP25 and VPS13C. These genes included several known Parkinson’s disease related
genes (LRRK2, GCHI, SNCA) found in GWAS loci in order to perform full sequencing
assessment. Other genes were selected for sequencing based on assessment that included effects
of quantitative trait loci, brain expression, potential association with known Parkinson’s disease-
causing genes and involvement in pathways potentially involved in Parkinson’s disease, such the

autophagy-lysosomal pathway, mitochondria quality control and endolysosomal recycling.
4.3.4 Sequencing

The coding regions, exon-intron boundaries and the 5’ and 3’ untranslated regions (UTRs) of the
genes listed above were targeted using molecular inversion probes (MIPs), as previously
described*!. All MIPs used to sequence the genes of the study are detailed in Supplementary Table
1. Targeted DNA capture and amplification was done as previously described®, and the full
protocol is available upon request. The library was sequenced using Illumina HiSeq 2500/4000

platform at the McGill University and Genome Quebec Innovation Centre.
4.3.5 Data processing and quality control

Reads were mapped to the human reference genome (hgl9) with Burrows-Wheeler Aligner.
Post-alignment quality control and variant calling was performed using Genome Analysis Toolkit
(GATK, v3.8)**. Variant annotation was done with ANNOVAR?®. Data on the frequency of each
variant in different populations were extracted from the public database Genome Aggregation
Database (GnomAD)*®.

The quality control pipeline that was used in this study is available on GitHub
(https://github.com/gan-orlab/MIPVar.git). All calls with less than 25% reads with the variant have
been removed. The remaining quality control (QC) was performed using GATK and PLINK
software v1.9%7. Genotyping quality (GQ) < 30 was used as a threshold for variant exclusion.
Different depths of coverage thresholds were used for common and rare variants. Common
variants threshold for inclusion was > 15x, while rare variants (minor allele frequency [MAF] <
0.01) thresholds were more stringent and repeated twice, at > 30x and > 50x. Variants with

genotype rate lower than 90% were excluded. Variants that deviated from Hardy-Weinberg
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equilibrium set at p <0.001 were filtered out. Threshold for missingness difference between cases
and controls was set at p = 0.05 and the filtration script adjusted it with Bonferroni correction.

Samples with average genotyping rate of less than 90% were excluded.
4.3.6 Statistical analysis

The burden of rare variants in each of the target genes was tested using the optimized sequence
Kernel association test (SKAT-O, R package)®. In addition, we examined the burden of specific
variant subgroups including: i) Funct.: Potentially functional included all nonsynonymous
mutations, stop gain/loss, frameshift mutations, splicing variants located within two base pairs of
exon-intron junctions, and variants that were flagged by ENCODE (explained below). i1) NS:
nonsynonymous variants. iii) LOF: loss-of-function variants included stop gain/loss, frameshift,
and splicing variants located within two base pairs of exon-intron junctions. iv) CADD: variants
with the Combined Annotation Dependent Depletion (CADD) score > 12.37; this threshold
indicates the top 2% variants predicted to be the most damaging in the genome*. v) ENCODE:
variants that are predicted to have regulatory activity, such as promoter, enhancer, activator and
repressor, based on the chromatin profiling studies*’. To increase power, rare variants were
assessed in the three merged cohorts (since rare variants are less affected by ethnicity). Analysis
of the individual cohorts was also performed post-hoc. Similarly to exome-wide burden analyses
of rare variants*!, Bonferroni correction for statistical significance was performed based on the
number of genes that were tested, and the thresholds are p < 1.85E-03 for genes with variant
coverage of > 50x and p < 1.56E-03 at > 30x

The association between common variants and Parkinson’s Disease was examined by
logistic regression models using PLINK v1.9, with the status (patient or control) as a dependent
variable, age and sex as covariates in all cohorts. Ethnicity as an additional covariate in the
Columbia University cohort due to the ethnical heterogeneity. Meta-analysis of our three cohorts
was conducted using METAL (R package)** with a fixed effect model. Cochran’s Q-test was
applied to test for residual heterogeneity. LD of common variants and their respective GWAS top
marker was examined using the LDlink online tool LDmatrix
(https://1dlink.nci.nih.gov/?tab=ldmatrix)*’. Effects of common and rare variants on expression
levels (eQTL) or splicing (sQTL) was evaluated using GTEx Portal online tool
(https://www.gtexportal.org/homey/).

79



4.3.7 Data availability

Anonymized data is available upon request by any qualified investigator.

4.4 Results

4.4.1 Coverage and variants identified

The average coverage for all 32 genes included in the current analysis was 642X, with a range of
86-1,064 (median 688) across all genes. An average of 97% of the targeted regions was covered
at > 15X, 96% at > 30X, and 92% at >50X. Supplementary Table 4.2 details the average coverage
and the percent coverage for each gene. At coverage of > 30X, we found 3,327 rare variants and
at > 50X, 1,713 rare were identified (Supplementary Tables 3 and 4). A total of 311 common
variants were identified across all genes in all three cohorts (Supplementary Table 5) with a

coverage of >15X.
4.4.2 Rare variants in SY7T11, FGF20 and GCHI1 are associated with Parkinson’s disease

