UNIVERSITE DU
LUXEMBOURG

PhD-FSTM-2023-103
The Faculty of Science, Technology and Medicine

DISSERTATION

Defence held on 29/09/2023 in Esch-sur-Alzette, Luxembourg

to obtain the degree of

DOCTEUR DE L’UNIVERSITE DU LUXEMBOURG

EN BIOLOGIE
by

Sinthuja PEIRIS PACHCHEK

Born on 31 March 1986 in Pesalai (Sri Lanka)

DECIPHERING THE GENETIC ARCHITECTURE OF
PARKINSON’S DISEASE IN THE LUXEMBOURGISH
POPULATION

Dissertation defence committee

Prof Dr Rejko Kriiger, dissertation supervisor
Luxembourg Centre for Systems Biomedicine, Université du Luxembourg, Luxembourg

Prof Dr Michel Mittelbronn, Chairman
Luxembourg Center of Neuropathology, National Center of Pathology, Luxembourg

Dr Patrick May, Vice Chairman

Luxembourg Centre for Systems Biomedicine, Université du Luxembourg, Luxembourg

Dr Manu Sharma
Institute for Clinical Epidemiology and Applied Biometry, Germany

Dr Kathrin Brockmann
University of Tiibingen, Hertie Institute for Clinical Brain Research HiH, German Centre for
Neurodegenerative Diseases DZNE, Germany



i



Affidavit

I hereby confirm that the Ph.D. thesis entitled “Deciphering the genetic architecture of
Parkinson’s disease in the Luxembourgish population” has been written independently and

without any other sources than cited.

Belval, Luxembourg
Sinthuja Pachchek Peiris
29/08/2023

il



v



Acknowledgements

I thank God Jesus for the incredible journey I had as a student at the Luxembourg Centre
for Systems Biomedicine (LCSB) during the years 2019-2023. These years of academic
research were the most rewarding in terms of education. I cherish the experiences and

knowledge gained during this period.

I would like to thank the Fonds National de la Recherche (FNR) for funding this work
through the National Center for Excellence in Research on Parkinson's Disease program
(NCER-PD) and the doctoral training unit (PARK-QC). I would like to thank all the
participants who actively took part in the Luxembourg Parkinson's disease study, as their

invaluable contributions made this research possible.

Foremost, I wish to express my sincere gratitude to Prof. Dr. Rejko Kriiger and Dr. Patrick
May, my thesis supervisors, for offering me the invaluable opportunity to join their group
and for their continuous support which allowed me to become fully involved in the field of
genomic studies and in-depth genetics research. Their mentoring, innovative ideas and
invaluable advice and support along the journey have played a crucial role in making me the

confident scientist [ am today.

Additionally, I would like to extend my gratitude to Prof. Dr. Michel Mittelbronn, Dr.
Manu Sharma and Dr. Kathrin Brockmann, who kindly agreed to be part of the esteemed
jury members for this thesis. Their involvement in the evaluation process was a great honor,
and I am deeply grateful for the valuable time and expertise they devoted to reviewing my

work.

Thanks to all the LCSB and Bio-Core team members, including past and present students
and postdoctoral researchers, especially the Genome Analysis Groupe, Dr. Dheeraj Reddy
Bobbili and Nuria Terrado Ortuno, for cultivating a friendly and highly productive
environment. My special thanks go to Dr. Zied Landoulsi. Throughout our journey together,
we have faced many challenges and achieved many goals. I am deeply grateful to him for
his invaluable advice, his sharing of knowledge, his patience and his constant moral support

over the past four years.



I sincerely thank the neurologists, Dr. Lukas Pavelka and Dr. Olena Tsurkalenko, and the
clinical team from Luxembourg Institute of Health, for their extraordinary contribution to

exploring the patient cohort and for the insightful discussions we had together.

I would like to express my deepest gratitude to my thesis partners, Axel, Vera, and Laure.
In the face of academic rigors and personal struggles, their constant support, shared

experiences and our shared funny moments kept me optimistic and motivated.

I would like to express my gratitude to all those who supported me with this project and
contributed to it, particularly the project managers Dr. Tainda Marques, Dr. Clarissa Gomes,

Dr. Nancy Ramia and Dr. Bianca Dragomir.
I would like to thank all those who helped me to write, correct, and layout this manuscript.

I would like to thank my friends who supported me, with a special mention to Dr. Kundavai

Natchiar, whose encouragement and motivation inspired me to begin this doctoral journey.

I would like to thank my family and friends for giving me joy and happiness during the final

phase of writing the thesis in Pesalai Sri Lanka, particularly the Babylona team.

I am deeply grateful to my family, especially my parents Thomas Selvartnam and Carmel
Sinnarani, for their constant love and support. I would also like to express my deep gratitude
to my sister and brother, Brighty and Jérémy, my sweet sister-in-law Prya, and my nieces

and nephews Kandus, ShareShare, Tshushi, Chico, Anjali, Sahana and Shalou.

Lastly, but most importantly, I want to offer my heartfelt and immense thanks to my husband
Anton Merino. From the beginning, he was my greatest support, constantly encouraging me
to persevere in the pursuit of my Ph.D. goal and never once doubting my ability to achieve
it. He was invaluable in holding me up when things got very difficult. I am truly blessed to
have him by my side. I thank him for being who he is and for forgiving me for all the
evenings and weekends I had to dedicate to my studies instead of spending them with him
and our daughter, Kayalvili. 1 hope that when our little girl grows up, she will realize how

much I love her and how hard I have worked for her.

vi



to my husband Anton Merino
2G0T YGUTLILD, YBTRYLD (Q)VGVTLOGY GTGTRTITG) Q)BFLI LILY LIGHLI (LPIYSF)IFHE (LPLY UITS/

“without your love and support, I could never have completed this thesis”

vii



viii



Table of Contents

Affidavit iii
Acknowledgements v
Table of Contents ix
List of Figures xiii
List of Tables XV
List of abbreviations xvii
List of publications xxi

ADSEFACE cuueeienerriiirrissnicnsnicsssicssssncssssnsssssssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssasssssss XXIII
AImS aNd ODJECLIVES....uuuiierrriirsrricssricsssnissssncssssncssssrsssssssssssssssssssssssssssssssssssssssssssssssssess XX VIl

INEEOAUCTION «.eereeennneerieeeeereeeenneesseseeeseeenssssssssscssessssssssssssssssssssssssssssssssssassssssssssssssasssssssssssssase 1

L.1. Genetics, an overview 3
LI L. DINA ettt sttt ettt b et b et bt b et b bbb st et ne et e st e et e b ne 3
L1.2. Genomic VariabDIlity .......cccveeuieieriieiesiieieece ettt st e e e e s e eneesseeneesseennennean 5

