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Abstract 

 

Isolated REM sleep behavior disorder (iRBD) is a parasomnia that is characterized by loss of 

muscle atonia and dream enactment during REM sleep. iRBD is, in most cases, a prodromal 

synucleinopathy, as more than 80% of patients diagnosed with iRBD will eventually convert to 

an overt synucleinopathy including Parkinson’s disease (PD), dementia with Lewy bodies 

(DLB), and multiple system atrophy (MSA). Since 40-50% of iRBD patients convert to PD, it is 

likely that both disorders partially overlap in their genetic background. Although PD genetics 

have been well-studied over the recent decades, it is only recently that studies have been 

conducted to understand the genetics of iRBD, and our knowledge on the genetic overlap 

between iRBD and PD is still limited. Genetic variants in PRKN, PINK1, PARK7, VPS13C, 

ATP13A2, FBXO7, PLA2G6, LRRK2, GCH1 and VPS35 are known to cause familial forms of 

parkinsonism (including PD and atypical parkinsonism), while the genes ACMSD, BST1, 

CCDC62, DDRGK1, DGKQ, FGF20, GAK, GPNMB, HIP1R, ITGA8, LAMP3, MAPT, MCCC1, 

PM20D1, RAB25, RAB29, RIT2, SETD1A, SLC41A1, STK39, SIPA1L2, STX1B, SYT11, 

TMEM163 and USP25 have been implicated in PD genome-wide association studies (GWASs). 

Despite their association with PD, most of these genes have not been studied in iRBD, and it is 

still unknown whether they play a role in the risk of iRBD.  

The aim of the current thesis is to use targeted-sequencing approach to comprehensively 

explore the association of these parkinsonism-related genes with iRBD risk in 1,039 unrelated 

iRBD patients and 1,852 unrelated controls of European ancestry. For that, we used multiple 

approaches to investigate the effect of different types of variants including rare heterozygous and 

biallelic variants, common variants, and copy number variants. To test whether heterozygous 

variants in our target genes play role in iRBD, we performed burden and SKAT-O analyses. We 

examined the effect of copy number variants (CNVs) in PRKN on iRBD risk using multiplex 

ligation-dependent probe amplification and ExomeDepth. Furthermore, we aimed to investigate 

the effect of three significant nonsynonymous variants in BST1 found to be associated with iRBD 

in our analysis on the enzyme function. For that, in silico structural mutagenesis of BST1 was 

performed to assess the potential impact of these variants on the protein stabilization and 

function. We finally examined the association between common variants in the GWAS PD genes 
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and iRBD risk using logistic regression adjusted for age and sex. Our results showed novel 

associations between rare coding variants (p.V85M, p.I101V and p.V272M) in BST1 and rare 

non-coding variants (intronic [3:182858302] and 3’UTR rs56682988 [*415T>C]) in LAMP3 and 

iRBD risk. The structural analysis of BST1 revealed potential loss-of-function effects of the 

nonsynonymous variants in BST1, suggesting that reduced BST1 activity may decrease the risk 

of iRBD.  

Altogether, these results highlight BST1 and LAMP3 as potential targets for future 

investigations and functional studies in iRBD and PD. We did not find significant associations 

between heterozygous, biallelic or common variants in the rest of the genes and risk of iRBD, 

suggesting that none of the remaining genes seems to play a major role in the development of 

iRBD and further highlighting the distinct genetic profiles of iRBD and PD.  
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Résumé 

 

Le trouble du comportement de sommeil REM isolé (iRBD) est une parasomnie qui se 

caractérise par une perte d'atonie musculaire et des actes de rêve pendant le sommeil REM. 

iRBD est, dans la plupart des cas, une synucléinopathie prodromique, car plus de 80% des 

patients diagnostiqués avec iRBD finiront par se convertir pour avoir une synucléinopathie 

manifeste, y compris la maladie de Parkinson (PD), la démence à corps de Lewy (DLB) et 

l'atrophie multisystématisée (MSA) ). Étant donné que 40 à 50% des patients atteints d'IRBD se 

convertissent à la MP, il est probable que les deux troubles se chevauchent partiellement dans 

leur patrimoine génétique. Bien que la génétique PD ait été bien étudiée au cours des dernières 

décennies, ce n'est que récemment que des études ont été menées pour comprendre la génétique 

de l'iRBD, et nos connaissances sur le chevauchement génétique entre l'iRBD et la PD sont 

encore limitées. Les variantes génétiques dans PRKN, PINK1, PARK7, VPS13C, ATP13A2, 

FBXO7, PLA2G6, LRRK2, GCH1 et VPS35 sont connues pour provoquer des formes familiales 

de parkinsonisme (y compris la MP et le parkinsonisme atypique), tandis que les gènes ACMSD, 

BST1, CCDC62, DDRGK1, DGKQ , FGF20, GAK, GPNMB, HIP1R, ITGA8, LAMP3, MAPT, 

MCCC1, PM20D1, RAB25, RAB29, RIT2, SETD1A, SLC41A1, STK39, SIPA1L2, STX1B, SYT11, 

TMEM163 et USP25 ont été largement associés à des études sur le génome PD (GWAS). Malgré 

leur association avec la MP, la plupart de ces gènes n'ont pas été étudiés dans l'iRBD, et on 

ignore encore s'ils jouent un rôle dans le risque d'iRBD.  

Le but de la thèse actuelle est d'utiliser une approche de séquençage ciblé pour explorer 

de manière approfondie l'association de ces gènes liés au parkinsonisme avec le risque d'IRBD 

chez 1 039 patients iRBD non apparentés et 1 852 témoins non apparentés d'ascendance 

européenne. Pour cela, nous avons utilisé plusieurs approches pour étudier l'effet de différents 

types de variantes, y compris des variantes hétérozygotes et bialléliques rares, des variantes 

communes et des variantes de nombre de copies. Pour tester si les variantes hétérozygotes dans 

nos gènes cibles jouent un rôle dans l'iRBD, nous avons effectué des analyses de charge et 

SKAT-O. Nous avons examiné l'effet des variantes du nombre de copies (CNV) dans PRKN sur 

le risque iRBD en utilisant une amplification de sonde dépendante de la ligature multiplex et 

ExomeDepth. En outre, nous avons cherché à étudier l'effet de trois variantes non synonymes 



5 
 

significatives dans BST1 qui se sont révélées être associées à iRBD dans notre analyse sur la 

fonction enzymatique. Pour cela, une mutagenèse structurale in silico de BST1 a été réalisée 

pour évaluer l'impact potentiel de ces variants sur la stabilisation et la fonction des protéines. 

Nous avons finalement examiné l'association entre les variantes communes dans les gènes 

GWAS PD et le risque iRBD en utilisant une régression logistique ajustée pour l'âge et le sexe. 

Nos résultats ont montré de nouvelles associations entre des variantes de codage rares (p.V85M, 

p.I101V et p.V272M) dans BST1 et des variantes rares non codantes (intronic [3: 182858302] et 

3'UTR rs56682988 [* 415T> C]) dans Risque LAMP3 et iRBD. L'analyse structurale de BST1 a 

révélé des effets potentiels de perte de fonction des variantes non synonymes de BST1, suggérant 

qu'une activité réduite de BST1 pourrait diminuer le risque d'iRBD.  

Dans l'ensemble, ces résultats mettent en évidence BST1 et LAMP3 comme cibles 

potentielles pour de futures investigations et études fonctionnelles dans iRBD et PD. Nous 

n'avons trouvé aucune association significative entre les variantes hétérozygotes, bialléliques ou 

communes dans le reste des gènes et le risque d'iRBD, suggérant qu'aucun des gènes restants ne 

semble jouer un rôle majeur dans le développement d'iRBD et mettant davantage en évidence les 

profils génétiques distincts de iRBD et PD. 
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CHAPTER 1: Introduction 

1. Background 

Sleep is a naturally recurring state of unconsciousness and decreased arousal with reduced 

interaction with the surrounding, yet it is a very dynamic state in which a normal sleep involves 

successive cycles of two basic types of sleep: rapid eye movement (REM) sleep and non-REM 

(NREM) sleep.1  Together, these two types of sleep make up a single sleep cycle that lasts about 

90 minutes and occur multiple times during nocturnal sleep2 (Figure 1). Disturbance in any of the 

sleep stages will result in reduced sleep quality. For instance, in normal REM sleep (dreaming 

stage), the brain is in active state while almost all the body muscles remain inhibited and 

essentially paralyzed. This muscle inhibition (also known as muscle atonia) is crucial for 

preventing the physical response to the dream’s content and moving around while dreaming. 

However, loss of the normal muscle paralysis during REM sleep leads to increased muscle 

activity and dream enactment, causing a parasomnia known as REM sleep behavior disorder 

(RBD).  

RBD is characterized by a history of dream enactment and abnormal motor behaviors 

occurring during REM sleep, and it has been classified into two types: secondary (secondary 

RBD) when it occurs as a result of neurological or neurodegenerative disorders,3 autoimmune 

diseases4, 5 or brainstem lessions,6, 7 as well as when it is initiated by antidepressants 

consumption,4 and primary ‘or isolated’ RBD (iRBD) when RBD onset occurs prior to any other 

symptoms of neurodegeneration and is not caused by use of antidepressants, autoimmune 

diseases or brainstem lesions. The prevalence of iRBD is ~1% of individuals at the age of over 

60 years,8, 9 and the confirmed iRBD diagnosis requires detecting the presence of abnormal 

motor behaviors during REM sleep by video polysomnography (vPSG), that includes a 

synchronized video coupled with: electroencephalography (EEG) to measure the brain activity 

and identify REM sleep stage, electrooculography (EOG) to measure eye movements and 

confirm REM sleep, and electromyography (EMG) to detect the excess tonic and phasic motor 

activity.1 In fact, iRBD has a highly variable clinical presentation; the abnormal behaviors that 

could occur during REM sleep range from unnoticed sleep disruption and non-violent behaviors 

including laughing, crying or singing to severe self-injurious and/or injuries of bed partners 
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through violent behaviors like punching, biting or kicking, depending on the dream content. 

Although most motor events during dream enactment are simple elementary movements, sleep-

related injuries to the self and/or the bedpartner are common in patients with iRBD. However, 

the most important implication of iRBD is its association with neurological diseases. More than 

80% of iRBD patients eventually develop a neurodegenerative disorder associated with α-

synuclein pathology,10 including Parkinson’s disease (PD), Dementia with Lewy bodies (DLB), 

and multiple system atrophy (MSA).11 Therefore, iRBD is now considered not only as a 

parasomnia, but also as a prodromal manifestation of these neurodegenerative disorders, 

collectively termed as synucleinopathies. The high rate of conversion from iRBD to overt 

synucleinopathies suggests that the genetic background of iRBD may overlap, or at least partially 

overlap, with the genetic background of these disorders. Thus, studying and exploring this 

potential genetic overlap between iRBD and synucleinopathies would be of great importance for 

several reasons: a) identifying genes and variants specifically involved in iRBD, b) better 

understanding of the molecular mechanisms underlying iRBD and its conversion c) identifying 

genetic markers for patient stratification, and d) identifying potential targets for drug 

development. 
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Figure 1. Normal sleep architecture. Sleep is divided into four main stages (3 NREM stages 

and 1 REM stage). Each sleep stage is characterized with certain brain activity and brain waves 

type. After sleep onset, the brain activity decreases from awake to N1, N2, N3 stages and then 

increases again to reach REM sleep stage which is the light sleep stage. Each sleep cycle consists 

of the 3 NREM and 1 REM sleep stages and lasts to about 90 minutes. The nocturnal sleep 

usually consists of 4–6 sleep cycles. This figure is adapted with permission from Tan, X et al 

2019.12 
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2. Isolated REM sleep behavior disorder pathology 

Multiple studies have been carried out in order to identify the neuronal system responsible for 

the REM sleep genesis. These studies have suggested multiple neurons and brain regions to be 

involved in RBD, such as the coeruleus/subcoeruleus and laterodorsal/sublaterodorsal tegmental 

nucleus comples.13 . However, animal studies coupled with functional neuroimaging and post-

mortem studies demonstrated that the GABAergic and glycinergic ventral medullary neurons in 

the brainstem are likely to generate the muscle atonia during REM sleep,1 and thus, RBD is 

likely to be caused by specific neurodegeneration of these neurons being associated with Lewy 

bodies (LB). The association between the neurodegeneration and LB has not yet been explained. 