Table 4.1 details the SKAT-O results of the analysis in the three combined cohorts, and
Supplementary Table 6 details the results per cohort. After Bonferroni correction, SYT11, FGF20
and GCHI were associated with Parkinson’s Disease. Nominal associations were identified in 21
genes (Table 1, Supplementary Table 6). When considering all variants with MAF <0.01 in SYT71,
there was a strong association with Parkinson’s Disease (p = 5.3E-06, Table 4.1), mainly driven
by aSYT11 3’ UTR variant (rs945006601) with MAF of 0.004 in Parkinson’s Disease patients and
0.00015 in controls (OR = 27.0, 95%CI 3.6-202.6, p = 0.0013). As was previously reported *4, LD
analysis showed that this variant is in some LD with the known Parkinson’s disease-associated
variants in GBA p.Glu326Lys (E326K, r*= 1.5E-05, D’ = 1) and p.Asn370Ser (N3708S, r*= 4.23E-
05, D’ = 1). The low r? for both variants are due to the different allele frequencies, yet the D’ of 1
indicates an LD. To test if the identified association in SY7'/1 is driven by these two pathogenic
GBA variants, we removed the carriers of these variants and reran the SY77/ SKAT-O analysis
(p=5.58E-05). Since we have full sequencing data on GBA for all participants, we further excluded
carriers of any other GBA variant that was ever reported to be potentially pathogenic and the

association remained (p=5.23E-05).
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When analyzing FGF20, aburden of all rare variants was demonstrated (p=0.0002), mainly
driven by a rare 5 UTR variant, rs1034608171, which is located in the promoter region of the
gene, with MAF of 0.002 in Parkinson’s Disease patients and 0.00015 in controls (OR = 13.4, 95%
CI 1.7-106.2, p = 0.014). The association of GCHI with Parkinson’s Disease is driven by rare
nonsynonymous variants (Supplementary Tables 3 and 4), some of which are known to cause
dopamine responsive dystonia as we have previously reported?'.

After removing the LRRK2 p.Gly2019Ser variant from the analysis, there was no
statistically significant burden of other rare LRRK?2 variants in our cohorts. However, we did
identify two variants, p.Arg793Met (rs35173587) and p.GIn1353Lys (rs200526782), in ten and
eight controls, respectively, but not in Parkinson’s Disease. Neither of these two variants had a

statistically significant association after Bonferroni correction.

4.4.3 Association of common variants with potential functional effects in known Parkinson’s

disease loci

To examine the association of common variants in the 32 genes, we performed logistic regression
adjusted for age and sex in all three cohorts, and also adjusted for ethnicity in the Columbia
University cohort. Additionally, our three cohorts were meta-analyzed. After Bonferroni
correction we found 24 variants from five genes associated with risk of Parkinson’s Disease (Table
4.2). Forest plots in Figure 4.1 show the meta-analysis results for the tagging variants of these five
genes. We further examined the LD of these variants with the known Parkinson’s Disease-
associated variants from the most recent Parkinson’s Disease GWAS, and their potential functional
effects (detailed in Methods) in ENCODE, GTEx and UCSC genome browser. In the MAPT locus,
17 common variants at full LD, all represent the MAPT H2 haplotype, were associated with
reduced risk of Parkinson’s Disease (Table 4.2). The variants identified in TMEM175, BST1, SNCA
and GPNMB are all in strong LD with known GWAS hits in their respective loci (Table 4.2). Two
SNCA 3’ UTR variants were in full LD between themselves, and in strong LD with rs356219, a
known 3> GWAS hit in the SNCA locus. These two variants are located within a strong enhancer
region and are associated with altered splicing of SNCA in the Cortex (Figure 4.2). Three GPNMB
variants were identified, one of which (rs5850) is located at the 3 UTR of GPNMB and associated
with reduced expression of GPNMB in numerous brain regions including the substantia nigra,
putamen and cortex (Figure 4.3). A coding variant in PM20D1, p.lle149Val (rs1891460), was
nominally associated with reduced risk of Parkinson’s Disease (OR = 0.73, 95% CI 0.60-0.89, p
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= 1.161E-03, specific frequencies in each cohort are in Supplementary Table 5). This variant is
located within the PARKI16 region which also includes RAB29 (previously named RAB7LI),
SLC41A1 and other genes. However, this variant is not in LD with the top GWAS hits within this
locus (r>=0.04, D’ = 0.46).

4.5 Discussion

In the current study, we examined the role of common and rare variants in 32 genes located within
known Parkinson’s Disease risk loci, by performing targeted next generation sequencing of the
coding and 5’ and 3’ untranslated regions, followed by association tests. We found a statistically
significant burden, after Bonferroni correction, of rare variants in SY7'71, FGF20 and GCHI, and
nominal associations (p<0.05) with other genes and variants (Table 4.1, Supplementary Tables
3,4,6). In addition, we have identified common coding and putative regulatory variants associated
with Parkinson’s Disease in MAPT, TMEM175, BSTI, SNCA and GPNMB, including a potential
novel association with a nonsynonymous variant in PM20D1, p.lle149Val , which is nominally
significant and requires further confirmation.

Three genes, SYT11, FGF20 and GCHI were identified with a statistically significant
burden of rare variants comparing Parkinson’s Disease to controls. SY7/1 is located close to the
GBA locus, and it was reported that the GWAS signal from SY717-GBA locus in Parkinson’s
Disease can be attributed to coding GBA variants**. The SYT1 variant mainly responsible for the
association in our data is in weak LD with two coding GBA variants, p.Glu326Lys (E326K) and
p-Asn370Ser (N370S). After exclusion of carriers of these variants, and further exclusion of all
other GBA variants, the association of SY7// remained strong. These results suggest that SY7'11
may independently be associated with risk of PD. The Protein encoded by SYT71, Synaptotagmin
11, belongs to the synaptotagmin family, known calcium sensors mediating calcium-dependent
regulation of membrane trafficking in synaptic transmission®. Synaptotagmin 11 is involved in
regulation of endocytosis and vesicle recycling process, which 1is essential for
neurotransmission*>*, Overexpression of Synaptotagmin 11 in mice led to impairment of DA
transmission*’. Synaptotagmin 11 was also reported to be a physiological substrate for E3 ubiquitin
ligase — parkin, playing a critical role in parkin-related neurotoxicity*’. Involvement of
Synaptotagmin 11 in other mechanisms potentially related to Parkinson’s Disease such as

autophagy-lysosomal pathway*®, phagocytosis of a-synuclein fibrils*’, and repair of injured
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astrocytes via lysosome exocytosis regulation®®, suggests that SY77] needs to be considered as a
target for further research in PD. Fibroblast growth factor 20 (FGF20) encodes a neurotrophic
factor preferentially expressed in the substantia nigra pars compacta. It regulates central nervous
system development and function®' and plays a role in dopaminergic neurons differentiation and

survival®?