[.1.2.1. SUDSHEULION <.ttt ettt sttt ettt et be e e b b e een 5
[L1.2.2. Insertion and DElEtions .......c..ccuevveieiiirinirinisieseseeet ettt 6
[L1.2.3. SHUCTUTAL VATTANTS ....c..eiteiiiiieriereteet ettt s 6

L.2. Genetic testing techniques 8
L2.1. SANGEI SEQUEINCING ... .eevieeietieiieiieteeteeteeetetesetestesstesseesaesseessesseensesseensesseansesseessesnsessesssessessesseen 8
IV o1 (o - 4 TSRS 8
.23, Next-Generation SCQUENCING........ccuerreerterrerrereerserrerseestesseesesseesesseessesseesseseessesssessesssessesssessees 9

1.2.3.1. Next-Generation Sequencing WOrkflOW ...........ccocevieiirieieeieeeee e 9
1.2.3.2. Short 1ead SEQUENCING ......ccveeierieeieieeiertieteeee et ee et et e eeeeseseesseeseessessnesseensesseensenseens 10
1.2.3.3. LoNg-1€ad SEQUENCING .......eeiveieiesiieietieiestieteeteeteeeeesteeseesseeeesseesesseensesseensesseensenssenseenes 10
[.2.4.  Multiplex ligation dependent probe amplification ............cecevverererenenienienierieeneecneeese e 11

L.3. Parkinson’s disease 12
[.3.1.  Pathophysiology and epidemiologY.........cceecuerririerieiieriieiereeie ettt ens 12
[.3.2.  Genetics architecture of Parkinson’s diSEase.........cc.cecerueruirieririinienenienieieieeeeee e 15

1.3.2.1. Genetic causes of Parkinson's diSEase...........ceeruerererinienienienieieieteeeeeceeee e e 15
1.3.2.2. Sporadic ParkinSon’s diSEASE.........ccuerveriireierieieeiieieeieie et ete et sse e eee e ensesseens 21
[.3.3. Environmental riSK fACLOTS........coeriririirieniiicietecete sttt 22
[.3.4.  Pathophysiology at the cellular and molecular level............cccoivinininiiniiniininnnccees 23
1.3.4.1. The 101e Of O-SYNUCICIN .....eoviiiieiieiieieieetee ettt se s 23

X



1.3.4.2. Mitochondrial dYSTUNCHON.........cceeieriieiiiieieeiee e 24

1.3.4.3. Neuroinflammation ........c..eoueieriririiinrer ettt s 25
[.3.5.  GBAI variants in Parkinson's DISEaSE........c..ccuerueiririririinininiinenieneetereteeeie et 25
L.3.5.1. Glucocerebrosidase and the GBAI ZENE........ccceecueeeeriiecienieieeeeieeeeie e 25
1.3.5.2. The PSEUAOZENE .....eevieniiiieieeieie ettt ettt ettt st e e s e saesseenseeseenseeseenseensenseenes 26
1.3.5.3. Glucocerebrosidase Pathway .........c.ccveceeieiiiriienieee e 27
L1.1.1. Association between GBA variants and Parkinson’s disease............ccoeevervecvenvnvennnnne 27
L1.1.2. Types Of GBAI VATIANES ........ccvevieeeieiieieeiieteetete et et ee e ae e aesseen e eseensesnsenseenes 29
L1.1.3. Frequency of GBAI VATIANES..........c.ecuieieriieiieieie ettt ae st seenseeseenseeneeseens 30
L1.1.4. Comments on changing NOMENCIATUIE...........cccueruirieriieiereeie ettt 30
L1.1.5. Phenotype of GBA I Variants CaITIEIS ..........ecveeeerueeierueeierieeeesseessesseesaesseessesseensesssensennes 31
L1.1.6. Biological MEChANISIMS .........cccveviirieiieieriieieeeeie et e e s e 31
[.1.2.  Treatments for ParkinSon’s diSEASE .........coevueueieiriirieriirienierie sttt 34
L1.2.1. GBA1 pathway-specific treatmMents. ..........ccverierieeiesieeieieeieie e eee e eesnens 34

Chapter 1 : Accurate long-read sequencing identified GBA! variants as a major

genetic risk factor in the Luxembourg Parkinson’s study ........ccecceercueccscneccscnnccssenccenss 37

1.1. Introduction 41
1.2. Copy of the preprint manuscript 43
1.3. Supplementary material 70

Chapter 2 : Genetic landscape of Parkinson’s disease in Luxembourg....................... 83

2.1.  Introduction 87
2.2 Copy of the preprint manuscript 89
2.3. Supplementary material 118

Chapter 3 : Association of polygenic risk score and pathogenic GBAI variants in the

Luxembourg Parkinson's StUdYy ......c..cccceceecsvenicssnnccsnncssnncsssncssssscssssssssssesssssssssssssssnese 121

3.1.  Introduction 125
3.2 Copy of the preprint manuscript 127
3.3. Supplementary material 147

Chapter 4 : Whole Genome Sequencing reveals new monogenic forms of Parkinson’s

disease in idiopathic familial cases within the Luxembourg Parkinson’s Study....... 149

4.1. Introduction 155
4.2. Materials and Methods 155
0 B 1111 o) (o JTe) T () o TP 155



4.2.2.  Whole genome sequencing and quality CONtrol...........cccevvrvieriirienieienieieeeee e 155
4.2.3. Classification of rare SN'Vs based on the variant type .........ccoceeevereecieneenienieneeeene e 156
4.2.4. Splicing site alteration analYSis .........cecceeieriiriiererieneeieseeteseeteseeeaeseeeeesreeseeseesseeaenseennas 156
4.2.5.  NON-COAING VATIANES .....eervrerireiieiieiesiieieetieteseessestessesaessessesseessessesssesseensesssensesseessesssessesses 157
4.2.6.  CalliNG CNVS ..ottt ettt ettt et ettt et e st esessaessessae s eesseseensesseenseaseensesseenseennesennsas 157

4.3. Results 157
4.3.1.  DemOGraphiC data........cceccueriieiieriieieriieiteetieieeterteetessestesseeaesseeesesseessesseensesseensesseensesnnenseenees 159

4.1.1.  Identification of rare variants in candidate PD genes...........ccoccvevueveecieneenieniee e 159

41,2, CNVS ANALYSIS .ovieieieieieeiieieeieie ettt et ettt ete st essessaesseesae s eessesseensesseensesseensesseensesnsensennnes 164

4.1. Discussion 164

Conclusions and Perspectives........ciicnceicssnccssnrissssncssssnesssncssssncssssssssssssssssssssssssssseses 107
BiblIOGIrapRy ....eeccciviiiiviiiisnrinssnninssnnisssnnisssnnesssnessssncssssnsssssssssssssssssssssssssssssssssssssssssssssses 179