LB are cellular inclusions that are made by the accumulation of misfolded proteins. One of these 

proteins is α-synuclein, which is considered a major component of LB. α-synuclein is normally a 

water-soluble protein. However, under certain conditions, this protein can start forming insoluble 

dimers, oligomers, fibrils, and aggregates which are suspected to be neurotoxic.14 Although the 

exact function of α-synuclein is still unclear, it is suggested to play an important role in vesicular 

transportation and recycling in the nigrostriatal presynaptic terminals, as well as in dopamine 

storage and compartmentalization.15  

Since iRBD is a prodromal symptom of synucleinopathies, it suggests that α-synuclein 

pathology (or Lewy pathology, LP) can be present in the nervous system long before the 

emergence of other neurological symptoms of these disorders. This disease progression has been 

described by Braak et al.16 According to their hypothesis, LP propagate from the periphery to the 

medulla oblongata and the olfactory system via the vagus nerve or olfactory nerves, leading to 

autonomic and olfactory disturbances. This propagation then continues further to reach the 

brainstem where the prodromal sleep disturbances and RBD occur with other initial motor 

symptoms. Then, the LP finally progresses into the other brain regions that are responsible for 

the onset of the associated synucleinopathies, such as the limbic system and neocortical regions 

that when degenerated cause cognitive and behavioral impairments associated with late stages of 

PD. 
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3. Genetics of synucleinopathies 

Synucleinopathies are a group of neurological disorders that include mainly PD, DLB, and MSA, 

as well as other rarer neurological disorders. The common neuropathological hallmark of these 

disorders is the accumulation of α-synuclein in neurons or in glial cells of the nervous system in 

the form of LBs or Lewy neurites.17 The current advancements in sequencing technologies 

developed over the recent decades and the emergence of population-scale cohorts have enabled 

conducting large studies in order to analyze phenotype and genotype data on neurological 

disorders. Coupled with the rapid development of various genetic methods, these technologies 

have helped obtaining a wealth of information about the genetic component of 

synucleinopathies, revealing genetic loci and genes that are implicated in the risk of 

synucleinopathies: 

3.1. Genetics of Parkinson’s disease 

More than 40% of iRBD patients convert to PD, which is one of the most common progressive 

neurodegenerative disorders. PD is characterized by loss of dopaminergic neurons in the 

substantia nigra pars compacta and α-synuclein protein aggregates.18 Unlike DLB and MSA, the 

genetic component of PD has been thoroughly explored through familial and genome-wide 

association studies (GWASs).  The advancement of the genetic methods over the recent decades 

has helped us identify several genes and variants that either cause or affect PD risk. Genes that 

are known to be involved in PD can be divided into three main groups: 1) genes or loci with 

common genetic variants that have a small effect on the disease risk, 2) genes with less common 

variants with incomplete penetrance that have moderate effect on the disease risk, and 3) rare 

genetic variants with a complete or near complete penetrance that are responsible for about 1-5% 

of the total PD cases.19   

To date, GWASs have identified more than 90 known independent risk factors in 80 genetic 

loci to be associated with the risk of PD.20-23 In addition, several genes have been shown to 

contribute to monogenic (or Mendelian) forms of PD, either through autosomal dominant (single 

copy of the mutant allele is enough to cause the disease) or autosomal recessive (both alleles are 

needed to be mutated to cause the disease) inheritance patterns. For example, rare genetic 

variants in PRKN, PINK1 and PARK7 (DJ1) may cause autosomal recessive early-onset forms of 
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PD17 with biallelic (homozygous and compound heterozygous) variants in PRKN being the most 

common, accounting for ~8.6% of all early-onset PD cases.24 It is demonstrated that biallelic 

variants in PRKN are linked with atypical neuropathology of PD as they are associated with pure 

neurodegeneration in the substania nigra with the absence of LP,25, 26 suggesting that patients 

carrying biallelic PRKN variants represent either a distinct subgroup of PD, or possibly a distinct 

disease that has similar clinical features.26 PRKN is known to be located in a genomic region that 

is prone to rearrangements.27, 28 However, while the role of biallelic variants in PRKN has been 

clearly established, the role of heterozygous variants, including single nucleotide variants 

(SNVs) and copy number variants (CNVs), remains unclear although they are frequent in PRKN. 

Variants in PINK1 and PARK7 are less common, accounting for up to 1-8%, and 1-2% of early-

onset sporadic cases, respectively.29-31 Although rare in frequency, variants in these genes have 

been established as PD-causative and account for most recessive PD cases.32  

Furthermore, genetic variants in SNCA, LRRK2, GCH1 and VPS35 are linked with autosomal 

dominant inheritance of PD.17, 33, 34 SNCA encodes α-synuclein, and its role in PD has been 

clearly established from the early familial reports35 to the most recent GWASs findings.22, 23 

Different types of variations can be found in SNCA, including SNVs, duplications and 

triplications, and they are all reported to be associated with autosomal dominant forms of 

parkinsonism (with incomplete penetrance found in a few cases).36 Another autosomal dominant 

cause of PD, although often with incomplete penetrance, is LRRK2, which encodes the large 

multidomain protein leucine-rich repeat kinase (or dardarin) that has been suggested to play 

important roles in many cellular processes including vesicular trafficking, microtubule binding, 

autophagy and mitophagy.37 The most common variant found in LRRK2 is the pathogenic 

p.G2019S variant, which is known to be present in approximately 1% of all PD cases,38 and up to 

40% in some populations.39, 40 While 65% of p.G2019S carriers show neurodegeneration 

associated with LB, 70% of PD patients carrying other LRRK2 pathogenic variants do not have 

LP.41 Furthermore, although being strong risk factors of PD, some LRRK2 variants, such as 

p,G2019S, have age-dependent penetrance; up to 30% after the age of 50, and 75% above the 

age of 70.42, 43  

Finally, there are other genes such as ATP13A2, FBXO7, VPS13C and PLA2G6 that are have 

been implicated in atypical forms of parkinsonism,17, 44 with LP reported to be associated with 
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ATP13A2,45 FBXO7,46 and PLA2G6.47 Variants in GBA, which encodes for the enzyme 

glucocerebrosidase, are common in PD, found in 5-20% of patients depending on their ethnicity, 

with a penetrance of 10-30%.48 Since GBA has already been thoroughly studied in iRBD,49 we 

will not study it further in the current thesis. Similarly, SNCA has also been thoroughly studied in 

iRBD50 and will not be studied here.  

3.2. Genetics of Dementia with Lewy bodies and Multiple system atrophy 

DLB is the second most common dementia after Alzheimer’s disease.51 Despite this fact, the 

genetic background that underlies DLB is still not well-studied. To date, the only large-scale 

genetic study of DLB was a GWAS conducted on 1,743 DLB patients and 4,454 controls, 

showing several genome-wide significant loci associated with DLB including APOE, SNCA and 

GBA.52 Other genes such as SCARB2 and MAPT were also implicated in DLB, but without 

enough replications.53, 54  

MSA is a rare, adult-onset neurodegenerative disorder with clinical features that include 

parkinsonism, pyramidal signs and dysautonomia.55 Unlike DLB and PD, MSA-associated α-

synuclein pathology is found to be present in oligodendroglia cells instead of neurons.56 Only a 

minority of iRBD patients (~5%) convert to MSA, and only little is known about the genetics 

underlying MSA compared to PD and DLB. Since multiplex familial cases of MSA are rarely 

reported, it was previously thought that MSA is a non-genetic disease.57 However, MSA has 

been reported to involve higher incident of parkinsonism in first-degree relatives compared with 

controls, suggesting that there might be a genetic component responsible for the development of 

MSA symptoms.58 There is one GWAS on 918 MSA patients and 3,864 controls which failed to 

find loci significantly associated with MSA risk.59 Additional genes such as COQ2,60 GBA61 and 

others have also been implicated in MSA, but with contradictory results which require additional 

replications. 

3.3. Current knowledge on the genetics of REM sleep behavior disorder 

Although the association between iRBD and synucleinopathies was initially reported more than 

two decades age, the first studies focusing on iRBD genetic component have emerged only 

recently. The previous genetic studies have demonstrated that there is no full overlap in the 

genetic background between iRBD and that of related synucleinopathies. For example, variants 
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in GBA are known to be common genetic risk factors for PD and DLB,62 and were also found to 

be associated with increased iRBD risk.11 Furthermore, the p.N551K-p.R1398H-p.K1423K 

protective haplotype of LRRK2 in PD has been also suggested to be associated with reduced risk 

of iRBD, although this study was performed on a small population and requires replication.63 

Other genes have been reported to have independent risk variants for PD and iRBD. In the 

TMEM175 locus, while there are two independent PD risk variants, only one of these variants, 

p.M393T, has been associated with iRBD.64 Although RBD and DLB variants are found to be in 

Linkage disequilibrium (LD), a distinct pattern of association with PD and iRBD was found in 

the SNCA locus. Specific variants at the 5’ untranslated region (UTR) (tagged by rs10005233) in 

SNCA are associated with increased risk of PD, iRBD, and DLB. Other independent variants 

(tagged by rs356182) in the 3’ UTR of the SNCA locus are  associated with increased risk of PD 

but found to have an opposite direction of effect in iRBD.50 On the other hand, genetic studies 

found no association between other key PD or DLB pathogenic variants in LRRK2,65 MAPT 

haplotypes,66 APOE ε467 and SMPD168 risk variants and haplotypes.  

4. Identifying genetic associations through targeted-next generation 

sequencing 

Since next-generation sequencing (NGS) technology is based on the ability to sequence millions 

of DNA fragments in massively parallel manner, it provides a dramatic increase in the speed and 

content of sequencing at a lower fraction of cost compared to previous technologies such as 

Sanger sequencing, microarray technology and quantitative PCR (qPCR).69 The rapid and 

inexpensive NGS methods offer broadly accessible technologies for high-throughput sequencing 

analysis of large genomic regions in a large number of samples with a single experiment. Variant 

detection has been shown to have about 95% sensitivity and 100% specificity for a variety of 

alterations such as single nucleotide polymorphisms (SNPs), small insertions and deletions, and 

splicing variants. Therefore, with some NGS technologies such as whole genome sequencing 

(WGS), genomes can be interrogated without bias as WGS can be unselective,70 and does not 

require prior information about the gene structure and sequence location. However, this also 

means that the position of each sequence read on the genome is unclear. Thus, the short reads 

must be mapped back to the human reference genome. To map these individual reads to the 

human reference genome and process the massive raw data that NGS generates, bioinformatic 
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pipelines and tools are required. Other NGS disadvantages include limited detection of copy 

number variations (CNVs), bias against sequences of GC-rich DNA regions71 and difficulties in 

detecting structural variants72 and sequencing genetic areas where pseudogenes occur.73 One 

example of that is the difficulty of detecting GBA variants due to the presence of the GBA 

pseudogene (GBAP1) which shares 96% homology with GBA.74  

The application of NGS technologies include the use of WGS in which the DNA 

sequence of the whole genome is determined, whole-exome sequencing (WES) by which most of 

the protein-coding sequences can be captured, and targeted sequencing.75 More recently, long-

read sequencing has also been developed, which allows for sequencing of “difficult” regions and 

identification of large structural variants.76 Compared to the higher cost of WGS, WES and long-

read sequencing, targeted NGS provides more cost-effective method that can be used for genetic 

studies of large cohorts. In targeted sequencing, only the selected and captured genetic regions 

will be sequenced and analyzed. Since the captured regions of the genome are usually the most 

relevant to the disease, targeted NGS provides a faster approach with simpler data analysis 

requirements compared to WGS and WES.  

In this thesis, the targeted capture method used is called molecular inversion probes 

(MIPs), designed by O’Roak., et al77 (Figure 2). MIPs are single-stranded oligonucleotides 

containing two annealing arms (each of 18-25 bases) complimentary to the 5’ and 3’ ends of the 

target of interest in the genome. The two arms are linked with an internal common linking 

sequence of 35-50 bases containing universal PCR primer binding sites.78 MIPs belong to the 

class of capture-by-circularization techniques;79 when the designed probe hybridize and captures 

the genomic target, the arms undergo an inversion in configuration and forms circular structure 

with the intended DNA target captured between the flanking arms (Figure 2). MIPs are used 

because of many advantages they provide: due to the use of target probe design, MIPs provide 

high overall capture specificity (>99% of target overlap), consistent capture reproducibility 

(~98% of captured target), with a multiplex scalability (thousands of capture targets) for high-

throughput sequencing.80, 81 The circular design allows for removal of all linear DNA by 

exonucleases and retaining only the target sequences. Furthermore, adding unique barcode 

sequences to each DNA sample facilitates the quantification of individual capture reads, 

allowing for highly sensitive variant-calling.82 Another advantage of MIPs is the relative low 
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sample DNA input requirement (less than 100 ng in some settings) compared to other target 

capture methods, as they can be directly applied to the genomic DNA and no shotgun library 

preparation is required.83 Therefore, combining MIPs with NGS represents a simple and efficient 

approach that can selectively enrich thousands of genomic DNA targets and determine their 

sequence in parallel on large scale for the detection of common, rare and de-novo genetic 

variants in large disease-cohorts with relatively low cost per sample.81, 84,85  
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Targeted gene-capture using Molecular Inversion Probes 

 

Figure 2. This figure illustrates targeted gene-capture using molecular inversion probes (MIPs). 