. There is a number of conflicting reports about FGF20 overexpression increasing o -
synuclein levels in dopaminergic neurons>*>°. The rare variant (rs1034608171) that drives the
association in our data is located in a regulatory region and its potential functional effects would
require additional studies. GCHI encodes GTP-cyclohydrolase 1, an essential enzyme for the
dopamine synthesis pathway in the nigrostriatal cells’’. Rare GCHI variants may cause DOPA-
responsive dystonia, and the same variants have also been associated with Parkinson’s Disease!¢2!.
Since these mutations are rare, they only reached statistical significance in the McGill cohort, as
we have previously described?!'. The two LRRK? variants, p.Arg793Met and p.GIn1353Lys, that
were found only in controls require additional studies to examine their potential protective roles
in Parkinson’s Disease. LRRK? is a well-validated Parkinson’s Disease related gene®s.

All 17 MAPT variants that were found to be significantly associated with Parkinson’s
Disease are in perfect LD with each other, and represent the H2 haplotype, known to be associated
with reduced risk of Parkinson’s Disease®. The identified coding variants in MAPT are located
within exons that are likely not expressed in the CNS®, suggesting that the association in this locus
may be due to regulatory variants. TMEM175 is located in the fourth most significant GWAS locus
in Parkinson’s Disease®, and encodes a transmembrane potassium channel responsible for K*
conductance in endosomes and lysosomes®'. TMEM175 regulates lysosomal function through
maintenance of lysosomal membrane potential and luminal pH stability, as well as its role in
autophagosome-lysosome fusion®?. In a recent genetic and functional study, two coding TMEM175
variants, including the variant identified here, were shown to be associated with risk of Parkinson’s
Disease, risk of REM-sleep behavior disorder, and glucocerebrosidase activity®.

The BSTI and SNCA variants associated with risk of Parkinson’s Disease in the current
study are in strong LD with the known GWAS markers in their respective loci. The BST variant
is intronic without known function, and the SNCA 3 *UTR variants are located within strong SNCA
enhancers. Whether these SNCA variants drive the association with Parkinson’s Disease and their

potential functional effects require additional studies. GPNMB encodes the glycoprotein

nonmetastatic melanoma protein B a type 1, which is a transmembrane glycoprotein shown to have
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a role in melanoma®. Patients with melanoma have an increased risk of Parkinson’s Disease®,
and Parkinson’s Disease patients have an increased risk for melanoma®. GPNMB may have a role
in the lysosome®’ and in regulation of microglial inflammation®®®. While the expression of
GPNMB in brain is overall low, the two variants identified in the current study are associated with
reduced GPNMB expression in various brain tissues (Figure 4.3). One of the variants, rs5850, is
located within the 3° UTR of GPNMB, but there is no clear regulatory function for this variant.

Peptidase M20 Domain Containing 1 (PM20DI) encodes a protein that regulates the
production of N-fatty-acyl amino acids which have a function of chemical uncouplers of
mitochondrial respiration’. Mitochondrial quality control is likely important in Parkinson’s
Disease, and genes involved in mitophagy are involved in familial forms of Parkinson’s Disease’!.
PM20D]1 is located within the PARK16 locus which also contains SLC4543, NUCKSI, RAB29
(previously named RAB7LI) and SLC41A41*7*7 Several studies have highlighted RAB29 as the
potential gene associated with Parkinson’s Disease in this locus’#,as it was shown to interact with
LRRK2" and affect lysosomal function’®. In the current study we identified a common
nonsynonymous variant in PM20D]I, p.lle149Val (rs1891460), which is not in LD with the
Parkinson’s Disease GWAS marker in this locus. Since this variant is not reported in ClinVar, has
a low CADD score (1.01), and the statistical association is of borderline significance when
correcting by the number of genes, it is possible that this association was found by chance.
Replications in other cohorts will be required to determine whether this variant is associated with
Parkinson’s Disease.

Our study has several limitations. The Parkinson’s disease patients and controls are not
matched by sex and age, hence we adjusted for these variables in the statistical analysis. We found
no significant difference between allele frequencies of young (<40 years old) and old controls,
which allowed us to use all of the controls in our analyses. In addition, the coverage of some of
the genes we analyzed was suboptimal (Supplementary Table 2), and we did not target intronic
regions and other potentially regulatory regions outside the 5’ and 3° UTRs, which may also affect
gene function. Whole genome sequencing studies will be required to study these regions and
overcome the coverage limitations.