APPENAICES cuuernrenneeirecsuensseensnnssrecssnssssesssessssesssnssssssssassssssssssssassssassssssssssssassssasssaessansssaass 201

Xi



Xil



List of Figures

Introduction

Figure 1 :
Figure 2 :
Figure 3 :
Figure 4 :
Figure S :
Figure 6 :
Figure 7 :

Chromosome structure with several levels of organization .....................coccoeiiininiininnn. 4
Clinical symptoms of Parkinson’s disease development ...................c..cc.ocoiiiiiiinnininninnne 14
Genetic research into Parkinson's disease over the past 25 years...............cccoocvevveievvecennnne. 16
The genetic architecture of Parkinson's disease ................cccoccoviiiiiiiniiiniiniiinceeeeeee 18
Visualization of the GBA1 gene and GBAP1 pseudogene..............c...cocevvrieniecrenieieenieienenns 26
GCase pathway in a functional cell .....................ocoiiiiiiii e 28

Association between GCase, a-synuclein and Parkinson's disease .............c.cc.ccccocevencninnne. 33

Chapter 4
Figure 4. 1 : Analysis workflow for SNVs and CNVs analysis. ............cccccocoviniiiininnininincnceeneee. 158
Figure 4.2 : Sibling Pedi@ree..............ooouiiiiiiiiiiieee ettt et st ettt et e 161

Xiii



X1V



List of Tables

Introduction

Table 1 : Comparison of read length between NGS platforms .................ccocvviiiiniinieceieeeee e 9
Table 2 : Parkinson’s disease related locus and genes ..................cooeiviiiiiiiiiiiiiieeneeeeee e 17
Chapter 4

Table 4. 1 : Demographic and genetic data of the 67 familial Parkinson’s disease cases...................... 160
Table 4. 2 : Identified rare variants in candidate Parkinson’s disease genes .................cccccevvvirniennnnne 162
Table 4. 3 : Identified CNVs in Parkinson’s disease related genes................ccccoevieiiiiniinniinniiineenienne, 164

XV



XVi



List of abbreviations

ALS
Annovar
AP

ATP

BMI
bp

CADD
CBD
cDNA
CI
CNS
CNVs
COMT

DBS
dbSNP
ddNTPs
DGV
DHS
DLB
DNA
DNase

eQTL
ER
ERT

FTD

GATK
GBAI

GBAlpys

Amino acid

Age-at-assessment

Age-at-onset

American College of Medical Genetics and Genomics
Alzheimer's disease

Autophagy-lysosome pathway

Amyotrophic lateral sclerosis

Annotate variation tool

Atypical parkinsonism

Adenosine triphosphate

Body Mass Index
Base pair

Combined annotation dependent depletion
Corticobasal degeneration
Complementary DNA

Confidence interval

Central nervous system

Copy number variations
Catechol-O-Methyl transferase

Deep brain stimulation

Single nucleotide polymorphism database
Dideoxy-nucleoside triphosphates
Database of genomic variants

DNase I hypersensitive sites

Dementia with Lewy bodies
Deoxyribonucleic acid
Deoxyribonuclease

Expressed Quantitative Trait Loci
Endoplasmic Reticulum
Enzyme replacement therapy

Frontotemporal disorders

Genomic analysis toolkit
Glucosylceramidase beta 1

GBAI1 pathogenic variants

Xvil



GBAP1
GCase
GD
GlcCer
GlcSph
gnomAD
gnomAD-SV
GP2
GSLs
GTPase
GWAs

HGMD
HLA-DQIb

IGV
Indels
iPSCs

kb

L-DOPA
LBs
LEDD
LID

Lns

LoF
LRS

MAF
MAO-B
MAPT
MDS
MISTIC
MJFF
MLPA
MPP+
MPTP
mRNA
MSA
mvPPT

NBIA

Glucosylceramidase beta 1 pseudogene
Glucocerebrosidase

Gaucher's disease

Glucosylceramide

Glucosylsphingosine

Genome aggregation database

Genome aggregation database structural variants
Global Parkinson's Genetics program
Glycosphingolipids

Guanosine triphosphate binding enzyme

Genome-wide association studies

Human gene mutation database

Human leukocyte antigen DQ1b

Integrative Genomics Viewer
Small insertions and deletions

Induced pluripotent stem cells

Kilobase

Levodopa

Lewy bodies

Levodopa-Equivalent Daily Dosage
Levodopa-Induced Dyskinesia
Lewy neurites

Loss-of-function

Long-read sequencing

Minor allele frequency

Monoamine oxidase B

Microtubule-associated tau protein

Movement disorder society

Missense deleteriousness predictor

Michael J. Fox foundation's

Multiplex ligation dependent probe amplification
1-methyl-4-phenylpyridinium
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
Messenger ribonucleic acid

Multiple system atrophy

Pathogenicity Prediction Tool for missense variants

Neurodegenerations with brain iron accumulation

Xviii



NCBI National Center for Biotechnology Information

NCER-PD National Center for Excellence in Research on Parkinson's Disease program
NFE Non-Finnish European

NGS Next-generation sequencing

ONT Oxford nanopore technologies

OR Odds Ratio

PacBio Pacific biosciences platforms

PCA Principal component analysis

PCR Polymerase chain reaction

PD Parkinson's disease

PRS Polygenic risk score

PSP Progressive supranuclear palsy

RBD REM Sleep behaviour disorders
REM Rapid eye movement

REVEL Rare Exome Variant Ensemble Learner
RNA Ribonucleic acids

ROS Reactive oxygen species

SD Standard deviation

SMCs Small molecule chaperones

SMRT Single-molecule real-time sequencing
SNP Single nucleotide polymorphism
SNpc Substantia nigra pars compacta

SNVs Single nucleotide variants

SRT Substance reduction therapy

SVs Structural variants

TFBS Transcription factor binding sites
TIM Triose-phosphate isomerase

TRS Tandem repeat sequences

UPDRS Unified Parkinson’s disease rating scale
UPR Unfolded Protein Response

UPS Ubiquitin proteasome system

UTR Untranslated region

VCF Variant call format

VUS Variants of unknown significance
WES Whole-exome sequencing

WGS Whole-genome sequencing

XiX



XX



List of publications

This thesis is based on work that has been published or is under review by the respective journal or

is ready for submission.

Manuscripts used in this cumulative thesis have all been submitted with the candidate as the first or

equally contributing first author.

All projects presented in the thesis have been carried out with several collaborators and were
supported by the National Center for Excellence in Research on Parkinson's Disease consortium
(NCER-PD).