(A) The design and generation of probes: probes and their annealing arms are designed to 

capture specific DNA sequences of the target genetic region (B) Phosphorylation and MIP 

capture: probes are added to the genomic DNA samples with dNTPs, polymerase and ligase. The 

polymerase facilitates the extension between the targeting arms and the intervening sequence, 

and the addition of 5’-phosphate helps to form phosphodiester bonds between the targeted DNA 

fragment with the two arms of the probe to fill the gap and complete the covalently closed 

circular molecule. (C) Exonuclease treatment: adding exonuclease to degrade linear DNA (non-

reacted probes and non-treated DNA) and keep target sequences only. (D) Amplification of 

target reads with PCR using universal primers complementary to the MIP backbone followed by 

adding specific barcode sequences to each sample to recognize it. (E) Pooling all samples 

together followed by gel-electrophoresis to confirm target capture and amplification. (F) 

Measuring the DNA concentrations and sequencing of the targeted DNA samples. This figure 

was produced using Adobe Photoshop CC 2015 based on figure of O’Roak., et al. 2012 after 

obtaining permission.77 

 

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/polymerase
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/polymerase
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5. Aims and Rational 

General aim 

Since the conversion from iRBD to PD has been well-studied, we aimed to take advantage of the 

abundant data pertaining to PD genetics to investigate the role of PD-related genes in the risk of 

iRBD and further explore the genetic overlap between these disorders. Previous studies on iRBD 

genetics have demonstrated that while iRBD and PD have some common genetic risk factors, 

there is no full overlap in their genetic background. For instance, it was shown that while some 

genes such as GBA,11 TMEM17564 and SNCA50 are associated with both PD and iRBD, other 

genes such as MAPT,66 SMPD168 and pathogenic variants in LRRK263 were reported to be 

associated only with PD and not with iRBD. However, most of PD- and Parkinsonism-associated 

genes have not been investigated in iRBD yet. Hence, we aimed to further explore the potential 

overlap between PD and iRBD by examining the role of PD-related genes in iRBD risk. In this 

thesis, we hypothesized that rare and common variants in PD and Parkinsonism-related familial 

and GWAS genes could contribute to the risk of iRBD. To test our hypothesis, we selected a 

total of 35 genes: 10 familial PD or atypical parkinsonism genes, and 25 GWAS PD genes to 

examine their association with iRBD risk (Table 1 and Figure 2).  

Specific aims and rationale  

Aim 1 (chapter 2): To study the role of familial PD and atypical Parkinsonism genes in 

iRBD. 

Rationale: The role of familial PD and atypical Parkinsonism genes in iRBD is unknown. We 

hypothesize that these genes will have no role or only minor role in RBD, as disease-causing 

variants in these genes are rare, and in some of these disorders (e.g. PRKN-associated PD) there 

is no -synuclein pathology in most cases.  

Aim 2 (chapter 3): To study the role of PD GWAS genes in iRBD. 

Rationale: Since about half of iRBD patients will convert to PD, it is likely that some genes 

involved in PD may also be involved in iRBD. We hypothesize that rare variants in some of these 

genes will be associated with iRBD. 
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Genes of interest targeted in the current study 

Familial genes 

PRKN PARK7 PINK1 VPS13C ATP13A2 

LRRK2 GCH1 VPS35 FBXO7 PLA2G6 

GWAS genes 

ACMSD BST1 CCDC62 DDRGK1 DGKQ 

FGF20 GAK GPNMB HIP1R ITGA8 

LAMP3 MAPT MCCC1 PM20D1 RAB25 

RAB29 RIT2 SETD1A SLC41A1 STK39 

SIPA1L2 STX1B SYT11 TMEM163 USP25 

 

Table 1. This table details the target genes that have been analyzed in the current project. 

Detailed explanation on how these genes were selected can be found in the following chapters. In 

blue: autosomal recessive PD genes; green: autosomal dominant PD genes; red: genes implicated 

with atypical parkinsonism. 
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Workflow of the Current Thesis 

 

Figure 3. This figure shows the general flow of the analyses discussed in the current dissertation.  

Abbreviations: All = All rare variants; CADD = Combined annotation dependent depletion; 

CNVs = Copy number variants; Funct = Potentially functional variants; LOF = Loss-of-function; 

NS = Nonsynonymous; SKAT-O = Optimized sequence kernel association test; SKAT = 

Sequence Kernel association test; SNVs = Single nucleotide variants. 
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Preface to Chapter 2 

Genetic variants in PRKN, PARK7, PINK1, VPS13C, ATP13A2, FBXO7, PLA2G6, LRRK2, 

GCH1 and VPS35 have been implicated in familial forms (autosomal dominant and autosomal 

recessive) of PD and atypical parkinsonism.17, 24, 33, 34, 44 Previous reports have demonstrated that 

some genetic risk factors for PD are also involved in iRBD (e.g. GBA, SNCA), whereas other PD 

genes (e,g, PINK1, LRRK2, MAPT) are not. Using a much larger cohort, we aimed to examine 

whether these 10 familial genes associated with PD or atypical parkinsonism are also important 

in iRBD. The work detailed in Chapter 2 is focused on using targeted next-generation 

sequencing to study the association of rare heterozygous and bi-allelic variants – and copy 

number variants in PRKN - in these genes and iRBD in a large European ancestry cohort of 

1,039 iRBD patients and 1,852 controls. 
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1. Abstract 

Objective: To examine the role of autosomal dominant (AD) and recessive (AR) Parkinsonism 

genes in the risk of isolated rapid-eye-movement (REM) sleep behavior disorder (iRBD). 

Methods: Ten genes implicated in AD and AR Parkinsonism were fully sequenced using targeted 

next-generation sequencing in 1,039 iRBD patients and 1,852 controls of European ancestry. 

These include the AR genes PRKN, DJ-1 (PARK7), PINK1, VPS13C, ATP13A2, FBXO7 and 

PLA2G6, and the AD genes LRRK2, GCH1 and VPS35. To examine the role of rare heterozygous 

variants in these genes, burden test and SKAT-O analyses were performed. The contribution of 

homozygous and compound heterozygous variants was further examined in the AR genes. Copy 

number variants (CNVs) in PRKN were tested in a subset of samples (n=374) using multiplex 

ligation-dependent probe amplification followed by analysis of all samples using ExomeDepth.  

Results: We found no association between rare heterozygous variants in the tested genes and risk 

for iRBD. Several homozygous and compound heterozygous carriers were identified with variants 

of unknown significance, yet there was no overrepresentation in iRBD patients versus controls.  

Conclusion: Our results do not support a major role for variants in PRKN, PARK7, PINK1, 

VPS13C, ATP13A2, FBXO7, PLA2G6, LRRK2, GCH1 and VPS35 in the risk of iRBD. 
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2. Introduction 

Isolated rapid eye movement (REM)-sleep behavior disorder (iRBD) is a prodromal 

neurodegenerative disease. More than 80% of iRBD patients diagnosed with video-

polysomnography (vPSG) will eventually convert to an overt α-synucleinopathy.1 These include 

mostly Parkinson’s disease (PD) and dementia with Lewy bodies (DLB), and a small minority 

will convert to multiple system atrophy (MSA).2 

While not much is known about the genetic background of DLB and MSA, accumulating 

data from the last two decades have unraveled the role of common and rare genetic variants in 

PD. Currently, 90 independent risk factors of PD in 78 genetic loci are known, discovered 

through genome-wide association studies (GWAS).3 Other, less common genetic variants, have 

been implicated in familial forms of PD, including autosomal dominant (AD) inherited variants 

in genes such as SNCA, LRRK2, GCH1 and VPS35,4-6 and autosomal recessive (AR) inherited 

variants in PRKN, PINK1 and PARK7.7 Bi-allelic mutations in other genes, including ATP13A2, 

VPS13C, FBXO7 and PLA2G6 may cause AR atypical syndromes with Parkinsonism,4,8 in some 

of which α-synucleinopathy has also been reported.9-11 

The genetic background of iRBD has only been studied in recent years, with studies 

showing that there is no full genetic overlap between the genetic background of iRBD and that of 

PD or DLB. For example, GBA mutations are associated with risk of iRBD, PD and DLB,2,12 but 

pathogenic LRRK2 mutations seem to be involved only in PD and not in iRBD and DLB.8,13,14 

MAPT and APOE variants are important risk factors of PD and DLB, respectively,15,16 but both 

genes are not associated with iRBD.15,17 In the SNCA locus, there are independent risk variants of 

PD, DLB and iRBD; specific 3’ variants are associated with PD, and other, independent variants 

at the 5’ of SNCA are associated with iRBD and DLB.18 Within the TMEM175 locus, there are 

two independent risk factors of PD, but only one of them, the coding polymorphism p.M393T, 

has also been associated with iRBD.19 

Thus far, the role of most of the familial PD genes or genes involved in rare forms of atypical 

parkinsonism has not been studied in iRBD. Here, since GBA and SNCA have been studied 

previously,2,18 we aimed to thoroughly examine the roles of PRKN, PINK1, PARK7 (DJ-1), 

VPS13C, ATP13A2, FBXO7, PLA2G6, LRRK2, GCH1 and VPS35 in iRBD. 
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3. Methods 

3.1. Population  

A total of 1,039 unrelated iRBD patients and 1,852 unrelated controls were included in this 

study, all of European ancestry (confirmed by principal component analysis of GWAS data). 

Approximately 81% of the patients were male, the mean reported age at onset (AAO) was 60.1 ± 

10.5 years and the average age at diagnosis was 65.3 ± 8.7 years. Data on sex and age were 

available for 1,032 and 1,004 patients, respectively. Among the controls, about 51% were male, 

and the mean age at sampling was 52.3 ± 14.3 years, age was not available for nine controls. 

RBD diagnosis was done with video polysomnography according to the ICSD-2/3 criteria 

(International Classification of Sleep Disorders, version 2 or 3).20 

3.2.  Standard protocol approvals, registrations, and patient consents 

All patients signed an informed consent form before entering the study, and the study protocol 

was approved by the institutional review boards. 

3.3. Genetic analysis 

The coding sequences and 5’ and 3’ untranslated regions (UTRs) of PRKN, PINK1, DJ-1, 

VPS13C, ATP13A2, FBXO7, PLA2G6, LRRK2, GCH1 and VPS35 were captured using 

molecular inversion probes (MIPs) designed as previously described,21 and the full protocol is 

available upon request. Details of the MIPs used in the current study are listed in Supplementary 

Table 1. The library was sequenced on illumina HiSeq 2500\4000 platform at the McGill 

University and Génome Québec Innovation Centre. Sequencing reads were mapped to the human 

reference genome (hg19) using the Burrows-Wheeler Aligner.22 Post-alignment quality control 

and variant calling were done using the Genome Analysis Toolkit (GATK, v3.8),23 and 

annotation with ANNOVAR.24 The Frequency of each variant was extracted from the Genome 

Aggregation Database (GnomAD).25 We used ClinVar and specific searches on PubMed to 

examine whether variants that were found in these genes are known or suspected to be 

pathogenic in PD or atypical parkinsonism. 
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3.4.  Quality control 

To perform quality control (QC), we used the PLINK software. We excluded variants with: 

genotyping rate lower than 90%, deviation from Hardy-Weinberg equilibrium set at p=0.001 

threshold and when the variant was identified in <25% of the reads for a specific variant. To be 

included in the analysis, the minimum quality score (QS) was set to 30. Threshold for rate of 

missingness difference between cases and controls was set at p=0.05, and variants below this 

threshold were removed. Genotyping rate cut-off for individuals was 90%, and individuals with a 

lower genotyping rate were excluded. After the QC steps, 1,039 patients and 1,852 controls were 

included in the analysis. Since we aimed to examine the role of variants that cause monogenic 

PD, only rare variants (minor allele frequency [MAF]<0.01) were included in the analysis. To 

ensure that we capture high quality variants, we performed analyses for variants with coverage 

depth of >30X and variants with >50X.   

3.5.  Data and statistical analysis 

We used different approaches to examine the effect of multiple variants on iRBD risk. To 

examine whether there is a burden of rare (MAF<0.01) heterozygous variants in each of our 

targeted genes, we used optimized sequence Kernel association test (SKAT-O, R package)26 and 

burden tests for different types of variants: all rare variants, potentially functional rare variants 

(nonsynonymous, frame-shift, stop-gain and splicing), rare loss-of-function variants (frame-shift, 

stop-gain and splicing), and rare nonsynonymous variants only. We then examined the 

association between variants predicted to be pathogenic based on Combined Annotation 

Dependent Depletion (CADD) score of ≥12.37 (representing the top 2% of potentially 

deleterious variants) and iRBD. For this analysis, we used burden test (R package SKAT) since 

the direction of the association was presumed as pathogenic prior to the test. In addition, since 

copy number variants (CNVs) are frequent in the PRKN gene,27 we included CNVs when we 

analyzed the association of PRKN variants with iRBD. To call CNVs, we first performed 

multiplex ligation probe amplification (MLPA, the gold standard for CNV detection in PRKN) 

analysis of 374 samples using the SALSA MLPA Probemix P051 Parkinson mix 1 according to 

the manufacturer’s instructions (MRC Holland). Then, using the ExomeDepth tool,28 we 

determined the ideal parameters for CNV calls using the MIPs data, with sensitivity of 100% and 

specificity of 97% when compared to the MLPA results. These parameters were subsequently 
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applied to call CNVs from the MIPs data across all iRBD patients and controls. The contribution 

of homozygous and compound heterozygous variants in all the genes was also examined by 

comparing the frequencies of the very rare (MAF<0.001) nonsynonymous, splice-site, frame-

shift and stop-gain variants between patients and controls. Bonferroni correction for multiple 

comparisons was applied in all analyses.  

3.6.  Availability of data and materials 

Data used for the analysis is available in the supplementary tables. Anonymized raw data can be 

shared upon request from any qualified investigator. 