Our results, combined with previous studies, highlight the importance of performing fine
mapping of GWAS loci to identify the variants and genes within each locus that drive the reported

associations. Thus far, the causative genes within most Parkinson’s Disease GWAS loci are
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unknown, with the exception of SNCA, GBA, LRRK?2, and likely VPS13C, MAPT, TMEM175 and
GCHI. The current study suggests that SY7711, FGF20, and potentially PM20DI, BSTI and

GPNMB should be considered as possible Parkinson’s Disease-related genes and targets for further
research.
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4.6 Figures and Tables

Figure 4.1: Forest plots, meta-analyses of common variants in the three cohorts.
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Each panel presents the individual odds ratio and 95% confidence interval for each cohort, and the
results of the meta-analysis for the tagging variant of six loci identified in our study. Meta-analysis
p-values: A. MAPT (p=8.28E-10); B. TMEM175 (p=2.11E-04); C. BSTI (p=3.14E-05); D. SNCA
(p=4.08E-05); E. GPNMB (p=2.19E-05)
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Figure 4.2: Effect of 3’UTR SNCA variants on splicing.
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Figure is processed from GTeX (https://www.gtexportal.org), and represent the splicing
quantitative trait locus (sQTL) effects of: A. rs1045722 in the 3° UTR of SNCA4 and B. rs3857053
in the 3° UTR of SNCA4
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Figure 4.3: The 3°UTR GPNMB variant (rs5850) is associated with reduced expression in

numerous brain regions.
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Table 4.1: Results of SKAT-O analysis in the merged cohorts at 30x and 50x minimum depth of coverage

Gene
SYT11
RAB25
RAB29
SLC41A1
PM20D1
SIPA1L2
TMEM163
ACMSD
STK39
MCCC1
LAMP3
GAK
TMEM175
BST1
SCARB2
SNCA
GPNMB
FGF20
ITGAS8
INPPSF
LRRK2
CCDC62
HIP1R
GCH1
VPS13C
SETD1A
STX1B
SREBF1
MAPT

50x
CADD
0.45(6)
0.20(1)
0.51(3)
0.13(5)
0.38(9)
0.24(33)
0.09(4)
0.26(14)
0.42(3)
0.30(19)
0.76(9)
NA

NA
0.02(12)*
0.83(8)
0.11(2)
0.05(27)*
NA
0.70(26)
0.13(5)
0.07(35)
0.12(17)
NA
0.02(4)*
0.38(34)
0.01(3)*
NA

NA
0.60(3)

ENCODE
0.89(6)
NA
0.04(11)*
NA
0.97(11)
0.06(5)

0.83(4)
0.56(13)
NA

NA
0.33(9)
0.87(7)
0.99(9)
0.28(26)
NA
0.34(2)
0.91(12)
0.07(13)
NA

NA

NA
0.03(5)*
NA

NA

NA

NA

Funct
0.66(14)
0.20(1)
0.03(14)*
0.13(5)
0.22(23)
0.18(46)
0.09(4)
0.40(18)
0.11(4)
0.42(24)
0.65(21)
NA

NA
0.01(23)*
0.05(17)*
0.79(11)
0.08(53)
NA
0.85(30)
0.59(16)
0.11(52)
0.11(25)
NA
0.02(4)*
0.17(48)
0.22(4)
NA

NA
0.60(3)

LOF
NA
NA
NA
NA
0.07(5)
NA
NA
0.08(2)
NA
0.11(4)
0.34(2)
NA
NA
0.76(2)
0.27(2)
NA
0.97(8)
NA
0.34(2)
NA
0.68(3)
0.46(3)
NA
NA
0.173)
NA
NA
NA
0.71(1)

Nonsyn
0.40(8)
0.20(1)
0.48(4)
0.13(5)
0.11(12)
0.25(42)
0.09(4)
0.30(16)
0.11(4)
0.43(19)
0.84(12)
NA

NA
0.004(14)*
0.05(10)*
0.18(3)
0.03(27)*
NA
0.93(26)
0.25(6)
0.08(37)
0.11(22)
NA
0.02(4)*
0.31(41)
0.22(4)
NA

NA
0.65(2)

All
5 35E-06(34)**
0.55(6)
0.09(23)
0.25(30)
0.73(58)
0.003(121)*
0.04(28)*
0.15(29)
0.11(48)
0.20(50)
0.08(28)
NA

NA
0.06(46)
0.003(62)*
0.55(34)
0.07(80)
0.06(8)
0.26(103)
0.02(46)*
0.29(106)
0.09(59)
NA
0.64(13)
0.32(159)
0.11(13)
NA

NA

0.93(7)

30x
CADD
0.31(13)
0.34(6)
0.90(3)
0.93(18)
0.27(15)
0.56(38)
0.12(5)
0.65(19)
0.30(8)
0.39(29)
0.43(18)
0.79(14)
0.66(4)
0.03(14)*
0.82(10)
0.11(2)
0.28(30)
0.76(2)
0.65(39)
0.10(27)
0.03(53)*
0.04(21)*
0.12(5)
0.02(8)*
0.14(33)
0.004(15)*
0.40(2)
0.78(1)
0.27(13)

ENCODE
0.75(32)
0.55(6)
0.12(19)
0.86(2)
0.97(11)
0.06(5)
NA

NA

NA
0.82(33)
0.65(40)
0.1(5)
0.25(4)
0.21(9)
0.76(9)
0.24(29)
0.20(52)
0.0008(4)**
0.39(6)
0.23(23)
0.80(17)
0.30(20)
0.14(14)
0.63(6)
0.03(5)*
0.73(17)
NA

NA
0.23(5)

Funct
0.75(48)
0.52(14)
0.13(22)
0.97(22)
0.13(32)
0.36(56)
0.12(5)
0.68(23)
0.20(9)
0.58(63)
0.78(55)
0.32(19)
0.34(8)
0.007(25)*
0.08(20)
0.21(31)
0.12(80)
0.0005(5)**
0.27(52)
0.10(62)
0.16(73)
0.23(50)
0.14(14)
0.43(14)
0.08(42)
0.04(32)*
0.20(3)
0.40(3)
0.45(24)

LOF
NA
0.48(4)
NA
0.83(4)
0.14(6)
0.06(3)
NA
0.04(3)*
NA
0.03(6)*
0.34(2)
0.70(1)
0.34(1)
0.76(2)
0.23(3)
NA

109)
NA
0.34(2)
0.61(5)
0.83(4)
0.173)
0.70(1)
NA
0.173)
NA

NA

NA
0.70(1)