Publications resulting from this work

Pachchek, S., Landoulsi, Z., Pavelka, L. Schulte, C., Buena-Atienza, E., Gross, C., Hauser,
A.-K., Bobbili, D.R., Casadei, N., May, P., Kriiger, R.. Accurate long-read sequencing
identified GBA1 as major risk factor in the Luxembourgish Parkinson’s study. npj
Parkinsons Dis. 9, 156 (2023). https://doi.org/10.1038/s41531-023-00595-w

Landoulsi, Z.", Pachchek, S.”, Bobbili, D.R., Pavelka, L., May, P., Kriiger, R., August 2023.
Genetic landscape of Parkinson’s disease in Luxembourg. Frontiers in Aging Neuroscience.
(Manuscript under review)

Hassanin, E.", Landoulsi, Z.", Pachchek, S.", Krawitz, P., Kriiger, R., Maj, C., May, P.,
Bobbili D.R., August 2023. Parkinson’s risk: the interplay between polygenic background
and GBA pathogenic variants. (Manuscript in preparation)

*Equal contribution

Additional publications

Smaji¢, S., Prada-Medina, C.A., Landoulsi, Z., Ghelfi, J., Delcambre, S., Dietrich, C.,
Jarazo, J., Henck, J., Balachandran, S., Pachchek, S., Morris, C.M., Antony, P.,
Timmermann, B., Sauer, S., Pereira, S.L., Schwamborn, J.C., May, P., Griinewald, A.,
Spielmann, M., 2022. Single-cell sequencing of human midbrain reveals glial activation
and a Parkinson-specific neuronal state. Brain J. Neurol. 145, 964-978.
https://doi.org/10.1093/brain/awab446

Pavelka, L., Rauschenberger, A., Landoulsi, Z., Pachchek, S., May, P., Glaab, E., Kriiger,
R., NCER-PD Consortium, 2022. Age at onset as stratifier in idiopathic Parkinson’s
disease - effect of ageing and polygenic risk score on clinical phenotypes. NPJ Park. Dis. §,
102. https://doi.org/10.1038/s41531-022-00342-7

Pavelka, L., Rauschenberger, A., Landoulsi, Z., Pachchek, S., Marques, T., Gomes,
C.P.C,, Glaab, E., May, P., Kriiger, R., NCER-PD Consortium, 2022. Body-First Subtype
of Parkinson’s Disease with Probable REM-Sleep Behavior Disorder Is Associated with
Non-Motor Dominant Phenotype. J. Park. Dis. 12, 2561-2573.
https://doi.org/10.3233/JPD-223511

XX1



xxil



Abstract

XXxiii



XXiv



Abstract

Dissecting the genetic complexity of parkinsonism in the Luxembourg
Parkinson’s Study

Parkinson's Disease (PD) is the fastest-growing neurodegenerative disorder (Bloem et al., 2021;
Dorsey et al., 2018). It is characterized by motor symptoms such as postural instability, rest tremor,
bradykinesia and rigidity (Kalia and Lang, 2015). Additionally, PD exhibits non-motor symptoms
including cognitive impairment, neuropsychiatric features like hallucinations, depression, and

anxiety, as well as sleep disturbances, hyposmia and autonomic dysfunction (Khoo et al., 2013).

While the exact causes of PD remain incompletely understood, research has identified genetic risk
factors as important contributing factors in its development. Although PD appears typically as
sporadic, approximately 30% of cases can be linked to genetic factors involving monogenic forms
(Billingsley et al., 2018). Although motor symptoms can be effectively addressed by
pharmacological therapies at least in early disease stages, there is currently no treatment that may
interfere with the chronic progressive neurodegeneration. Therefore, there is a strong motivation
among clinicians and researchers to perform early diagnoses and identify genetic variants that could
lead to future causative and thereby neuroprotective therapies. However, PD is a complex disorder
influenced by a combination of environmental and genetic factors. Only a limited subset of genes
have been conclusively associated with typical PD, as their causative role in Mendelian forms of PD
has been consistently replicated in multiple studies involving large populations of PD patients
(Bandres-Ciga et al., 2020). These rare Mendelian forms follow distinct inheritance patterns and have
a notable impact on disease development (e.g., SNCA, LRRK2, VPS35, PRKN, PINKI and PARK?7).
There are also low-frequency variants with significant effects, such as the GBAI and LRRK?2 genes.
These variants are not as rare as monogenic mutations, but their frequency remains relatively low in
the general population. Then, there are the common variants that exert minor effects and highlight
genetic variants that are prevalent in the population but individually contribute only a modest risk

toward PD (Manolio et al., 2009).

Although not as extensively studied as single nucleotide variants, small copy number variants have
received considerable interest due to their potential pathogenic implications (La Cognata et al., 2017;

Pankratz et al., 2011; Toft and Ross, 2010).

As part of the Luxembourg Parkinson's study, which includes both healthy individuals and patients
with PD and atypical parkinsonism, we aim to investigate the genetic background of PD-causal genes
(LRRK2, SNCA, VPS35, PRKN, PARK7, PINKI and ATP13A2) and other known PD-associated
genes, looking for rare Single-Nucleotide Variants (SNVs), Copy Number Variation (CNVs), and

XXV



Abstract

estimating the effect of multiple common SNVs in predicting an individual's probability of

developing PD, using Polygenic Risk Scores (PRS).

The Luxembourg Parkinson's study, a large monocentric longitudinal cohort, included 1791
participants, 911 of whom were diagnosed cases and 880 neurologically healthy controls. The mean
age of the control group was 64.7 + 12.1 years in 2023. The mean age at onset for PD patients was

62.4 £ 11.7 years.

We identified 12.1% of PD patients and 5% of healthy controls carried GBA variants. Additionally,
four GBAI variants were discovered in patients with progressive supranuclear palsy and dementia
with Lewy bodies. We identified different categories of pathogenic GBA! variants, including those
with severe, mild and risk-associated effects. We then studied the relationships between genotypes
and phenotypes, to better understand the impact of each type of variant and how they contribute to
disease severity. We discovered a total of 60 rare SN'Vs within seven PD-causal genes. Notably, nine
of these variants were found to be disease-causing in LRRK2, PINK 1, and PRKN genes. Additionally,
we identified eleven rare CNVs in the PRKN gene, encompassing seven duplications and four

deletions.

We showed that the PRSs were significantly associated with PD and highlighted the important role

of polygenic background plays in modulating PD risk in carriers of pathogenic GBA! variants.

Moreover, in an explorative study, where we are looking for loss of function variants, we identified
134 rare variants and eight rare copy number variations in PD-related genes, that could potentially
contribute to PD, but these results are not statistically reliable and further analysis is required. The
failure to discover novel genetic variants with whole-genome sequencing data can be attributed to
the limited power to detect rare variants with small effects, as well as the relatively small sample size

of the study.