4. Results 

4.1.  Quality of coverage 

The average coverage of the 10 genes analyzed in this study was >144X for all genes, and the 

coverage of 8 of the genes was >900X. The per-gene coverage for all 10 genes, although not 

perfect, is better than the coverage of these specific genes in gnomAD. Supplementary Table 2 

details the average coverage and the percentage of nucleotides covered at 20X and 50X for each 

gene. There were no differences in the coverage across the samples (patients and controls).   

4.2. Rare homozygous and compound heterozygous variants are not enriched in iRBD 

patients 

To examine whether homozygous or compound heterozygous variants in our genes of interest 

may cause iRBD, we compared the carrier frequencies of very rare (MAF <0.001) bi-allelic 

variants between iRBD patients and controls. Three carriers (one patient and two controls) were 

identified with homozygous variants across all genes. All three carried homozygous non-coding 

and synonymous variants that are not likely to cause a disease: one male patient with AAS of 76 

years who carried the PINK1 variant rs181532922, c.*717T>C at the 3’ UTR of the gene, one 

female control recruited at age 72 who carried the DJ-1 rs7534132, an intronic variant, and one 

control recruited at the age of 26 who carried the LRRK2 rs72546315 synonymous (p.H275H) 

variant. 

For the analysis of compound heterozygous carriers, since phasing could not be performed, 

we considered carriers of two rare variants as compound heterozygous carriers, with two 
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exceptions: 1) when variants were physically close and we could determine their phase based on 

the sequence reads and 2) if the same combination of very rare variants appeared more than 

once, we assumed that the variants are likely on the same allele. We found a total of 9 patients 

and controls, presumably compound heterozygous carriers in the studied genes (Table 1). Three 

affected and three unaffected carriers of compound heterozygous variants in VPS13C were 

identified, with no overrepresentation in iRBD patients (Fisher test, p=1). 

4.3.  Rare heterozygous variants are not enriched in any of the studied genes 

In order to further study the role of rare (MAF<0.01) heterozygous variants, we performed 

SKAT-O and burden tests, repeated twice for variants detected at coverage depth of >30X and 

variants detected at >50X (see methods). All rare heterozygous variants identified in each gene 

are detailed in supplementary table 3. We performed SKAT-O and burden tests at 5 different 

levels: all rare variants, all potentially functional variants (nonsynonymous, splice site, frame-

shift and stop-gain), loss-of-function variants (frame-shift, stop-gain and splicing), 

nonsynonymous variants only, and variants with CADD score ≥12.37 (Table 2). The Bonferroni 

corrected p value for statistical significance was set on p<0.001. We found no statistically 

significant association between iRBD and any of the variant types in any of the genes, suggesting 

that these genes either have no role in iRBD or have a minor role that we could not detect with 

this sample size. The nominal association between PARK7 and iRBD in the SKAT-O analysis of 

rare functional variants is driven by the nonsynonymous variant rs71653622 (p.A179T) which 

was ~10 times more frequent in iRBD patients (0.003074) compared to controls (0.000277), but 

not statistically significant (p=0.09, see supplementary table 3). We did not identify any iRBD 

patient with known biallelic pathogenic variants in PARK7, PINK1, VPS13C and ATP13A2, or 

heterozygous pathogenic variants in LRRK2, GCH1 and VPS35. Two controls were found with 

the pathogenic LRRK2 p.G2019S variant. We identified 9 (0.86%) iRBD patients and 13 (0.70%, 

p=0.65) controls who were heterozygous carriers of the potentially pathogenic variant p.R275W 

in PRKN, and two additional controls with the PRKN p.T240M pathogenic variant. One patient 

and one control with the pathogenic variant p.R299C in FBXO7 were also found.  

4.4.  Analysis of copy number variants in PRKN 

We further examined the association between deletions and duplications in PRKN and risk for 

iRBD. Using ExomeDepth, 7 patients (0.7 %) and 17 controls (0.9%, p=0.53) were found to 
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carry CNVs in PRKN, and none of the patients found to have an additional nonsynonymous 

variant. Therefore, there were no homozygous or compound heterozygous carriers of rare PRKN 

variants among the iRBD patients. Supplementary table 4 lists all the CNVs found in our cohort.  

5. Discussion 

The present study provides the first large-scale, full sequencing analysis to examine the possible 

role of the dominant and recessive parkinsonism genes PRKN, PARK7, PINK1, VPS13C, 

ATP13A2, FBXO7, PLA2G6, LRRK2, GCH1 and VPS35 in iRBD. We did not find evidence for 

association of any of these genes with iRBD. In the recessive genes, there was no over-

representation of carriers of homozygous or compound heterozygous variants in iRBD patients, 

and no single patient with bi-allelic pathogenic variants. In the dominant genes, we did not find 

any known pathogenic variants in these genes, and SKAT-O and burden analyses did not identify 

burden of rare heterozygous variants in any of these 10 genes. 

Whether heterozygous carriage of mutations in recessive PD or atypical parkinsonism 

related genes is a risk factor for PD is still controversial.29 PRKN-associated PD is characterized  

by pure nigral degeneration without α-synuclein accumulation,30 and reports on synucleinopathy 

and Lewy bodies in PINK1-associated PD are inconclusive, as some studies identified Lewy 

bodies while others did not.31,32 Since iRBD is a prodromal synucleinopathy, it is not surprising 

that we did not identify bi-allelic mutations or burden of heterozygous variants in any of these 

genes. Of note, 380 (36.5%) of the iRBD cohort had a self-reported AAO <50 years. In the case 

of iRBD, reported AAO may be especially unreliable, as patients may have had RBD symptoms 

long before they were noticed by themselves or their bed partners. Therefore, the true percentage 

of iRBD patients with AAO <50 is likely higher, yet none of the known genes involved in early 

onset PD seems to be involved in early onset iRBD.    

Recently, we have shown that the SNCA locus is important in RBD, yet with different 

and distinct variants that are associated with risk of PD.18 In the same study, SNCA was fully 

sequenced and no known PD-causing variants were found in iRBD patients. We and others have 

previously reported that pathogenic LRRK2 variants were not identified in smaller cohorts of 

iRBD,14 which was further confirmed in the current study. In addition, several studies of PD 

patients with and without RBD have shown reduced prevalence of RBD 33-36 or reduced scores in 

RBD questionnaires among LRRK2 mutation carriers. VPS35 mutations have not been identified 



43 
 

in iRBD in the current study, although pathogenic VPS35 mutations are generally rare.37,38 

Altogether, these results provide no evidence that known, well-validated familial gene mutations 

involved in PD (including SNCA, LRRK2, VPS35, PRKN, PINK1 and PARK7) are also involved 

in iRBD. GBA is the only gene in which strong risk variants associated with PD are also 

associated with iRBD.2 

Our study has some limitations. While being the largest genetic study of iRBD to date, it 

may still be underpowered to detect rare variants in familial PD-related genes. Therefore, our 

study does not completely rule out the possibility that variants in these genes may lead to iRBD 

in very rare cases. Another potential limitation of the study design is the earlier age and the 

different sex distribution in the control population, and the fact that they have not been tested for 

iRBD. However, since iRBD is not common, found in about 1% of the population,1 age would 

have a minimal or no effect on the results. The differences in sex ratios are less likely to have an 

effect, since in AD and AR Mendelian diseases, the risk is typically similar for men and women.  

To conclude, the lack of association between different PD and Parkinsonism genes may 

suggest that either iRBD is an entity more affected by environmental factors, or that there are 

other, yet undetected genes that may be involved in iRBD. To examine these possibilities, larger 

studies that include carefully collected epidemiological data and more extensive genetic data 

such as whole-exome or whole-genome sequencing will be required. Our study also suggests that 

screening for variants in the tested genes will have a very low yield. 
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Table 1. Summary of all samples carrying two nonsynonymous variants detected in the 

present study 

Gene Sample Sex AAS dbSNP Allele* Substitution F_A F_C gnomAD ALL gnomAD NFE 

PRKN C M 46 rs137853054 G/A p.T212M 0 0.0005504 0.0004 0.0003 

rs9456735 G/T p.M192L 0 0.001101 0.0043 0.0003 

PINK1 C M 57 rs370906995 C/T p.T257I 0 0.0002756 7.02E-05 0.0001 

rs372280083 C/G p.L268V 0 0.0002756 9.34E-05 0.0001 

VPS13C A M 75 15:62165489 C/A p.D3469Y 0.0005092 0 - - 

15:62204039 A/C p.E2862D 0.0005139 0 - - 

VPS13C C F 60 rs746819519 C/T p.G3172D 0 0.001096 1.76E-05 0.00003753 

rs202056315 A/C p.V2235G 0 0.0002744 4.06E-05 0.00001793 

VPS13C C M 30 rs780081183 G/C p.A2368P 0 0.0002738 1.24E-05 0.00002724 

15:62302740 C/G p.E271D 0 0.0002738 - - 

VPS13C C M 52 rs767080349 A/G p.M2344T 0 0.0002738 1.87E-05 0.0000187 

rs370832130 C/T p.M1416V 0 0.0002738 0.0001 0.0001 

VPS13C A M 64 rs760460320 G/C p.D1496H 0.0005081 0 1.75E-05 0.00002803 

rs765303583 G/C p.Q660E 0.0005081 0 0 0 

VPS13C A M 59 rs141515062 T/A p.S522T 0.001016 0 0.0002 0.0004 

rs376219715 C/T p.Y365C 0.001016 0 1.63E-05 0.00003598 

LRRK2 C M 63 rs886344692 A/T p.R1282S 0 0.000275 1.63E-05 2.69E-05 

rs202179802 A/G p.T2310A 0 0.000275 4.47E-05 7.17E-05 

Abbreviations: A = Affected; C = Control; M = Male; F = Female; AAS Age at sampling; dbSNP = 

Single nucleotide polymorphism database; *Allele = Reference allele/mutant allele; F_A = Frequency in 

affected; F_C = Frequency in controls; gnomAD ALL= Exome allele frequency in all populations; 

gnomAD NFE = Exome allele frequency in non-Finnish European. 
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Table 2. Summary of results from burden analyses of rare heterozygous variants 

DOC Gene All rare 

(p value) 

Rare functional 

(p value) 

Rare LOF 

(p value) 

Rare NS 

(p value) 

Rare CADD 

(p value) 

SKAT-O SKAT Burden SKAT-O SKAT Burden SKAT-O SKAT Burden SKAT-O SKAT Burden SKAT-O SKAT Burden 

30x Recessive genes 

PRKN 0.4316 0.484 0.388 0.240 NV NV 0.508 0.331 1 0.889 

PARK7 0.104 0.254 0.008 0.369 0.175 0.174 0.005 0.005 NV NV 

PINK1 0.703 0.505 0.117 0.605 NV NV 0.117 0.605 0.124 0.494 

Recessive (atypical) genes 

ATP13A2 0.543 0.383 0.379 0.227 NV NV 0.379 0.227 0.201 0.121 

FBXO7 0.525 0.562 0.266 0.140 0.163 0.252 0.327 0.160 0.228 0.279 

PLA2G6 0.325 0.859 0.222 0.663 0.260 0.193 0.243 0.948 0.196 0.688 

VPS13C 0.018 0.047 0.334 0.206 0.237 0.137 0.343 0.207 0.468 0.834 

Dominant genes 

GCH1 0.361 0.217 0.730 0.804 0.730 0.804 NV NV NV NV 

LRRK2 0.601 0.827 0.578 0.888 0.134 0.199 0.590 0.966 0.610 0.871 
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Abbreviations: DOC = Depth of coverage; CADD = Combined annotation dependent depletion; NS = Nonsynonymous; LOF = Loss 

of function; SKAT-O = Optimized sequence kernel association test; SKAT = Kernel association test; NV = No variants were found 

for this filter

VPS35 0.159 0.111 0.161 0.247 0.382 0.522 0.161 0.247 0.434 0.807 

50x Recessive genes 

PRKN 0.085 0.084 0.452 0.609 NV NV 0.452 0.609 0.771 0.564 

PARK7 0.180 0.288 0.017 0.436 NV NV 0.010 0.010 NV NV 

PINK1 0.572 0.546 0.050 0.133 NV NV 0.050 0.133 0.050 0.133 

Recessive (atypical) genes 

ATP13A2 NV NV NV NV NV NV NV NV NV NV 

FBXO7 0.618 0.624 0.209 0.125 0.331 0.613 0.256 0.148 0.540 0.309 

PLA2G6 0.528 0.853 0.360 0.680 0.680 0.452 0.360 0.680 0.680 0.452 

VPS13C 0.101 0.055 0.073 0.038 0.777 0.971 0.149 0.082 0.332 0.227 

Dominant genes 

GCH1 0.901 0.817 0.734 0.760 0.734 0.760 NV NV NV NV 

LRRK2 0.030 0.019 0.279 0.173 0.062 0.088 0.525 0.377 0.527 0.365 

VPS35 0.453 0.549 NV NV NV NV NV NV NV NV 
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Supplementary tables 1&3 can be accessed online through medRxiv:  

https://doi.org/10.1101/2020.03.17.20032664

https://doi.org/10.1101/2020.03.17.20032664
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Supplementary Table 2. Average coverage of the genes analyzed in the current study 

Gene Average coverage %20x %50x 

PARK2 1742.91 0.973 0.973 

PARK7 2138.28 0.935 0.887 

PINK1 1383.01 0.905 0.905 

VPS13C 1460.67 0.926 0.893 

ATP13A2 144.02 0.856 0.621 

FBXO7 1583.55 0.970 0.920 

PLA2G6 344.74 0.894 0.788 

GCH1 939.84 0.982 0.936 

LRRK2 993.70 0.946 0.915 

VPS35 1096.60 0.953 0.953 
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Supplementary Table 4. All copy number variants identified in PRKN 

start.p end.p type nexons start end chr ID BF 

Reads 

expected 

Reads 

observed 

Reads 

ratio correlation numRef S_Number Affected? 