Nonsyn
0.22(16)
0.40(4)
0.91(4)
0.65(16)
0.09(20)
0.59(49)
0.12(5)
0.58(20)
0.2009)
0.53(30)
0.63(24)
0.88(16)
0.56(3)
0.007(16)*
0.07(11)
0.18(3)
0.0931)
0.76(2)
0.27(44)
0.08(38)
0.06(55)
0.04(28)*
0.16(4)
0.02(8)*
0.20(35)
0.03(18)*
0.20(3)
0.403)
0.07(19)

All
0.02(86)*
0.31(27)
0.25(41)
0.56(109)
0.54(80)
0.01(142)*
0.03(44)*
0.32(45)
0.31(70)
0.43(99)
0.17(64)
0.24(63)
0.59(15)
0.11(63)
0.01(86)*
0.34(57)
0.14(118)
0.00017(15)**
0.06(144)
0.003(152)*
0.31(142)
0.17(91)
0.08(23)
0.005(76)*
0.21(180)
0.14(61)
0.07(30)
0.46(4)
0.01(106)*
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RIT2 0.71(1) 0.21(1) 0.76(2) NA 0.71(1) 0.51(7) 0.48(4) 0.09(9) 0.11(14) 071(1)  0.61(5) 0.15(23)
DDRGK1  0.18(5) NA 0.18(5) NA 0.18(5) 0.09(13) 0.16(11) NA 0.07(13) 0.17(3)  0.21(10) 0.44(53)
USP25 047(17)  NA 047(17)  0.76(2)  0.44(15) 0.37(63) 0.75(33) 0.22(15) 0.31(46) 0.12(6)  0.81(28) 0.45(128)

The table shows p-values of the SKAT-O analysis in the specified subgroup; the number of tested variants is indicated in the
parentheses; *result with nominal significance (p<0.05); **result significant after Bonferroni correction for the number of genes

CADD subgroup: CADD score > 12.37; ENCODE subgroup: variants in regions with predicted regulatory function; Funct subgroup:
potentially functional variants (Methods); LOF subgroup: loss-of-function variants; NA: not applicable - no variants tested; Nonsyn

subgroup: non-synonymous; SKAT-O: Sequence Optimized Kernel Association Test
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Table 4.2: The common variants with statistically significant association with Parkinson's Disease in the meta-analysis of three

cohorts
Gene Chr  Position Ref Mutant SNP D’ Rsq CADD  Detailed annotation of the variant Meta Meta
Allele Allele OR(95%CI) p-value

MAPT 17 44049329 C T 1575242405 099 098 NM_016835:intronic 0.72(0.64-0.81) 1.05E-07
MAPT 17 44051846 A G 51800547 099 098 NM_016835:intronic 0.74(0.62-0.89) 1.24E-03
MAPT 17 44061023 G A 1562063786 099 098 7.7 NM_016835:exon6:¢.G853A:p.D285N 0.71(0.63-0.79) 2.42E-09
MAPT 17 44061036 T C 1rs62063787 099 098  0.001 NM_016835:exon6:¢c.T866C:p.V289A 0.71(0.64-0.80) 2.66E-09
MAPT 17 44061278 C T 1517651549 099 098 34 NM_016835:exon6:c.C1108T:p.R370W 0.71(0.64-0.80) 3.35E-09
MAPT 17 44067400 T C 110445337 099 098 993 NM_016835:exon8:¢c.T1339C:p.S447P 0.74(0.62-0.89) 1.04E-03
MAPT 17 44067508 A G 1579447161 099 098 NM_016835:intronic 0.71(0.64-0.80) 6.01E-09
MAPT 17 44071294 T C 1562063845 099 098 NM_016835:intronic 0.72(0.64-0.80) 6.82E-09
MAPT 17 44101563 T C 159468 099 098 NM_016835:UTR3:c.*26T>C 0.72(0.64-0.81) 8.35E-09
MAPT 17 44102604 T C rs1052587 099 098 NM_016835:UTR3:¢c.*1067T>C 0.72(0.65-0.81) 9.98E-09
MAPT 17 44102638 A G 151052590 099 098 NM_016835:UTR3:c.*1101A>G 0.72(0.64-0.81) 9.51E-09
MAPT 17 44102865 A C 1517574040 099 098 NM_016835:UTR3:¢c.*1328A>C 0.72(0.64-0.80) 4.79E-09
MAPT* 17 44103296 T C 7687 099 098 NM_016835:UTR3:¢.*1759T>C 0.70(0.62-0.78) 8.28E-10
MAPT 17 44103616 C T 1517652748 099 098 NM_016835:UTR3:¢c.*2079C>T 0.71(0.64-0.80) 3.81E-09
MAPT 17 44103825 T C 1575010486 099 098 NM_016835:UTR3:¢c.*2288T>C 0.71(0.64-0.80) 4.02E-09
MAPT 17 44104343 A C 12158257 099 098 NM_016835:UTR3:c.*2806A>C 0.73(0.65-0.81) 2.36E-08
MAPT 17 44104410 TCTC T 15568475466 099 098 NM_016835:UTR3:c.*2874_*2876delCTC 0.72(0.64-0.80) 7.73E-09
TMEM175 4 944210 A C 34884217 1 0.01 0.2 NM_032326:exon4:c.A194C:p.Q65P 0.74(0.63-0.87) 2.11E-04
BST1 4 15717321 G A 3213710 094  0.79 NM_004334:intronic 1.22(1.11-1.34) 3.14E-05
SNCA* 4 90645671 T A 1045722 1 0.12 NM_000345:UTR3:c.*2108 A>T 1.35(1.17-1.56) 4.08E-05
SNCA 4 90645674 C T rs3857053 1 0.12 NM_000345:UTR3:c.*2105G>A 1.35(1.17-1.56) 4.56E-05
GPNMB 7 23300049 A C rs199351 095  0.89 NM_002510:intronic 0.82(0.75-0.90) 2.70E-05
GPNMB 7 23307634 ATGGG A 152307783 095  0.89 NM_002510:intronic 0.83(0.76-0.91) 7.55E-05
GPNMB* 7 23314547 C T 155850 095  0.89 NM_002510:UTR3:¢c.*704C>T 0.81(0.74-0.90) 2.19E-05
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*tagging SNP for the haplotype