We carried out an in-depth genetic analysis of the participants in the Luxembourg Parkinson's study.
Our findings should help future research to unravel the complex genetic landscape of PD. This
knowledge will make it possible to classify participants according to their genetic profile, improving
the effectiveness of future precision medicine approaches. These targeted therapies can then be
tailored to attack specific molecular targets, paving the way for a new era of personalized treatment

strategies.
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Aims and Objectives

The primary objective of this thesis was to conduct a genetic analysis on participants of the
Luxembourg Parkinson's study, which includes patients with typical PD and atypical parkinsonism.
The initial investigation involved examining genetic risk variants in both patients and healthy

controls in 1791 participants.

This analysis aimed to identify and characterize genetic variants associated with PD in this specific
population. The next objective was to assess the prevalence of PD-related genetic mutations in the
Luxembourg population. By analyzing the genetic data from patients and healthy controls, the study
aimed to determine the frequency and distribution of specific risk variants in this cohort. To better
understand the impact of each type of variant and how they affect disease severity, we identified
three different categories of pathogenic GBA variants (severe, mild and risk). We also characterized

genotype-phenotype correlations.

Multiple genetic data sources were used to establish a comprehensive overview of the genetic
landscape of PD in Luxembourg. These included whole genome sequencing data, which facilitated
the analysis of rare and novel variants, target-GBA! Pacific Biosciences data, which explored the
involvement of the GBAI gene in PD susceptibility, genotyping data, which allowed the
identification of common risk variants and Sanger sequencing, which allowed us to validate the

presence of the variants in individuals.

By focusing on these aims and objectives, this thesis hoped to improve our knowledge of the genetic
foundation of PD and provide important information to guide translational researchers, and clinicians
to develop future precision medicine approaches for patients with parkinsonism in Luxembourg. The
discovery of GBAI variants as an important genetic risk factor for Parkinson's disease in the
Luxembourg Parkinson's disease study provides new therapeutic opportunities. The current clinical
trial aims to attenuate cognitive decline in Parkinson's patients with GBAI mutations using
prasinezumab, an antibody meticulously designed to hinder the transmission of a-synuclein

aggregates between neurons.
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Introduction

I.1. Genetics, an overview

Genetics is the science that studies genes and their inheritance. The genome refers to the complete
set of genetic material found within the cells of an individual. In humans, there are a total of 23 pairs
of chromosomes, with one pair inherited from the mother and the other from the father. Among these,
22 pairs are known as autosomes and are numbered from 1 to 22 based on their decreasing size. The
remaining pair is composed of sex chromosomes, which determine an individual's biological sex

(XX for females and XY for males).

I.1.1. DNA
Chromosomes consist of DeoxyriboNucleic Acid (DNA) molecules, which are composed of four
distinct nucleotides. DNA carries genetic information and is found in all living organisms, spanning
bacteria, plants, and animals. In 1953, Watson and Crick unveiled the double helix structure of DNA.
This structure is formed by four nucleotide bases: Adenine (A), Thymine (T), Guanine (G), and
Cytosine (C), linked together by a sugar (deoxyribose) and a triphosphate. These bases work in pairs,
A and G known as purines combining with pyrimidine bases T and C respectively, to ensure the
consistency of the genetic code and the structural stability of the double helix. To minimize space
within the cell, this double helix associates with organizing proteins called histones, coiling around
them to form a highly condensed structure known as a chromosome (Alberts et al., 2002) (Figure 1).
The human genome contains nearly 3 billion base pairs organized into functional units called genes.
It is estimated that the human genome contains between 25,000 and 30,000 genes. Genes consist of
two main components: coding regions called exons and non-coding regions called introns. The exons
undergo a process of transcription, resulting in the production of RiboNucleic Acids (RNA), which

are subsequently translated into proteins.

Apart from genes, the genome also encompasses various types of non-coding regions. These non-
coding regions serve different purposes, such as acting as structural elements like centromeres or
playing a role in regulating gene expressions, such as Transcription Factor Binding Sites (TFBS), or
intergenic regions existing between genes. However, the precise functions of these non-coding

regions are still largely unknown and continue to be an area of active research.
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Figure 1 : Chromosome structure with several levels of organization
(Source: Copyright 2013 Nature Education Adapted from Pierce, Benjamin. Genetics: A Conceptual Approach, 2nd ed.
All rights reserved)
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I.1.2. Genomic variability

Genetic variants refer to alterations in the DNA sequence which, when manifested in a germ cell,
result in an unexpected, heritable modification of a DNA fragment. The influence of these variants
depends on their precise localization and impact on protein function (Marian, 2020). Various
mechanisms can trigger genetic alterations. These changes can result from errors in DNA replication.
Furthermore, certain substances, including chemicals, radiation, and some viruses, have the power
to damage DNA directly or block DNA replication and repair. Transposons, mobile genetic elements,
tend to disrupt genes or regulatory elements when inserted into new genomic regions. Another factor
comes into play during meiosis, where the crossover mechanism initiates genetic recombination,
resulting in the creation of new gene combinations. Radiation, chemicals, pollution and even dietary
factors are examples of environmental elements that can influence the rate of genetic change.

Genetic changes are a fundamental aspect of evolution, as they promote genetic diversity within
populations. While some alterations can have negative consequences for a species, leading to disease,
others can confer advantages in specific environments or facilitate improvement in a species'

adaptability over time (Eichler, 2019; Marian, 2020).
I.1.2.1.  Substitution

Among humans, substitutions are the most prevalent form of genetic variants, accounting for over
90% of all genetic variants. Substitutions occur when a single nucleotide is altered within the DNA
sequence. When a substitution is found in less than 1% of the population under study, it is referred
to as a Single Nucleotide Variant (SNV). Conversely, if the substitution is relatively common, present
in more than 1% of the population, it is called a Single Nucleotide Polymorphism (SNP). SNPs are
extensively utilized in constructing genetic maps, such as the well-known Single Nucleotide

Polymorphism database (dbSNP) and serve as genetic markers for individual identification.

SNV can be categorized into nonsynonymous, synonymous, splice, regulatory and intronic variants,

based on their localization into the DNA sequence and impact on protein production (Marian, 2020).

Nonsynonymous variants occur when a nucleotide change leads to the substitution of one amino
acid with another within the protein sequence. As a result, the function of the protein may be altered
to varying degrees, depending on the specific amino acid change. A subset of non-synonymous
variants are nonsense variants, which result in a premature stop codon in the protein-coding sequence
and induce the expression of aberrant transcripts resulting in truncated proteins that are non-

functional or prone to degradation (Marian, 2020).
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Synonymous variants do not alter the amino acid sequence within the protein and are denoted as
silent variants. Nevertheless, these synonymous SNVs could potentially influence factors such as
transcriptional and translational efficiency, splicing, and Messenger RiboNucleic Acid (mRNA)

stability (Marian, 2020).