896 898 deletion 3 162683534 162683853 6 chr6:162683534-162683853 43.1 3642 1967 0.54 0.991419 6 S02762 C 

866 868 deletion 3 161770165 161770456 6 chr6:161770165-161770456 34 6152 4274 0.695 0.995788 13 S04524 C 

866 868 deletion 3 161770165 161770456 6 chr6:161770165-161770456 14.6 2285 1592 0.697 0.993801 16 S04784 C 

899 901 deletion 3 162864271 162864599 6 chr6:162864271-162864599 42.7 1515 803 0.53 0.991709 8 S05512 C 

866 868 deletion 3 161770165 161770456 6 chr6:161770165-161770456 14.1 1117 727 0.651 0.98786 5 S17295 C 

881 891 duplication 11 161807807 162394535 6 chr6:161807807-162394535 68 12959 19120 1.48 0.989475 10 S21514 C 

858 860 deletion 3 161769350 161769677 6 chr6:161769350-161769677 65.7 4776 1930 0.404 0.990457 14 S21533 C 

899 901 duplication 3 162864271 162864599 6 chr6:162864271-162864599 21.2 5612 7465 1.33 0.992047 5 S21652 C 

898 898 deletion 1 162683743 162683853 6 chr6:162683743-162683853 10.7 1091 583 0.534 0.988085 3 S32119 C 

894 898 deletion 5 162622143 162683853 6 chr6:162622143-162683853 53.1 5795 3227 0.557 0.993717 20 S32268 C 

868 868 deletion 1 161770346 161770456 6 chr6:161770346-161770456 10.2 610 335 0.549 0.994275 20 S32275 C 

883 885 deletion 3 161969861 161970142 6 chr6:161969861-161970142 21.3 6543 4274 0.653 0.993908 16 S32612 C 

868 868 deletion 1 161770346 161770456 6 chr6:161770346-161770456 9.26 413 240 0.581 0.995402 20 S32897 C 

896 898 deletion 3 162683534 162683853 6 chr6:162683534-162683853 35 2023 1037 0.513 0.990884 10 S32915 C 

899 901 deletion 3 162864271 162864599 6 chr6:162864271-162864599 49.6 1385 629 0.454 0.994694 18 S32929 C 

894 898 deletion 5 162622143 162683853 6 chr6:162622143-162683853 66.3 3337 1723 0.516 0.993689 11 S32937 C 

899 901 deletion 3 162864271 162864599 6 chr6:162864271-162864599 64.6 3126 1413 0.452 0.995172 10 S33018 C 

894 898 deletion 5 162622143 162683853 6 chr6:162622143-162683853 30.8 8666 4346 0.502 0.978159 3 S28069 A 

899 901 duplication 3 162864271 162864599 6 chr6:162864271-162864599 9.08 546 877 1.61 0.978138 4 S33133 A 

866 868 deletion 3 161770165 161770456 6 chr6:161770165-161770456 10.8 4004 2789 0.697 0.991844 7 S33200 A 

898 901 deletion 4 162683743 162864599 6 chr6:162683743-162864599 20.7 4106 2046 0.498 0.979679 15 S34321 A 

896 901 duplication 6 162683534 162864599 6 chr6:162683534-162864599 9.6 9969 12604 1.26 0.989351 6 S34393 A 

896 901 duplication 6 162683534 162864599 6 chr6:162683534-162864599 21.1 11755 18068 1.54 0.981061 10 S34412 A 

896 901 duplication 6 162683534 162864599 6 chr6:162683534-162864599 12 7416 9974 1.34 0.985364 8 S34418 A 
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Preface to Chapter 3 

While Chapter 2 discussed 10 genes that are known to cause familial forms of PD and atypical 

parkinsonism, the next logical step is to study genes within GWAS loci associated with PD. The 

work described in Chapter 3 is focused on 25 genes identified within PD GWAS loci.21, 86 

Although recent GWASs identified more than 90 genes from 80 loci,20-23 this study was designed 

earlier, with the target genes selected from previous PD GWASs.21, 86 We selected 25 genes 

based on several criteria including expression profile and biological plausibility. As we 

hypothesized that some of these genes might be associated with iRBD, we aimed to test this 

hypothesis by thoroughly examining whether common or rare variants (heterozygous and bi-

allelic) in these 25 genes could be associated with iRBD. 
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1. Abstract 

Isolated rapid-eye-movement (REM) sleep behavior disorder (iRBD) is a parasomnia, 

characterized by loss of muscle atonia and dream enactment occurring during REM sleep phase. 

Since a large subgroup of iRBD patients will convert to Parkinson’s disease, and since previous 

genetic studies have suggested common genes, it is likely that there is at least a partial overlap 

between iRBD and Parkinson’s disease genetics. To further examine this potential overlap and to 

identify genes specifically involved in iRBD, we fully sequenced 25 genes previously identified 

in genome-wide association studies of Parkinson’s disease. The genes were captured and 

sequenced using targeted next-generation sequencing in a total of 1,039 iRBD patients and 1,852 

controls of European ancestry. The role of rare heterozygous variants in these gene was examined 

using burden tests and optimized sequence Kernel association tests (SKAT-O), adjusted for age 

and sex. The contribution of biallelic (homozygous and compound heterozygous) variants was 

further tested in all genes. To examine the association of common variants in the target genes, we 

used logistic regression adjusted for age and sex. We found a significant association between rare 

heterozygous nonsynonymous variants in BST1 and iRBD (p=0.0003 at coverage >50X and 0.0004 

at >30X), mainly driven by three nonsynonymous variants (p.V85M, p.I101V and p.V272M) 

found in a total of 22 (1.2%) controls vs. two (0.2%) patients. Rare non-coding heterozygous 

variants in LAMP3 were also found to be associated with reduced iRBD risk (p=0.0006 at >30X). 

We found no statistically significant association between rare heterozygous variants in the rest of 

genes and risk of iRBD. Several carriers of biallelic variants were identified, yet there was no 

overrepresentation in iRBD patients vs. controls. To examine the potential impact of the rare 

nonsynonymous BST1 variants on the protein structure, we performed in silico structural analysis. 

All three variants seem to be loss-of-function variants significantly affecting the protein structure 

and stability. Our results suggest that rare coding variants in BST1 and rare non-coding variants in 

LAMP3 are associated with iRBD, and additional studies are required to replicate these results and 

examine whether loss-of-function of BST1 could be a therapeutic target.  
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2. Introduction 

Isolated rapid-eye-movement sleep behavior disorder (iRBD) is a prodromal synucleinopathy, as 

more than 80% of iRBD patients will eventually convert to an overt neurodegenerative syndrome 

associated with α-synuclein pathology. Typically, iRBD patients will convert to Parkinson’s 

disease (about 40-50% of patients), dementia with Lewy bodies or unspecified dementia (40-50%), 

or, in much fewer cases, to multiple system atrophy (5-10%) 1, 2. While our understanding of the 

genetic background of dementia with Lewy bodies or multiple system atrophy is limited, the rapid 

development of various genetic methods during the recent decades has led to wealth of data on the 

role of common and rare genetic variants in Parkinson’s disease. To date, there are 80 genetic loci 

found to be associated with Parkinson’s disease risk discovered through genome-wide association 

studies (GWASs) 3, 4, and several genes have been implicated in familial Parkinson’s disease 5-7.  

In order to study the genetic background of iRBD and its conversion to α-

synucleinopathies, recent studies have examined whether Parkinson’s disease- or dementia with 

Lewy bodies-related genes are also associated with iRBD. These studies have suggested that while 

there is some overlap between the genetic backgrounds of iRBD and Parkinson’s disease or 

dementia with Lewy bodies, this overlap is only partial. For example, it was demonstrated that 

GBA variants are associated with iRBD risk, Parkinson’s disease and dementia with Lewy bodies 

5, 8, but pathogenic LRRK2 variants are found to only be associated with Parkinson’s disease, and 

not with iRBD and dementia with Lewy bodies 7, 9, 10. We have recently reported that the familial 

Parkinson’s disease and atypical parkinsonism genes PRKN, PARK7, GCH1, VPS35, ATP13A2, 

VPS13C, FBXO7 and PLA2G6 are not likely to be involved in iRBD 11. Heterozygous variants in 

SMPD1 have been reported to be associated with Parkinson’s disease risk 12, 13, yet no association 

was found with iRBD 14. Whereas variants in MAPT are associated with Parkinson’s disease and 

APOE haplotypes are important risk factors of dementia with Lewy bodies, 15, 16, neither are linked 

to iRBD 15, 17. Furthermore, there are independent risk variants of Parkinson’s disease, dementia 

with Lewy bodies and iRBD within SNCA locus; specific variants in the 3’ untranslated region 

(UTR) are associated with Parkinson’s disease but not with iRBD, and other, independent variants 

at 5’ UTR are associated with Parkinson’s disease, iRBD and dementia with Lewy bodies 18. In 

the TMEM175 locus, there are two independent Parkinson’s disease risk variants, but only one of 

them, p.M393T, has also been associated with iRBD risk 19. 
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Thus far, the role of most Parkinson’s disease GWAS genes has not been thoroughly studied 

in iRBD. In the current study, we aimed to examine whether rare and common variants in 25 

Parkinson’s disease-related GWAS genes are associated with iRBD. The entire coding regions 

with the exon-intron boundaries as well as the regulatory 3’ and 5’ UTRs were captured and 

sequenced. We then performed different genetic analyses to investigate the association of rare and 

common variants in these genes with iRBD.  

3. Materials and methods 

3.1. Study population  

This study included a total of 2,891 subjects, composed of 1,039 unrelated individuals diagnosed 

with iRBD (according to the International Classification of Sleep Disorders criteria, version 2 or 

3) and 1,852 controls. Details on age and sex of patients and controls have been previously 

described 11 and can be found in Supplementary Table 1. Differences in age and sex were taken 

into account as needed in the statistical analysis. All patients and controls were of European 

ancestry (confirmed by principal component analysis [PCA] of GWAS data compared to data from 

HapMap v.3 and hg19/GRCh37). 

3.2. Standard protocol approvals, registrations, and patient consents 

All study participants signed an informed consent form before entering the study, and the study 

protocol was approved by the institutional review boards. 

3.3. Selection of genes and genetic analysis 

The current study was designed and performed before the publication of the recent Parkinson’s 

disease GWAS 3, therefore, the genes for analysis were selected from previous GWASs 20, 21. A 

total of 25 genes were selected for analysis, including: ACMSD, BST1, CCDC62, DDRGK1, 

DGKQ, FGF20, GAK, GPNMB, HIP1R, ITGA8, LAMP3, MAPT, MCCC1, PM20D1, RAB25, 

RAB29, RIT2, SETD1A, SLC41A1, STK39, SIPA1L2, STX1B, SYT11, TMEM163 and USP25. 

These genes were selected based on the presence of one or more of the following: quantitative trait 

loci, expression in brain, potential interaction with known Parkinson’s disease-associated genes 

and involvement in pathways implicated in Parkinson’s disease, such the autophagy-lysosomal 

pathway, mitochondria quality control and endolysosomal recycling. The 25 genes were fully 
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captured (coding sequence and 3’- and 5’- untranslated regions) using molecular inversion probes 

(MIPs) designed as previously described 22. The full protocol is available upon request. 

Supplementary Table 2 details the probes used in the current study for the MIPs capture. Targeted 

next-generation sequencing (NGS) was performed post-capture using illumina HiSeq 2500\4000 

platform at the McGill University and Génome Québec Innovation Centre. Sequencing reads were 

aligned to the human reference genome (hg19) using the Burrows-Wheeler Aligner 23. Genome 

Analysis Toolkit (GATK, v3.8) was used for post-alignment quality control and variant calling 24, 

and ANNOVAR for annotation 25. The Frequency of each variant was extracted from the Genome 

Aggregation Database (GnomAD) 26. 

3.4. Quality control 

Quality control (QC) was performed using PLINK v1.9 27. We excluded variants that deviated 

from Hardy-Weinberg equilibrium in controls with a threshold set at p=0.001, and those identified 

in <25% of the reads for a specific variant. We also filtered out variants with genotyping rate lower 

than 90%. The same genotyping rate cut-off was used for exclusion of individual samples. 

Threshold for rate of missingness difference between patients and controls was set at p=0.05, and 

variants below this threshold were excluded from the analysis. To be included in the analysis, the 

minimum genotype quality score was set to 30. We used two coverage thresholds for rare variants 

(minor allele frequency [MAF] <0.01), >30X and >50X, and all analyses were repeated using these 

thresholds. For the analysis of common variants, coverage of >15X was used.  