Chr: chromosome; CI: confidence interval; OR: odds ratio; Ref: reference; Rsq: r-square; SNP: single nucleotide polymorphism
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CHAPTER 5: General Discussion

The current state of knowledge indicates that PD is not a single entity but rather an agglomeration
of a large variety of subgroups, a few that follow Mendelian trait, while most having multifactorial
and complex etiology. As described in Chapter 1, genetic studies helped to identify multiple
molecular mechanisms potentially underlying the pathogenesis of PD. As GWASs grow in size
they will keep discovering more loci associated with PD, however it is often unclear which of the
genes in each genetic locus drives the association. The use of fine mapping has proven an effective
means to identify the specific genes or even variants that impact the risk of PD!28130-135,

The purpose of this MSc thesis was to study the role of common and rare variants in genes
within PD GWAS loci by using targeted next-generation sequencing approach. Combining the
three studies described in Chapters 2-4, GCH1, VPS13C, SYT11, FGF20 and potentially PM20D1,
BSTI and GPNMB were identified as likely PD-related genes and are suggested for further
investigation.

The impairment of dopamine release in the striatum is the principal cause of the
hypokinetic features of PD'3®. Two genes that were highlighted in this thesis have an effect on
dopamine levels by either affecting its synthesis or recycling. GCHI encodes GTP cyclohydrolase
1, an essential enzyme for a rate-limiting step in the pathway of dopamine synthesis by the
nigrostriatal cells (Figure 5.1)!%2. Our study provides additional evidence to a previous study'?
suggesting that rare variants that are pathogenic in DRD are associated with PD. The effect of
these variants on GTP Cyclohydrolase 1 activity is most likely impairment of dopamine synthesis.
On the other hand, the common variant found to be associated with reduced risk of PD is also
associated with increased expression in the brain regions important in PD. These findings suggest
that GCH1 is a potential target for drug development, as increasing GCHI levels or the enzyme
activity may lead to higher levels of dopamine, which may lead to improvement or delay of
dopamine deficiency-related symptoms. Synaptotagmin 11, encoded by SY7'/1 gene, belongs to a

137 A series

protein family involved in regulation of membrane trafficking in synaptic transmission
of functional experiments on mice showed that overexpression of SY7'// has an impairing effect
on dopamine release by inhibiting endocytosis and the vesicle recycling process in DA neurons'3*,
Unlike the variants found in GCH1, the main driver of the association in SY7// is a non-coding

3’UTR variant, which makes it more challenging to design functional studies. This variant
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probably has a regulatory function and leads to increased expression. Due to its relative rarity, this

variant does not appear in GTEX, therefore this hypothesis needs to be tested in relevant models.

Previously, the association of SY7// with PD was reported to be driven by coding GBA variants,

by analyzing LD between common GBA and SYT1] variants'3®. Therefore, another interesting

aspect of SYT'11 association described in Chapter 4 is the apparent independence of the signal from

GBA. We have excluded all GBA carriers from our analysis (found by full sequencing of GBA),

and the association of SY7'/ I remained strong. Overall, our findings associating GCHI and SYT'11

with PD highlight the importance of pathways that can influence DA levels.

Guanosine triphosphate (GTP)

1 GTP Cyclohydrolase 1 (GCH1)

Dihydroneopterin triphosphate (NH,P5)

1 6-puruvoyl tetrahydroppterin (PTPS)

6-Pyruvoyl-tetrahydropterin (6-PPH,)

l Sepiapterin reductase (SR)

Tetrahydrobiopterin (BH4)

Tyrosine hydroxylase
(TH)

Tyrosine

Figure 5.1: Representation of the metabolic pathway of dopamine synthesis in the brain

L-Dopa

—

Dopamine

The expression of SYT11 is especially high in different brain regions compared to other tissues

(Figure 5.2, GTEx). These regions of high expression include areas in which dopaminergic
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neurons are less abundant, suggesting that SY7'/ 1 is probably important in other types of cells and
in other mechanisms. In addition to the role in endocytosis and vesicle recycling affecting
dopamine levels, SY7T11 has been reported having a role in various mechanisms that can be
involved in the neurodegeneration of PD: phagocytosis and cytokine secretion in microglia'40-143,
membrane repair in injured astrocytes'*, lysosomal function and autophagy'#’, synaptic plasticity

in neurons'*® and caveolae-mediated endocytosis'*’. Therefore, additional studies are needed to

identify the specific mechanism by which SYT'71 affects the risk of developing PD.