Splice variants occur at exon-intron boundaries defined by splicing consensus sequences. Introns
generally begin with GT sequences and end with AG sequences, called splice donor and splice
acceptor sites respectively. The motifs are recognized by the splicing machinery, composed of
protein-RNA complexes, which excise the introns and ligate the subsequent exons. Genetic variants
located at consensus splice acceptor (5) or donor (3') sites can disrupt the correct splicing of the
primary transcript, resulting in exon skipping, intron retention or a reading frame mismatch in the

final mRNA production (Pan et al., 2008).

Regulatory variants are located in genomic regulatory regions, including positions in the promoter,
enhancer and 3’ regulatory regions. SNVs found in 5’ regulatory regions can impact mRNA
transcription by altering the binding affinity of the transcription factors involved. Similarly, SNVs
located in amplifying regions can affect the expression of many genes. Similarly, variants located in
3’ untranslated regions have the potential to influence transcript stability and the interaction of

transcripts with microRNAs (Marian, 2020).

Intronic variants, the most common SNVs, are located in deep intronic regions (excluding
conventional splice sites) and intergenic regions. In general, intronic variants are not expected to
have any biological impact, unless they create novel splice sites, leading to the incorporation of a
pseudo-exon or causing a frameshift in the protein. These variants may also influence the non-coding

RNAs transcribed from the respective genomic regions (Marian, 2020).

1.1.2.2.  Insertion and Deletions
Insertions and deletions, commonly known as indels, represent the insertion or deletion of nucleotide
fragments that affect less than 50 nucleotides (Mullaney et al., 2010). When Indels occur within the
coding sequence, they cause a frameshift. Consequently, incorrect DNA reads are typically
generated, resulting in the production of non-functional proteins. On average, the human genome is
estimated to contain between 192 and 280 frameshifts (1000 Genomes Project Consortium et al.,
2010). However, the majority of the indels are located in the intergenic regions, and prediction of

their functionality is quite challenging (Marian, 2020).

I.1.2.3.  Structural variants
Structural Variants (SVs) encompass significant chromosomal rearrangements, such as Copy

Number Variations (CNVs), inversions, Tandem Repeat Sequences (TRS), and chromosomal
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rearrangements. These SVs typically exceed 1 kb in size and involve various combinations of DNA

gains, losses, or rearrangements (Alkan et al., 2011).

CNVs are a specific subtype of SVs mostly characterized by deletions and duplications that cover at
least 50 bp (Carvalho and Lupski, 2016). CNVs have the potential to impact gene expression levels
and contribute to the development of various pathologies (Jakobsson et al., 2008; Redon et al., 2006).
For instance, in the context of neurodegenerative diseases, it was discovered that an early stage of
dystonia-parkinsonism disease was associated with the insertion of a retrotransposon in an intron of
the TAF1 gene (Bragg et al., 2017). Notably, CNVs alone affect more than 12% of the human

genome.

TRS represents the repetition of a specific pattern within a sequence. They are alternatively known
as satellites, minisatellites, or microsatellites, depending on their size. Microsatellites consist of
motifs of 1 to 5 bp, repeated 2 to 50 times, with a total size of less than 300 bp. Minisatellites, on the
other hand, comprise motifs of 15 to 100 bp, repeated 15 to 50 times, resulting in a total size of 1 to
5 kb. Satellites are large motifs repeated consecutively and predominantly participate in cellular
mechanisms like meiosis.

The repetition of these sequences can influence the proper functioning of a genetic unit. In
neurological diseases, for instance, extensions of ATTCC repeats in the ATXNI(0 gene have been
frequently associated with PD (Schiile et al., 2017). Additionally, CAG expansions in Huntington's
disease have been extensively studied (McColgan and Tabrizi, 2018).

Inversion refers to the process of modifying several nucleotides by exchanging the original sequence

with an identical sequence in reverse order.

Chromosomal rearrangements encompass significant changes that occur at a macro level,
involving deletions, duplications, insertions, inversions, substitutions, and translocations. These
alterations impact the structure and organization of chromosomes. One example of a disorder
resulting from a chromosomal rearrangement is Trisomy 21, where there is an additional copy of
chromosome 21, leading to Down syndrome. This disorder illustrates how changes in the number of

chromosomes can have significant implications for an individual's health and development.

An individual genome contains over 4 million SNVs, 100,000 Indels and hundreds of SVs. These
variants differ depending on ethnic origin and geographic distribution, illustrating the significant

genetic variety of humans (1000 Genomes Project Consortium et al., 2015).
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L.2. Genetic testing techniques

1.2.1. Sanger sequencing
The Sanger sequencing technique was developed by Frederick Sanger and his colleagues in 1977
(Sanger et al., 1977). It serves to identify the arrangement of nucleotide bases in a DNA fragment
with a size smaller than 1,000 bp. This method relies on the detection of fluorophore-labeled
dideoxyNucleotide TriPhoshates (ddNTPs) that are randomly incorporated into the DNA fragment
during replication by a DNA polymerase. Sanger sequencing has an impressive accuracy rate of
99.99% for detecting nucleotide bases, making it widely recognized as the "gold standard" for DNA
sequence validation. However, due to its cost and time-consuming, the Sanger sequencing method

was not feasible for sequencing the whole genome.

1.2.2. Microarray

Genotyping, which involves the analysis of multiple SNVs using SNP arrays, has emerged as a
practical and cost-effective method for generating high-quality genotyping data for a large number
of individuals (Das et al., 2016; LaFramboise, 2009). Array genotyping technology not only provides
medically relevant information concerning neurological diseases such as Alzheimer's Disease (AD),
Parkinson's disease (PD), Dementia with Lewy Body (DLB), FrontoTemporal Dementia (FTD),
Amyotrophic Lateral Sclerosis (ALS), Progressive Supranuclear Palsy (PSP), CorticoBasal
Degeneration (CBD), and Multiple System Atrophy (MSA), but it also offers non-medical data
including ethnicity and individual traits (Blauwendraat et al., 2017). This advanced array offers
researchers and clinicians an enhanced platform for studying neurological disorders and gaining
deeper insights into the genetic landscape associated with these diseases.

The NeuroChip, an updated version of NeuroX (Nalls et al., 2015), is an example of a genome-wide
genotyping array (Infinium HumanCore-24 v1.0). It comprises 306,670 tagging variants and 179,467
variants associated with neurodegenerative diseases. Recently, NeuroChip released its latest update,
named Neuro Booster array, featuring an extensive variant backbone of 1.9 million variants and over

95,000 custom contents.