3.5. Statistical analysis 

To test whether rare heterozygous variants (defined by MAF<0.01) in each of our target genes are 

associated with iRBD, we performed sequence kernel association test (SKAT, R package) 28 and 

optimized sequence kernel association test (SKAT-O) on different groups of variants: all rare 

variants, potentially functional rare variants (including nonsynonymous, frame-shift, stop-gain and 

splicing), rare loss-of-function variants (frame-shift, stop-gain and splicing), and rare 

nonsynonymous variants only. In addition, we further tested whether rare variants that are 

predicted to be pathogenic based on Combined Annotation Dependent Depletion (CADD) score 

of ≥12.37 (representing the top 2% of potentially deleterious variants) are enriched in iRBD 

patients. To test the association between biallelic variants and iRBD risk, we compared the 
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frequencies of carriers of two vary rare (MAF<0.001) nonsynonymous, splice-site, frame-shift and 

stop-gain variants between patients and controls using Fisher’s exact test. Bonferroni correction 

for multiple comparisons was applied as necessary. We tested the association between common 

variants (MAF>0.01) in the target genes and iRBD risk using logistic regression adjusted for age 

and sex using PLINK v1.9. Linkage disequilibrium between the discovered variants and the 

respective GWAS top hits was examined using the non-Finnish European reference cohort on 

LDlink (https://ldlink.nci.nih.gov/) 29. Effects of common variants on expression was viewed using 

the genotype-tissue expression database (GTEx - https://www.gtexportal.org). We further 

performed in silico structural analysis of BST1 to test whether the rare coding variants that were 

found to be associated with iRBD in our analysis could potentially affect the enzyme structure and 

activity. The atomic coordinates of human BST1 bound to ATP--S were downloaded from the 

Protein Data Bank (ID 1isg). The steric clashes induced by each variant were evaluated using the 

“mutagenesis” toolbox in PyMol v. 2.2.0. 

3.6. Data availability 

Data used for the analysis is available in the supplementary tables. Anonymized raw data can be 

shared upon request. 

4. Results 

4.1. Coverage and identified variants 

The average coverage of the 25 genes analyzed in this study was >647X (range 73-1162, median 

790). An average of 95% of the target regions were covered with >15X, 93% with >30X and 90% 

with >50X. The average coverage of each gene and the percentage of the nucleotides covered at 

15X, 30X and 50X are detailed in Supplementary Table 3. Finally, there were no differences in 

the coverage between patients and controls. A total of 1,189 rare variants were found with coverage 

of > 30X, and 570 rare variants with > 50X (Supplementary Table 4). We identified 125 common 

variants across all genes (Supplementary Table 5) with a coverage of >15X. 

4.2. Rare heterozygous variants in BST1 and LAMP3 are associated with iRBD 

To examine whether rare heterozygous variants in our genes of interest may be associated with 

iRBD risk, we performed SKAT and SKAT-O tests, repeated twice for variants detected at depths 

https://ldlink.nci.nih.gov/
https://www.gtexportal.org/


 
 

62 
 

of coverage of >30X and >50X (see methods). Supplementary Table 4 details all rare heterozygous 

variants identified in each gene and included in the analysis. We applied both SKAT and SKAT-

O on five different groups of variants: all rare variants, all potentially functional variants 

(nonsynonymous, splice site, frame-shift and stop-gain), loss-of-function variants (frame-shift, 

stop-gain and splicing), nonsynonymous variants only, and variants with CADD score ≥12.37 

(Table 1). The Bonferroni-corrected p-value threshold for statistical significance was set at 

p<0.001 after correcting for the number of genes and depths of coverage.  

We found a statistically significant association of rare heterozygous functional variants in 

BST1 (SKAT p=0.0004 at >30X and p=0.0003 at >50X for rare functional variants), found more 

in controls than in iRBD patients. This association is mainly driven by the nonsynonymous variants 

p.V85M (rs377310254, found in five controls and none in patients), p.I101V (rs6840615, found 

in seven controls and none in patients), and p.V272M (rs144197373, found in 10 controls and two 

patients). Overall, these variants were found in 22 (1.2%) controls vs. 2 (0.2%) patients. Another 

statistically significant association was found between rare variants in LAMP3 gene and reduced 

iRBD risk in SKAT-O analysis. This association is driven by two non-coding variants (one intronic 

[location - chr3:182858302] and one at the 3’ UTR of LAMP3 [rs56682988, c.*415T>C]) found 

only in controls (15 and nine controls, respectively). In order to further examine whether these 

variants indeed drive the association in both BST1 and LAMP3, we excluded them and repeated 

the analysis (SKAT and SKAT-O), which resulted in loss of statistical significance for both genes 

(Supplementary table 6). There were no additional statistically significant associations of the 

remaining genes with iRBD after correcting for multiple comparisons (p<0.001). 

4.3. Structural analysis of BST1 variants suggests that loss-of-function may be 

protective in iRBD 

To investigate the potential impact of the three BST1 nonsynonymous variants (p.V85M, p.I101V 

and p.V272M) on the structure and activity of the enzyme, we performed in silico mutagenesis 

and evaluated potential clashes with surrounding residues. Figure 1 depicts the structure of BST1 

with the respective locations of the three nonsynonymous variants that drive the BST1 association 

detected in our analysis. The structure of human BST1 was solved by X-ray crystallography in 

complex with five substrate analogues 30. All structures revealed a homodimeric assembly, with 

the catalytic clefts facing the cavity at the interface of the two chains (Figure 1A).  
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The sidechain of p.V85M points towards the hydrophobic core of the protein, behind a helix 

facing the nucleotide binding site. The amino-acid change from valine to the bulkier sidechain of 

methionine results in clashes with other residues in the core, for all rotamers (Figure 1B). This 

variant would therefore likely destabilize the enzyme active site and potentially unfold the protein. 

The sidechain of the variant p.I101V is located underneath the active site towards the hydrophobic 

core. Although the amino-acid change from isoleucine to the smaller sidechain of valine does not 

create clash (Figure 1C), it reduces the packing in the core, which could also destabilize the 

enzyme. Finally, the p.V272M variant is located in a helix at the C-terminus of the protein that 

forms symmetrical contacts with the same helix in the other chain of the dimer. The p.V272M 

variant would create clashes with sidechain and main-chain atoms located in the other chain of the 

dimer (Figure 1D). As p.V272M resides at the dimer interface of the enzyme and probably helps 

maintaining the two subunits together, this variant would most likely lead to the disruption of the 

dimer. Overall, all the disease-associated nonsynonymous variants in BST1 (p.V85M, p.I101V, 

and p.V272M) appear to be “loss-of-function”, suggesting that reduced BST1 activity may be 

protective in iRBD. This is supported by the top Parkinson’s disease GWAS hit in the BST1 locus, 

the rs4698412 G allele, which is associated with reduced risk of Parkinson’s disease 3. This allele 

is also associated with reduced expression of BST1 in blood in GTEx (normalized effect size =-

0.07, p=1.5e-6), suggesting that reduced expression might be protective.  

4.4. Very rare bi-allelic variants are not enriched in iRBD patients 

In order to examine whether bi-allelic variants in our genes of interest are enriched in iRBD, we 

compared the carrier frequencies of very rare (MAF<0.001) homozygous and compound 

heterozygous variants between iRBD patients and controls. To analyze compound heterozygous 

variants, since phasing could not be performed, we considered carriers of two very rare variants as 

compound heterozygous carriers, with the following exceptions: 1) when variants were physically 

close (less than 112 base pairs [bp]; probes’ target length) and we could determine their phase 

based on the sequence reads, and 2) if the same combination of very rare variants appeared more 

than once across samples, we assumed that the variants are most likely to be on the same allele. 

We found five (0.5%) iRBD patients and seven (0.4%) controls presumably carriers of bi-allelic 

variants in the studied genes (Table 2, p=0.731, Fisher test).  
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4.5. Association of common variants in the target genes with iRBD 

To test whether common variants in our target genes are associated with iRBD, we performed 

logistic regression (using PLINK v1.9 software) adjusted for age and sex for common variants 

(MAF>0.01) detected at coverage depth of >15X. A nominal association was observed in 12 

variants across all genes (Supplementary table 5), but no association remained statistically 

significant after Bonferroni correction for multiple comparisons (set at p<0.0005).  

Of the variants with nominal associations, one variant in the ITGA8 3’ UTR (rs896435, 

OR=1.15, 95% CI = 1.01-1.32, p=0.04) is the top hit from the most recent Parkinson’s disease 

GWAS 3, and two other ITGA8 3’ UTR variants are almost in perfect LD (D’=1.0, R2>0.99, 

p<0.0001) with rs896435. Four variants in the 3’ UTR of RAB29 were almost in perfect LD 

(Supplementary table 5) and are associated with expression of RAB29 in multiple tissues in GTEx, 

including the brain. Three MAPT variants were in partial LD with Parkinson’s disease GWAS hits 

in the MAPT locus and were associated with expression of multiple genes in multiple tissues in 

GTEx, demonstrating the complexity of this genomic region. 

5. Discussion 

In the current study, we studied a large cohort of iRBD patients by fully-sequencing and analyzing 

25 Parkinson’s disease-related GWAS genes and their association with iRBD. Our results identify 

BST1 and LAMP3 as novel genes potentially associated with iRBD. Based on in silico models, the 

three nonsynonymous BST1 variants that drive the association with iRBD may be loss-of-function 

variants, suggesting that reduced BST1 activity may reduce the risk of developing iRBD. The 

variants driving the association of LAMP3 are in noncoding regions and could be regulatory. These 

hypotheses will require confirmation in functional studies in relevant models. While some 

common variants were nominally associated with iRBD, none of them remained statistically 

significant after correction for multiple comparisons. 

BST1, also called CD157, is a glycosyl phosphatidylinositol (GPI) anchored membrane 

protein initially found in bone marrow stromal cells and is essential for B-lymphocyte growth and 

development. It has an extracellular enzymatic domain that produces cyclic ADP-ribose (cADPR). 

This metabolite acts as a second messenger that can trigger Ca2+ release from intracellular stores 

31, a process that plays a role in cellular function and death. Specific features of calcium 
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homeostasis have been suggested to be responsible for the specific vulnerability of dopaminergic 

neurons in Parkinson’s disease 32, yet whether BST1 is involved in calcium homeostasis in human 

neurons is still unclear, as most work was done in non-human models. Another mechanism by 

which BST1 may be involved in Parkinson’s disease is immune response and neuroinflammation, 

which are likely important in the pathogenesis of the disease.33 BST1 serves as a receptor which 

regulates leukocyte adhesion and migration, and plays a role in inflammation 34. However, its 

potential role in microglia activation and neuroinflammation is yet to be determined. Our in-silico 

analysis suggested that the BST1 variants found mostly in controls are loss-of-function variants. 

We can therefore hypothesize that these variants may reduce immune response and lead to a 

reduced risk of iRBD, and that inhibition of BST1 could be a therapeutic target for iRBD and 

Parkinson’s disease treatment or prevention.   

LAMP3 encodes the lysosomal-associated membrane protein 3, which plays a role in the 

unfolded protein response (UPR) that contributes to protein degradation and cell survival during 

proteasomal dysfunction 35. Furthermore, LAMP3 knockdown impairs the ability of the cells to 

complete the autophagic process, and high LAMP3 expression is associated with increased basal 

autophagy levels 36. Numerous Parkinson’s disease-related genes have been implicated in the 

autophagy-lysosomal pathway,37 and genes associated with iRBD such as GBA,38 TMEM17519 and 

SNCA39 are all involved in this pathway.37 Our current findings further strengthen the potential 

association between the autophagy-lysosomal pathway and iRBD. 

Our study has several limitations. First, despite being the largest genetic study of iRBD to 

date, it may be still underpowered to detect rare variants in GWAS Parkinson’s disease-related 

genes, as well as common variants with a small effect size. Therefore, we cannot completely rule 

out the possibility that rare and common variants in these genes may contribute to iRBD risk. A 

second limitation is the younger age and the differences in sex distribution between iRBD patients 

and controls, for which we adjusted in the statistical analysis as needed. Another potential 

limitation is the possibility that there were undiagnosed iRBD patients among the control 

population. However, since iRBD is found in only ~1% of the population 1, the effect of having 

undiagnosed iRBD patients in the controls would be minimal, given the large sample size. 