Gene expression for SYT11 (ENSG00000132718.8)

600+
5004

400

TPM

20 |1l
“é | 2052044 - :

el = TA A 9T S AL = e - g\ .L & A8 .e. ! A
- T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
4@;;00%%34@475;#@%% '_'e, fs,,) _%fe,?} .‘i"ff%. ,,fe,,,f Gfs,,) :9,,,?96 ceg? eg%%f@%% ,;‘b.g; %5@ ’q’,’e %%ﬁfooﬂl‘:s,."fg"o/"’tt&&q, ch 640”@,77‘9 "f.v ";G”’-;};i %ﬂc :%e%
o
b /‘?jo”oo '6’9/ 0)'"9 @%(' o é:' o”"%ﬂ;; %&Jﬂq"’ %“fa ';’4"’? ,-,6}74-), K );ch s a‘”a)ﬂ%(/ 7 90 89/6’ 14 + ’o %
%@e % e ef@ // ;,; &) .s* so eof&%s% ,b,f, as, Sag %‘gfo 4%,, o %y, 010,@, N
e 1) e* gg 0/(;: 9’/;;? % #0605 w a% Ny 'S P,
s e, ’s &r"”s ’ho 's‘s,-eo'; %6 O oy
W, 4.; 9s, 18 % s,
“y G ,,a e Y oo, %, 9@ Yo
@/ e%? ] 40% %y, ’-‘gos% “
“b,y e, S ”e,-,oo %y

% 2

Figure 5.2: Expression levels for SY7T11 in different tissues measured in Transcripts Per
Million (TPM); GTEXx Portal

In chapters 3 and 4 the biological functions of the identified genes were mentioned only briefly.
Considering that our current knowledge PD biology is incomplete, it is worth discussion the roles
of these genes that can potentially be related to PD.

The study that identified mutations in VPS/3C in autosomal recessive, early-onset PD,
reported that VPSI3C is necessary for mitochondrial maintenance'?®. Silencing of the gene in
COS-7 and HEK293T cells resulted in perinuclear redistribution of the mitochondria,
mitochondrial fragmentation, decrease in mitochondrial membrane potential and increase in
maximal respiration rates and respiratory reserve. It was also demonstrated that silencing of

VPS13C exaggerated PINKI1/Parkin-mediated mitophagy triggered by mitochondrial
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depolarization induced by protonophore CCCP. Another study of VPSI3C localized it in the
contacts between the endoplasmic reticulum and late endosomes/lysosome and suggested that it
may play a role in tethering between these two organelles, which allows lipid transport and
maintenance of lipid homeostasis. However, there was no evidence of VPS13C localization in the

148 These differences could be due to the type of models used in the different studies.

mitochondria
It is also possible that the effect of VPSI3C on mitochondria was indirect and caused by
impairment of the endolysosomal pathway and mitophagy. Nevertheless, both studies suggest
potential mechanisms by which VPS13C may be involved in PD. Since VPS13C is also implicated
in sporadic PD through GWAS (unlike other genes associated with autosomal recessive
Parkinsonism such as PRKN, PINKI and PARK7/DJ-1), it may serve as a potential target for drug
development in sporadic PD, and not just in the rare familial form of the disease.

The neurotrophic factor encoded by FGF20 has been reported to play a role in

1'*, as well as to provide protection from

dopaminergic neurons differentiation and surviva
neurodegeneration in animal models'’. One therapeutic approach involving FGF20 in PD is to
use is as a promoter of differentiation of the transplanted neural and embryonic stem cells into
dopaminergic neurons, which showed promising results in animal models'*’. Additional
experiments in rats suggested that the neuroprotection of the dopaminergic neurons by the
endogenous FGF20 is delivered in a paracrine fashion from the astrocytes of the SNc where this
neurotrophic factor is localised'®!. Another potential therapeutic approach involving FGF20 is
boosting the endogenous levels of FGF20 or delivering an exogenous infusion'>!"!>3, The
expression of FGF20 in the brain is not high but noticeably increased compared to other tissues
(Figure 5.3). One hypothesis can be that FGF2(0 is more important in brain development, and that
reduced levels or activity of FGF2(0 may lead to reduced number of dopaminergic neurons in the
developing brain. This may lead later on to increased susceptibility to PD. This hypothesis needs

to be tested, perhaps by analyzing imaging data comparing carriers and non-carries of FGF20

variants.
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Figure 5.3: Expression levels for FGF20 in different tissues measured in Transcripts Per

Million (TPM); GTEx Portal

BSTI encodes Bone marrow stromal antigen 1 (or CD157). The only proposed mechanisms of its
role in PD that were suggest are immune responses and regulation of calcium homeostasis via

cyclic ADP-ribose!>*

. It has a very low expression in the brain, but high expression in the blood,
which may favor involvement in PD through immune response. There is no available data on
whether BST1 is expressed in microglia, therefore its potential in neuroinflammation is still
unknown. Neuroinflammation was shown as one of the components of PD neuropathology. In the
discussion section of Chapter 4, it was already mentioned that GPNMB seems to have a role in
regulation of microglial activation and neuroinflammation. Additionally, it has been reported to
reduce the inflammatory response in astrocytes'>>. Both GPNMB and its receptor, CD44, were
shown to have increased levels in the SN of human PD patients (postmortem) and the striatum of
MPTP-treated mice'>>. A study that experimented on mice with globally overexpressed GPNMB
and treated with MPTP suggested that overexpression of GPNMB protects dopaminergic neurons
in SN by reducing neuroinflammation and gliosis, yet the exact mechanism of protection remains
to be elucidated'*®. However, MPTP treated animals are generally a poor model in terms of
translatability in humans, therefore studies in other models are necessary to better understand the

role of GPNMB in PD.
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The work described in this thesis shows that targeted methods, allowing to study a panel
of genes, are a viable and scalable approach, which should be considered for fine mapping of novel
loci. This approach may help identifying the specific genes or variants responsible for the GWAS
signal, which is crucial for the understanding of the disease mechanism, better identifying
individuals at risk and identifying novel drug targets. In recent years, the use of polygenic risk
scores (PRS) is increasing. In brief, PRS is a numerical value that can be assigned to each
individual based on the different risk variants that they carry. It is a sum of the effects of risk of
all variants in a specific person, and it has some predictive value in terms of identifying individuals
at risk. For example, in PD, individuals at the highest quartile in terms of PRS had 3.7-6.3-fold
increase in risk of PD compared to individuals in the lowest quartile®. In addition, PD PRS is also
associated with clinical features of PD, such as age at onset'®!, motor progression and cognitive
decline'®. Augmenting PRS with additional variants, common and rare, could improve the
predictive accuracy and make PRS a better tool. It was recently suggested that stratifying by PRS
could be used to improve clinical trials. Assuring that all arms of the trial have similar PRS in the
pre-trial phase, may reduce the confounding of genetic variance between the groups, and lead to a

truer calculation of the therapeutic effect!®’.
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Chapter 6: Conclusions and Future Directions

In this dissertation, I have pursued to 1) study the role of common and rare GCH/ variants in PD,
2) examine whether VPS13C variants are associated with typical PD, 3) perform fine-mapping of
32 genes from PD GWAS and examine their association with PD.