The genotyping array method has been extensively employed in Genome-Wide Association studies
(GWAS) for many years (Hirschhorn and Daly, 2005). The GWAS are employed to determine the
association between distinct genetic changes and specific traits, such as diseases. This technique
involves studying the genomes of many unrelated individuals, with or without a disease, to search
for statistically significant variations in SNP frequency that can be used to predict the presence of a
disease. A GWAS study should include more than 1000 patients and controls and more than 300,000
markers to allow for statistical comparison of allele frequencies between cases and controls (Balding,

2006). The GWAS catalog (https://www.ebi.ac.uk/gwas/) contains all the GWAS that have been
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performed. Most SNPs do not directly affect gene products because they are found in non-coding
regions of the genome. Instead, it is believed that they have a role in controlling gene expression.
The analysis of such variants in the context of gene expressions measured in cells or tissues has
spawned a big field in human genetic study known as Expressed Quantitative Trait Loci (eQTL)
(Nica and Dermitzakis, 2013).

Polygenic Risk Score analysis (PRS) is calculated from the summary statistical data of the GWAS
(Torkamani et al., 2018). It is a statistical tool that quantifies an individual's genetic predisposition
to a specific trait or disease based on the cumulative effect of multiple SNPs. The first disease studied

with the PRS method was schizophrenia (Lesage and Brice, 2009).

1.2.3. Next-Generation Sequencing
Next-Generation Sequencing (NGS) is a powerful technique used to determine the precise order of
nucleotides in whole genomes or targeted regions of DNA or RNA. In comparison to Sanger
sequencing, which can generate sequences of up to 1,000 bp with a per-base accuracy of 99.9%, the
NGS technique employs parallel amplification and shorter read-length sequencing, resulting in an
average raw error rate of 1% to 1.5%. Despite this error rate, NGS technology has proven to be
superior in terms of cost and time efficiency. Several well-known brands dominate the NGS
technology landscape for genome sequencing. These include Illumina's HiSeq2000, Roche's 454,
Thermo Fisher's SOLiD and IonTorrent, Oxford Nanopore Technologies (ONT), and Pacific
Biosciences platforms (PacBio). Each platform has its own set of advantages and disadvantages in

terms of pricing, reliability, time required for analysis, and overall cost-effectiveness (Table 1).

Table 1 : Comparison of read length between NGS platforms

Roche45 HiSeq200

4 0 Solid IonTorrent Oxford nanopore PacBio
Compan Roche [llumina Thermo Thermo Oxford Nanopore Pacific
pany Fisher Fisher Technologies bioscience
Maximum 2X 100
read length 700 bp bp 75+35bp 200 bp 30 kbp 50 kbp

While longer-read technologies offer advantages in terms of resolving repetitive and ambiguous
regions, their cost remains a significant barrier, particularly for large-scale genome projects. It is
expected that costs will continue to decline, making this long-read technique more accessible and

beneficial for a wider range of genomic research activities.

1.2.3.1.  Next-Generation Sequencing workflow
Regardless of the specific instrument technology employed, a typical NGS experiment follows a
similar workflow consisting of three main steps: library preparation, library amplification, and
sequencing. In this process, the starting material can be DNA or RNA, which can be transcribed into

complementary DNA (cDNA) if required and used for library preparation. In the library preparation
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step, the DNA or cDNA sample undergoes fragmentation into short double-stranded fragments
ranging from 100 to 800 bp in size. This fragmentation can be achieved through methods such as
sonication, nebulization, or enzymatic digestion. The resulting DNA fragments are then ligated to
appropriate adaptor sequences specific to the sequencing technology, forming a fragment library. In
contrast to unidirectional sequencing, paired-end libraries are used to sequence DNA fragments from
both ends. Subsequently, during the library amplification step, each unique DNA molecule in the
library is attached to a solid surface, and the Polymerase Chain Reaction (PCR) amplification is
performed. This amplification process generates multiple identical clones of the DNA fragment,
increasing the detectable signal for each target during sequencing. Most sequencing devices employ
optical detection methods to track the incorporation of nucleotides during DNA synthesis. This
allows for the generation of short sequencing reads, which are then aligned or mapped to the
reference human genome. Following alignment, a variant calling process is performed to identify
genetic variants. To assess the potential biological impact of these detected alterations, further
annotation and analysis of these variants are necessary. This can be achieved by utilizing publicly
available tools and databases, which provide additional information and context to interpret the

significance of the observed genetic variants.

1.2.3.2.  Short read sequencing
Whole-Exome Sequencing (WES) is a highly reliable method for studying genetic variants
specifically within the coding regions of the genome, whereas Whole-Genome Sequencing (WGS)
offers a comprehensive analysis of the entire genome. WES, with an average coverage depth of 100X,
remains a more cost-effective option compared to WGS, which typically has an average coverage
depth of 30X, and is priced at around 400€ per sample (Goh and Choi, 2012). Furthermore, WES
data per patient is approximately six times smaller than WGS data, resulting in faster processing
times and reducing the financial strain on data storage resources (Clayton-Smith et al., 2011).
However, it's important to note that WES does have certain limitations when compared to WGS.
Since WES focuses on coding regions, some protein-coding areas of the genome may not be fully
covered due to incomplete annotation. Additionally, WES excludes potentially functional non-
coding elements such as untranslated regions, enhancers, and long non-coding RNAs. Furthermore,
WES has limited capability in identifying structural variants like CNVs, translocations, and
inversions (Goh and Choi, 2012). Despite these limitations, WES remains a valuable and cost-
effective approach for investigating coding variants, while WGS offers a more comprehensive but

relatively more expensive analysis of the entire genome.

1.2.3.3.  Long-read sequencing
Long-Read Sequencing (LRS), also known as third-generation sequencing, is a DNA sequencing

technology that surpasses conventional short-read sequencing methods by enabling the identification
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of nucleotide sequences in lengthy DNA fragments, ranging from 10,000 to 100,000 bp. Moreover,
LRS provides valuable data on DNA methylation, which offers insights into epigenetic modifications
(Logsdon et al., 2020; Miller et al., 2021). LRS enhances the accuracy of de novo assembly, mapping,
transcript isoform identification, and SVs discovery, whereas these regions in short-read sequencing
present major difficulties (Chaisson et al., 2019; Eichler, 2019; Hiatt et al., 2021). Currently, two
dominant producers of long-read sequencing technologies are PacBio with their Single-Molecule
Real-Time sequencing (SMRT) platform, and ONT (Amarasinghe et al., 2020). Both PacBio and
ONT have developed platforms for real-time sequencing of nucleic acids (DNA and RNA) that offer
faster sequencing capabilities compared to traditional short-read technologies. Since their
commercial release in 2011 for SMRT and 2014 for nanopore sequencing, both technologies have
gained popularity and have been employed in a wide range of applications (Amarasinghe et al.,

2020).