To conclude, our results suggest two novel genetic associations with iRBD; an association 

with rare functional variants in BST1, and with rare non-coding variants in LAMP3. All the 
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association-driving coding variants found in BST1, mainly in controls, appear to potentially cause 

loss-of-function, suggesting that reduced BST1 activity may reduce the risk of iRBD. Further 

studies would be required to confirm our results and to examine the biological mechanism 

underlying the effect of disease-associated variants in both LAMP3 and BST1. The absence of 

evidence of association between rare and common variants in the remaining genes and iRBD risk 

suggests that these genes either have no effect in iRBD or have a minor effect that we could not 

detect with this sample size. Environmental factors and environment-gene interactions are likely 

to play a major role on iRBD, and larger studies that include carefully collected epidemiological 

data and more extensive genetic data such as whole-exome or whole-genome sequencing will be 

required to clarify these issues.  
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Table 1. Summary of results from burden analyses of rare heterozygous variants 

DOC Gene All rare 

(p-value) 

Rare functional 

(p-value) 

Rare LOF 

(p-value) 

Rare NS 

(p-value) 

Rare CADD 

(p-value) 

SKAT-O SKAT 

Burden 

SKAT-O SKAT 

Burden 

SKAT-O SKAT 

Burden 

SKAT-O SKAT 

Burden 

SKAT-O SKAT 

Burden 

30x ACMSD 0.124 0.788 0.101 0.475 NV NV 0.101 0.475 0.098 0.299 

BSTI 0.040 0.020 0.0009 0.0004 0.348 0.653 0.001 0.0007 0.011 0.005 

CCDC62 0.006 0.357 0.048 0.975 0.080 0.596 0.282 0.203 0.134 0.074 

DDRGK1 0.152 0.112 0.745 0.527 0.765 0.587 0.746 0.742 0.919 0.677 

DGKQ 0.067 0.062 0.067 0.062 NV NV 0.183 0.188 NV NV 

FGF20 0.059 0.020 0.142 0.552 0.162 0.149 0.162 0.149 0.052 0.041 

GAK 0.195 0.836 0.386 0.565 0.885 0.642 0.781 0.613 0.701 0.684 

GPNMB 0.189 0.798 0.311 0.205 0.547 0.665 0.447 0.304 0.530 0.348 

HIP1R 0.166 0.940 0.219 0.609 NV NV 0.072 0.993 0.056 0.671 

ITGA8 0.282 0.726 0.379 0.945 0.346 0.648 0.382 0.997 0.288 0.873 

LAMP3 0.0006 0.478 0.189 0.322 0.787 0.300 0.318 0.724 0.524 0.601 

MAPT 0.063 0.132 0.003 0.001 1 1 0.063 0.037 0.165 0.101 

MCCC1 0.426 0.413 0.303 0.743 0.347 0.649 1 0.866 0.886 0.690 

PM20D1 0.333 0.463 0.844 0.643 0.674 0.464 0.645 0.479 0.569 0.416 

RAB25 0.561 0.395 0.807 0.802 0.777 0.968 0.565 0.637 NV NV 

RAB29 0.252 0.222 0.660 0.425 NV NV 0.777 0.967 0.777 0.967 
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RIT2 0.395 0.242 0.023 0.266 NV NV 0.576 0.495 0.576 0.495 

SETD1A 0.667 0.500 0.241 0.452 0.171 0.166 0.300 0.940 0.310 0.399 

SLC41A1 0.073 0.167 0.055 0.031 0.060 0.065 0.754 0.433 0.257 0.213 

STK39 0.098 0.789 0.055 0.094 0.174 0.171 0.160 0.247 0.160 0.247 

SIPA1L2 0.024 0.095 0.028 0.176 0.886 0.806 0.032 0.379 0.044 0.084 

STX1B 0.504 0.682 NV NV NV NV NV NV NV NV 

SYT11 0.365 0.887 0.737 0.582 1 1 0.673 0.465 0.673 0.465 

TMEM163 0.598 0.411 0.170 0.165 NV NV 0.170 0.165 0.170 0.165 

USP25 0.012 0.325 0.102 0.150 NV NV 0.048 0.067 0.052 0.096 

50x ACMSD 0.127 0.538 0.102 0.188 NV NV 0.102 0.188 0.087 0.093 

BSTI 0.018 0.009 0.0007 0.0003 0.671 0.470 0.001 0.0009 0.010 0.006 

CCDC62 0.011 0.012 0.031 0.018 0.056 0.047 0.027 0.014 0.005 0.004 

DDRGK1 0.368 0.314 0.899 0.811 NV NV 0.899 0.811 0.899 0.811 

DGKQ NV NV NV NV NV NV NV NV NV NV 

FGF20 0.015 0.030 0.164 0.153 0.164 0.153 NV NV 0.164 0.153 

GAK 0.195 0.836 0.386 0.565 0.885 0.642 0.781 0.613 0.701 0.684 

GPNMB 0.046 0.995 0.177 0.127 0.108 0.413 0.343 0.215 0.283 0.189 

HIP1R NV NV NV NV NV NV NV NV NV NV 

ITGA8 0.184 0.315 0.402 0.540 0.340 0.634 0.428 0.584 0.345 0.942 

LAMP3 0.004 0.930 0.047 0.458 0.785 0.304 0.020 0.016 0.458 0.513 

MAPT 0.605 0.503 0.619 0.659 NV NV 0.619 0.659 0.619 0.659 
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The table shows p-values of the SKAT and SKAT-O analysis in the specified subgroups; in bold - result significant after Bonferroni 

correction for the number of genes and depths; DOC: Depth of coverage; LOF: Loss of function; NS: Nonsynonymous; CADD: 

Combined annotation dependent depletion; SKAT-O: Optimized sequence kernel association test; SKAT: Kernel association test; NV: 

No variants were found for this filter. 

MCCC1 0.26 0.151 0.972 0.752 0.334 0.618 0.951 0.745 0.958 0.800 

PM20D1 0.903 0.934 0.873 0.758 0.662 0.487 1 0.758 0.816 0.666 

RAB25 0.173 0.169 NV NV NV NV NV NV NV NV 

RAB29 NV NV NV NV NV NV NV NV NV NV 

RIT2 0.953 0.874 0.667 0.478 NV NV 0.667 0.478 0.667 0.478 

SETD1A 0.212 0.147 0.671 0.469 NV NV 0.671 0.469 0.671 0.469 

SLC41A1 0.132 0.189 NV NV NV NV NV NV NV NV 

STK39 0.073 0.808 0.051 0.087 0.160 0.146 0.160 0.146 0.160 0.146 

SIPA1L2 0.163 0.098 0.598 0.861 NV NV 0.777 0.963 0.777 0.963 

STX1B NV NV NV NV NV NV NV NV NV NV 

SYT11 0.0896 0.671 0.672 0.467 NV NV NV NV NV NV 

TMEM163 0.308 0.237 0.169 0.163 NV NV 0.169 0.163 0.169 0.163 

USP25 0.127 0.418 0.027 0.019 NV NV 0.027 0.019 0.069 0.037 
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Figure 1. Structural analysis of human BST1 variants 

 

This figure was produced using the software PyMOL v.2.2.0, and represents: (A) Structure of the 

BST1 dimer bound to ATP-γS (pdb 1ISG). The position of each variant sites is indicated. The 

ATP-γS molecule in the active site is shown as sticks. (B) Close-up view of the p.V85M variant 

site. The mutated residue is shown in white. The variant would create clashes (red disks) with 

nearby Ala77 in the core. (C) Close-up view of the p.I101V variant site. The residue is located in 

the core of the protein, but the variant to a smaller residue results in no clash. (D) Close-up view 

of the p.V272M variant site. Primed (‘) residues correspond to chain B. This residue is located at 

the dimer interface and the variant would create clashes with the other chain, resulting in a 

destabilization of the dimer.  
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Table 2. Summary of all samples carrying two nonsynonymous variants detected in 

the present study 

Gene Sample Sex AAS/

AAO 

dbSNP Allele* Substitution F_A F_C gnomAD  

ALL 

gnomAD  

NFE 

GPNMB A M 75/50 7:23300122 T/C p.S250P 0.000528 0 - - 

7:23313795 G/T p.Q545H 0.0005285 0 - - 

MAPT A M 85/66 17:44051771 G/T p.D81Y 0.0005656 0 - - 

rs63750612 G/A p.A120T 0.0005423 0 0.0035  7.17E-05 

SIPA1L2 A F 64/48 rs184013125 G/A p.S1482L 0.002665 0.008451 0.0057 0.0092 

rs200917620 G/A p.R1089W 0.000547 0.000293 9.44E-05 0.0002 

SIPA1L2 A F 66/- rs184013125 G/A p.S1482L 0.002665 0.008451 0.0057 0.0092 

rs200293380 C/T p.D1088N 0.006031 0.004695 0.0028 0.0041 

USP25 A M 68/- rs377694221 C/T p.A56V 0.000533 0 5.35E-05 7.23E-05 

rs200059109 G/T p.D815Y 0.000533 0 0.0002 1.90E-05 

MCCC1 C M 35 rs149017703 C/T p.G648S 0.001063 0.001683 0.0005 0.0009 

3:182810207 T/G p.H88P 0 0.0002804 8.12E-06  8.95E-06 

PM20D1 C M 50 rs145195839 G/A p.A332V 0.001059 0.000844 0.0003 0.0004 

rs14160575 G/T p.P281Q 0.005325 0.005936 0.0057 0.0058 

SIPA1L2 C M 48 1:232615440  p.Y673F 0 0.0002817 - - 

rs761063595  p.S266N 0 0.0002817 4.07E-06 8.99E-06 

SIPA1L2 C M - rs61729754 T/G p.M1427L 0.009062 0.005634 0.0058 0.0088 

rs200293380 C/T p.D1088N 0.006031 0.004695 0.0028 0.0041 

SIPA1L2 C M 28 rs184013125 G/A p.S1482L 0.002665 0.008451 0.0057 0.0092 

1:232581435 T/C p.T1065A 0 0.000282 - - 

SIPA1L2 C M 50 rs184013125 G/A p.S1482L 0.002665 0.008451 0.0057 0.0092 

rs966761148 C/T p.V822M 0 0.000282 2.03E-05 2.69E-05 

The table represents all the carriers of biallelic nonsynonymous variants in the target genes; A: Affected; 

C: Control; M: Male; F: Female; AAS: Age at sampling; AAO: Age at onset of iRBD; dbSNP: Single 
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nucleotide polymorphism database; *Allele: Reference allele/mutant allele; F_A: Frequency in affected; 

F_C: Frequency in controls; gnomAD ALL: Exome allele frequency in all populations; gnomAD NFE: 

Exome allele frequency in non-Finnish European. 
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Supplementary Table 1. Details on age and sex of samples 

 Number of 

Samples 

Sex Age at sampling 

(AAS) 

Age at onset 

(AAO) 

Age at diagnosis 

(AAD) 

Pheno-conversion to 

overt 

neurodegenerative 

disease 

Data 

available 

Percentage 

of males 

Data 

available 

Mean Data 

available 

Mean Data 

Available 

Mean Data 

available 

Converted 

iRBD 

Patients 

1039 1032 81% 1005 67.9 ± 

9.1 

years  

601 60.1 ± 

10.5 

years 

608 65.3 

± 8.7 

years 

540 190 

Controls 1852 1852 51% 1843 52.5 ± 

14.3 

years 

NA NA NA NA NA NA 

iRBD: isolated REM sleep behavior disorder; AAS: age at sampling; AAO: age at onset; AAD: age at diagnosis; NA: non-applicable 
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Supplementary Table 3: Average coverage details for target genes 

 

Gene Average coverage Percent_15x Percent_30x Percent_50x 

SYT11 988 100 100 100 

RAB25 383 100 100 100 

RAB7L1 901 97 97 97 

SLC41A1 809 93 93 93 

PM20D1 911 100 100 100 

SIPA1L2 1064 100 98 98 

TMEM163 891 88 88 88 

ACMSD 790 100 100 100 

STK39 883 92 92 92 

MCCC1 691 100 100 100 

LAMP3 1162 100 100 97 

GAK 184 98 98 89 

DGKQ 73 79 68 54 

BST1 883 100 100 96 

GPNMB 1044 100 100 100 

FGF20 291 100 100 100 

ITGA8 682 98 98 95 

CCDC62 911 97 97 97 

HIP1R 86 93 82 65 

SETD1A 175 89 83 71 

STX1B 107 88 79 72 

MAPT 377 96 95 90 

RIT2 886 100 100 100 

DDRGK1 379 86 86 86 

USP25 627 91 88 83 
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Supplementary Table 6. Burden and SKAT-O tests results after excluding the association-

driving variants in BST1 and LAMP3 

 

DOC: Depth of coverage; LOF: Loss of function; NS: Nonsynonymous; CADD: Combined 

annotation dependent depletion; SKAT-O: Optimized sequence kernel association test; SKAT: 

Kernel association test; NV: No variants were found for this filter. 