1) Our study supported the role of rare GCH variants in PD and suggested that a common variant,
rs841, was associated with PD risk. Our data provided additional evidence that GCH]I is a PD-
associated gene and should be further investigated. We suggest that GCHI should be added to
clinical genetic screening panels for PD.

2) Our data suggested that unlike in EOPD, rare monoallelic and biallelic ¥PS13C variants do not
have a major role in typical PD. A haplotype including four common VPSI3C variants was found
to be associated with reduced risk of PD in the meta-analysis of the three cohorts, but more
thorough investigation in additional cohorts is needed to determine if the apparent protective effect
is real.

3) The analysis of the coding and regulatory regions of the 32 genes identified seven PD associated
genes. SYT11, FGF20 and GCH]I had the burden of rare variants associated with PD. Common
variants in MAPT, TMEM175, BST1, SNCA and GPNMB were found to be significantly associated
with PD in the meta-analysis of the three cohorts. A common coding variant in PM20D1 was

associated at a near-significant level.

In summary, this body of work has contributed towards expanding the knowledge of the
genetic landscape of PD by providing additional evidence that GCHI, VPSI13C, SYT11, FGF20),
BSTI and GPNMB genes and some specific variants within these genes should be considered as
targets for further exploration. The associations we have reported with MAPT, TMEM175 and
SNCA are already well established!3%13%135:158

As a complex condition, there remains much to be learnt about the pathogenesis of PD.
Considering that the latest PD GWAS identified 38 novel independent associations in 37 novel
loci, adding up to 90 associations in 78 loci with the previously known ones®, one way to expand
on our research is to perform targeted study on all genes found in loci associated with PD in

GWAS. Another way could be to include CNV analysis, the lack of which was a limitation in our

106



studies. As follow-up, functional studies would need to assess how these genes and variants can
affect the neuropathogenesis of PD. That could be done, for example, by CRISPR screening,
systematically overexpressing or knocking out the target genes and measuring PD related markers
such as phosphorylation of aSyn, internalization of aSyn into cells, GCase activity and lysosomal
function. Of course, with WGS becoming more affordable, future studies can assess all the genes
including the coding regions that are currently overlooked and might contain important regulatory
functions.

Genetic findings can be applied to disease classification and subtyping. A good example is
maturity-onset diabetes of the young (MODY), a genetically heterogeneous monogenic form of
non-insulin-dependent type 2 diabetes mellitus (T2DM). Only 1-2% of all diabetes patients have
MODY, and it is commonly misdiagnosed as either type 1 diabetes mellitus (T1DM) or T2DM'>°,
Rare LOF mutations in HNFIA are known to cause a common form of MODY (MODY3)!®.
When it was reported by two independent GWAS that SNPs near HNF A are associated with a
161,162

marker of inflammation — C-reactive protein (CRP) levels

levels of CRP could be used as a biomarker for HNF1A4 mutations, and hence for MODY. It was

it lead to a hypothesis that serum

observed that MODY3 patients had decreased levels of CRP when compared to individuals
without diabetes, with T1DM, with T2DM or even non-HNF1A subtypes of MODY, validating
high sensitivity CRP as a clinical biomarker for MODY3!6*!%%  In this example, a genetic
discovery through GWAS provided physicians with a tool that will reduce the rate of misdiagnosis,
leading to better care.

Genetic subtyping of cystic fibrosis (CF) is a great example of a personalized approach to
treatment because CF patients that are carriers of certain mutations can benefit from a mutation-
specific treatment. CF is an autosomal-recessive genetic condition caused by mutations in the
cystic fibrosis transmembrane conductance regulator (CFTR) gene that impair the activity of the
protein by altering its structure, localization and function!®>. CF can be classified by the CFTR
mutations and their functional impact on the protein. Class I: p.G542X, p.W1282X, 621+1G>T —
no functional protein is made. Class II: p.F508del, p.G85E — protein is misfolded and does not
reach the cell membrane. Class III: p.G551D — protein reaches the cell membrane, but chloride
channel gate does not open. Class IV: p.R117H, p.R334W, p.R347P — protein reaches the cell
membrane, but the efficiency of the chloride channel is decreased. Class V: 3849+10kb C>T,
2789+5 G>A — protein function is normal, but the amount is insufficient. Class VI: 4326del,
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4279insTC — protein stability is reduced and the turnover is accelerated'®. All of these functional
abnormalities provide one or more targets for the therapeutic agents that can enable production of
functional protein (i.e. Ataluren), promote chloride channel opening (i.e. Ivacaftor) or increase the
amount of cell surface protein (i.e. Lumacaftor, Tezacaftor); with patient’s class of CF determining

the choice of the drug or the combination of drugs needed to achieve therapeutic efficiency'®’.

For a disease so heterogenous as PD, having a simple way of subtyping, as described in the
examples above, would allow physicians to have a more accurate prognosis and to tailor the
treatment to each patient. This personalized approach would not only improve care, but it would
alleviate expenses for the healthcare, replacing time consuming trial and error by the efficient

matching of the right treatment with the right patient.
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