 

 

 

 

 

 

 

 

 

 

DOC Gene All rare 

(p value) 

Rare functional 

(p value) 

Rare LOF 

(p value) 

Rare NS 

(p value) 

Rare CADD 

(p value) 

SKAT-

O 

SKAT 

Burden 

SKAT-

O 

SKAT 

Burden 

SKAT-

O 

SKAT 

Burden 

SKAT-

O 

SKAT 

Burden 

SKAT-

O 

SKAT 

Burden 

30x BST1 0.382 0.233 0.048 0.025 0.348 0.653 0.076 0.052 0.012 0.011 

LAMP3 0.046 0.256 0.688 0.896 0.787 0.300 0.318 0.724 0.524 0.601 

50x BST1 0.225 0.142 0.032 0.016 0.671 0.470 0.080 0.057 0.017 0.012 

LAMP3 0.003 0.058 0.468 0.431 0.785 0.304 0.020 0.016 0.458 0.513 
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CHAPTER 4: General Discussion 

 

The purpose of this MSc dissertation was to study the role of familial and GWAS parkinsonism 

genes in iRBD using targeted next-generation sequencing. In the current thesis, we performed 

the most comprehensive genetic study of iRBD to date by fully sequencing a total of 35 genes 

known to be implicated in PD and parkinsonism in the largest iRBD genetic cohort available, 

including 1,039 unrelated iRBD patients and 1,852 unrelated controls. Patients and controls were 

recruited consecutively in clinics and hospitals in Europe and Canada, and collected data 

included information on sex, age at sampling, age at onset for iRBD patients, and pheno-

conversion from iRBD to synucleinopathies. Combining the two studies described in Chapters 2 

and 3, our results provided no evidence that variants in familial PD and atypical parkinsonism 

genes are involved in iRBD risk, which further highlights the distinct genetic background of PD 

and its prodromal manifestation, iRBD. On the other hand, two PD GWAS genes were 

highlighted by our data as associated with iRBD. Both genes - BST1 and LAMP3 - are involved 

in the peripheral immune response. In fact, although PD is mainly considered a brain disorder, 

evidence from several studies has implicated the role of peripheral inflammation and adaptive 

immune response in PD pathogenesis,87, 88 suggesting that activation of the peripheral immune 

system may later activate central inflammatory response and synergistically drive 

neurodegeneration.89 Evidence of inflammation and immune response involvement in PD 

pathogenesis includes increased serum levels of proinflammatory cytokines such as tumor 

necrosis factor (TNFα), interleukin 6 (IL-6) and interferon γ (IFNγ) in PD patients compared to 

controls.90-92 These peripheral inflammatory factors appear to accompany the preclinical 

nonmotor symptoms of PD in the early stages described by Braak et al16 (see Chapter 1).  

Another remarkable difference between PD patients and controls has been reported in the 

composition of the immune cells, suggesting a potential role of these immune cells in the 

prodromal stage of PD.93,94 Interestingly, there is an obvious interplay between the peripheral 

inflammatory reactions and the central system response which, in turn, may cause 

neurodegeneration. In normal conditions, the central nervous system (CNS) is protected by the 

blood brain barrier (BBB) that prevents the pass of pathogens and immune cells into the brain.95 

However, BBB dysfunction increases the vascular permeability and allows for immune cells and 
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inflammatory factors to cross into the brain parenchyma,96 which appears to play an important 

role in the pathology of numerous neurodegenerative diseases including PD.97 The activation of 

the peripheral immune response also increases the blood levels of cytotoxic T-cell lymphocytes, 

which were found to cross the BBB and infiltrate the substantia nigra in PD patients, possibly 

causing an autoimmune response against α-synuclein by recognizing it as a foreign antigen.98,99  

In the brain, BBB dysfunction and associated central neuroinflammation in PD have been 

shown to occur as a result of microglial cells activation.100 These innate immune cells play 

defensive neuroprotection functions in the brain by constituting the first-line immune defense of 

the CNS, as well as having essential roles in the physiology and survival of neurons. Microglia-

associated central neuroinflammation has been reported as a pathological hallmark of PD since 

the first post-mortem study over 30 years ago, which reported presence of activated microglia in 

PD patients,101 to more recent clinical data.102 Although these central inflammatory processes 

may occur as a secondary effect of neurodegeneration, under certain conditions, inflammation 

and excess immune-response could also be a primary event that leads to neuronal cell death. The 

activation of microglial cells can cause a neurotoxic phenotype that generates an inflammatory 

response releasing cytokines and interleukins including TNFα, IL-1, IL-6, and IFNγ.97 These 

inflammatory factors mediate the neurotoxic effects of the activated microglia and drive excess 

inflammatory events that eventually cause damage and death to the nigral cells associated with 

PD.89 Although our knowledge on the involvement of inflammation and immune response in the 

progression of iRBD is still lacking, the high prevalence of autoimmune disorders among iRBD 

patients such as narcolepsy and multiple sclerosis may suggest a potential link between immune 

dysregulation and iRBD.4,103  

Hence, our results further highlight this pathway as potentially important in iRBD 

pathogenesis. BST1 is known to encode the Bone marrow stromal antigen 1 (or CD157), a 

protein that is highly expressed in the blood and important for B-lymphocytes growth and 

development, which may favor the involvement of BST1 in PD through immune-response 

activation. However, whether BST1 is expressed in microglia and important in their activation is 

still unclear and requires additional studies. The association of BST1 with iRBD was mainly 

driven by three coding variants that were enriched in controls (six-fold higher frequency in 

controls). Structural in-silico analysis of BST1 suggested that all three variants may destabilize 
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the enzyme structure. Therefore, these variants are most likely loss-of-function variants, which 

requires additional confirmation by future functional studies. However, our findings may suggest 

that loss-of-function of BST1 may be protective against iRBD. If this is true, these are 

encouraging results, since designing pharmaceutical inhibitors is usually much easier than 

creating activators, making BST1 an interesting target for therapy. In addition, we have 

identified an association of LAMP3, encoding lysosomal associated membrane protein 3, with 

iRBD. Unlike the variants found in BST1, the main variants driving the association in LAMP3 

are non-coding (intronic and 3’ UTR), making it more challenging to design functional studies to 

test their effects. These variants might have a regulatory function and can probably affect 

LAMP3 expression. In humans, the LAMP3 protein is enriched in the immune system, mainly in 

dendritic cells (DCs),104 suggesting that LAMP3 plays an important role for DCs maturation and 

function and is involved in adaptive immunity.105  

LAMP3 has also been reported to have an important role in the autophagy-lysosomal 

pathway (ALP),106 as its knockdown impacts the ability of the cells to complete the autophagic 

process, and its high expression is associated with increased basal autophagy levels.107 ALP is 

known to be a very important pathway in PD, and lysosomal dysfunction leads to accumulation 

of α‐synuclein which may eventually trigger neuronal cell death.108-110 Lysosomes are cellular 

organelles that contain hydrolytic enzymes capable of degrading intracellular components 

through several degradation pathways, including endocytosis, phagocytosis, and autophagy.106, 

110 These organelles are known to be responsible for the clearance of proteins, such as α‐

synuclein, or other defective organelles, such as depolarized mitochondria.110 Although there is 

another main pathway for protein degradation in the cells, the ubiquitin proteasomal systems 

(UPS),it was shown that only the ALP is essential for α-synuclein degradation in neuronal cells 

(its inhibition leads to the accumulation of α-synuclein).111, 112 Indeed, both mitochondrial 

dysfunction and α‐synuclein aggregation are known as major pathogenic events that occur in 

PD,113, 114 and numerous genes involved in PD are found to have essential functions within the 

ALP pathway including genes such as GBA and LRRK2 which are known to harbor some of the 

most common mutations associated with PD.64, 86, 115  

Furthermore, previous genetic studies have revealed lysosomal PD genes such as GBA, 

TMEM175 and SNCA to also be associated iRBD risk. Genetic variants in GBA have been found 
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to be associated with increased risk of iRBD.116 GBA encodes for glucocerebrosidase (GCase), 

and different GBA variants have been found to reduce GCase activity.110 Several mechanisms 

have been suggested for the association of GBA variants in the development of 

neurodegeneration, including alterations in the composition of lysosomal membrane that may 

affect autophagy and mitophagy,106, 117 and accumulation of the misfolded GCase and 

endoplasmic reticulum stress.118 Severe and mild GBA variants appear to have different effects 

on the risk, age at onset, and the conversion to overt synucleinopathies in iRBD. Carriers of 

severe GBA variants were found to convert to PD with higher frequency and earlier onset 

compared to those who carry mild variants or non-carriers of GBA mutations.116 In addition to 

GBA, genetic variants in other genes have also been reported to reduce GCase activity, including 

a coding variant in TMEM175, which encodes a transmembrane endolysosomal potassium 

channel responsible for regulation of lysosomal function. TMEM175 is the 4th strongest risk 

locus in GWAS of PD and has been found to be involved in iRBD.64 In that study, the 

TMEM175p.M393T variant was associated with reduced GCase activity, which in other studies 

has been shown to cause α‐synuclein accumulation.119 α-synuclein is encoded by the SNCA gene, 

in which 5’UTR region variants (tagged by rs10005233) were also reported to be associated with 

increased iRBD risk.50 Together with LAMP3 association with iRBD discussed in the current 

thesis, ALP appear to be a potentially important pathway in iRBD risk and conversion.  

Finally, PD is not a single entity, it is rather a multisystem disease with many 

heterogeneous subgroups of disorders. For example, some PD patients progress faster than 

others, some have α-synuclein pathology while pure degeneration occurs in others, and some 

have RBD whereas others do not. As described in Chapter 1, sequencing-based genetic studies 

have helped to reveal multiple genes and loci associated with PD, but since GWASs do not 

separate between these different subtypes of PD, looking at each specific gene and studying it in 

iRBD further helps to identify which genetic factors are involved in this specific subtype, which 

- in turn - could help us understand the underlying mechanisms of its progression and 

conversion, identify targets for future basic and clinical studies, and improve clinical trials by 

stratifying the cohorts by the genetic profiles of the participants. The work described in this 

thesis provides evidence that targeted sequencing methods are a viable and scalable approach 

that may help identifying specific genes or variants responsible for the onset of an important 

prodromal neurodegenerative disorder such as iRBD, which is crucial for our understanding of 
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the disease mechanism and progression, better identifying individuals at high risk of conversion 

and identifying novel targets for drug development.  
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CHAPTER 5: Conclusion and Future Directions 

 

iRBD is a powerful prodromal symptom of synucleinopathies. Patients diagnosed with iRBD in 

sleep centres have a high risk of converting to neurodegenerative diseases associated with α-

synuclein pathology over time. This conversion, which is a gradual process, may occur very 

rapidly or within years or even decades. Presently, it is still not possible to predict in patients 

with iRBD whether they will eventually convert into an overt synucleinopathy and how fast. 

Understanding the genetic components that lead iRBD patients to develop synucleinopathies 

would make it possible to identify patients with specific genetic markers for prognosis. PD can 

be viewed as a large umbrella for numerous heterogenous neurological disorders with overall 

similar clinical presentation. Thus, determining the genetic link between iRBD and PD would 

help to decipher the puzzle of this complex condition through applying these genetic findings for 

disease-classification and subtyping.  

As preliminary studies have confirmed the partial genetic overlap between iRBD and PD, 

we aimed in this research to further explore this overlap by studying genes known to be involved 

in PD and atypical parkinsonism and their role in the risk of iRBD. In this dissertation, we have 

investigated for the first time the role of rare variants in 10 familial parkinsonism genes in iRBD 

risk and examined the association of rare and common variants in 25 PD GWAS genes with 

iRBD. In brief, this body of work has contributed towards expanding our knowledge of the 

distinct genetics between PD and iRBD while further confirming their partial genetic overlap. 

Our data showed that BST1 and LAMP3 could potentially play a role in the risk of iRBD, which 

makes them appealing targets for further investigation. Interestingly, loss-of-function of BST1 

appears to be protective in iRBD. Since BST1 in expressed in the peripheral blood and may be 

involved in immune predisposition, BST1 could be a potential target for systemic therapy in the 

future. As a follow-up, functional studies could use knock-out BST1 and LAMP3 or knock-in 

models with the specific variants we have identified, or use human-derived cell models from 

individuals who carry these variant and their isogenic controls. Using these models will allow for 

assessing how rare variants in these two genes can affect specific mechanisms, such as 

inflammatory response and lysosomal function, and better understand how the excess or reduced 
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activity of their respective proteins could contribute to the pathogenesis of iRBD and α-synuclein 

pathology.  

In addition, since the design of the current work was done before the recent GWASs, 

another way to follow-up on our research is to expand the targeted analysis to test all the genes 

found in loci associated with PD in the more recent GWASs. In the current research, we 

performed targeted analysis of specific genes, and by that, we cannot rule out the potential role 

of other genes. Performing WGS on our iRBD cohort will potentially facilitate future 

identification of other genes involved in iRBD, although we will be limited by the sample size. 

Nevertheless, as our cohort keeps growing, performing WGS will be a good approach, also 

allowing for combining data with other synucleinopathy cohorts. It will also be crucial to study 

iRBD patients of other ethnicities, such as African, South American, Asian and others, since 

there could be population-specific variants or genes that are involved in iRBD. In addition to 

genetic variants, epigenetic changes have also been suggested to play a role in the progression of 

PD. Changes in various epigenetic mechanisms that regulate gene expression such as DNA 

methylation, histone modifications or micro RNAs (miRNAs) have all been suggested to be 

linked to PD.120 More recently, epigenetic changes in SNCA have also been implicated in 

iRBD.121 Thus, expression analysis would also be useful to further investigate the effect of 

expression changes in these genes on iRBD development.  

Finally, one of the advantages of association studies is that they can serve as a corner 

stone for future designed studies. The type of work discussed in this thesis would ultimately help 

to reveal genetic markers that will advance our ability to more accurately prognose disease-

development and to tailor personalized treatments for each individual patient in the future. The 

main goal of such treatments in iRBD patients, would be to delay, or preferably halt, the 

progression of LP and conversion to an overt synucleinopathy. This would reduce the huge 

burden incurred on patients, their caregivers and the entire society, healthcare expenses and time 

consumed for treatments, improve efficacy therapies and decrease errors and side effects. While 

all these goals could still be far out of our reach, the current work provides an additional step 

towards this direction.  
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