Nanopore sequencing (MinlON, GridION, and PromethION) works by detecting changes in ionic
current when single-stranded DNA fragments pass through biological nanopores, tiny protein-based
pores encapsulated within membranes (Jain et al., 2016; Rang et al., 2018). The different DNA
sequences cause distinct levels of resistance as they traverse these pores, enabling the precise
determination of the nucleotide sequence. One limitation of nanopore sequencing is the challenge of
incorporating very high molecular weight DNA into the pore, which can impact throughput (Jain et
al., 2018).

On the other hand, SMRT sequencing (RSII, Sequel, and Sequel II) relies on detecting variations in
fluorescence levels during the replication of a target DNA sequence using modified nucleotides
(Merker et al., 2018; Roberts et al., 2013). This process occurs in a series of wells and is constrained
by the quality and lifespan of the DNA polymerase used. SMRT sequencing allows for sequencing
library inserts ranging from 250 bp to 50 kb, while ONT achieves insert sizes between 10 to 30 kb.
SMRT and ONT technologies demonstrate raw base-call error rates of less than 1% (Wenger et al.,

2019) and 5% (Jain et al., 2018), respectively.

1.2.4. Multiplex ligation dependent probe amplification
Multiplex Ligation dependent Probe Amplification (MLPA) is a technique used to identify abnormal
variations in the copy numbers of specific genomic regions (Stuppia et al., 2012). It can also be
employed to detect abnormal DNA methylation patterns. MLPA involves a multiplex PCR assay
using up to 40 probes, each designed to target a specific DNA sequence of interest. Each probe
consists of a target-specific sequence and a universal primer sequence, enabling simultaneous
amplification of all the probes by PCR (Stuppia et al., 2012). Capillary electrophoresis is then used
to separate the amplified products based on their lengths. The amount of target sequence present in

the sample is directly proportional to the amount of amplification product generated by MLPA. To
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identify copy number abnormalities, the heights of the fluorescence peaks derived from the PCR
amplification products are compared to control DNA samples with known copy numbers.
Homozygous deletions can be identified by the absence of peaks specific to the target gene.
Heterozygous CNVs, including deletions or duplications, result in variable peak heights, making
interpretation challenging. The presence of varying PCR reaction efficiencies further complicates the
interpretation process. MLPA probes, which can recognize sequences ranging from 60 to 80
nucleotides, enable the detection of single exon duplications and deletions (Stuppia et al., 2012).
Currently, MLPA analysis remains the gold standard for the investigation of CNVs and SVs,

providing a reliable and widely accepted method for such analyses.

1.3. Parkinson’s disease

1.3.1. Pathophysiology and epidemiology
PD is the second most prevalent neurodegenerative disorder, after AD. PD affects approximately 2-
3% of individuals over the age of 65 (Tysnes and Storstein, 2017). Currently, an estimated 6 million
people worldwide are affected by PD and this number is expected to double in 2040 due to an aging
population and increased longevity (Dorsey et al., 2018). PD is a complex multifactorial disorder
influenced by both genetic and environmental factors. Monogenetic PD is rare, accounting for 30%
of familial and 3 to 5% of sporadic cases, the inheritance pattern follows the classical Mendelian
pattern (Kumar et al., 2011). However, the vast majority of PD patients are sporadic and the etiology
is believed to be multifactorial with environmental influences (Lesage and Brice, 2009). The
prevalence of PD is observed to be higher in men than in women, possibly attributed to increased

estrogenic activity that provides a protective effect (Haaxma et al., 2007; Pringsheim et al., 2014).

The pathologic hallmark of PD is the degeneration of dopaminergic neurons, with dopamine
deficiency, in the Substantia Nigra pars compacta (SNpc) (Greenfield and Bosanquet, 1953). In
addition to this degeneration, abnormal a-synuclein protein aggregates are present in neuronal cell
bodies and neurites called Lewy Bodies (LBs) or Lewy Neurites (LNs), respectively (Dickson, 2018).
The presence of these accumulations can be detected using anti-synuclein antibodies and are
observed not only in PD but also in other diseases such as MSA, Neurodegenerations with Brain Iron
Accumulation (NBIA), AD, and even in aged healthy individuals (Hardy et al., 2009; Stefanis, 2012).
However, each disease exhibits distinct accumulation patterns and subcellular distributions (Stefanis,
2012). Synucleinopathies are a group of neurodegenerative disorders characterized by the
accumulation of abnormal a-synuclein protein aggregates in the brain. Examples include MSA and
DLB (Galpern and Lang, 2006). In contrast, different neurodegenerative conditions involve the
accumulation of distinct proteins predominant. Tauopathies, for example, involve the irregular

aggregation of the tau protein in the brain. AD, PSP, FTD and CBD are examples of tauopathies.
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PD signs and symptoms were first described by James Parkinson in 1817 and initially referred to as
"Shaking Palsy" (Parkinson, 2002). The discovery of the Lewy Bodies by Friedrich Lewy in 1912
led to the identification of the Substantia Nigra as the primary cerebral structure affected in PD in

1919 (Goedert et al., 2013).

The clinical hallmark of PD is the presence of postural instability, muscular rigidity and bradykinesia
(slowness of movement) (Tolosa et al., 2006). To diagnose PD, the Movement Disorder Society
(MDS) recommends the presence of motor symptoms such as tremors, rigidity, bradykinesia,
postural instability, and abnormal walking, along with other features like hyposmia, dyskinesia due
to levodopa (L-DOPA), or a significant response to dopamine replacement therapy (Postuma et al.,
2015). It is now well-established that most PD patients experience various non-motor symptoms,
including autonomic dysfunction (e.g., constipation, orthostatic hypotension, urogenital
dysfunction), neuropsychiatric dysfunction (e.g., apathy, anxiety, psychosis, dementia), sleep
behavior disorders (e.g., sleep fragmentation, insomnia, Rapid Eye Movement (REM) Sleep
Behavior Disorder (RBD)), and sensory symptoms (e.g., abnormal sensations, pain) (Braak et al.,
2003; Poewe, 2008). Some of these non-motor symptoms may precede the onset of motor symptoms
by several years, making them potentially useful for early-stage PD diagnosis (Mahlknecht et al.,
2015) (Figure 2). PSP, CBS, and MSA are among the neurodegenerative diseases that can present
resembling PD symptoms. Although each exhibits a distinct syndrome from PD (Bhidayasiri et al.,
2019), they usually do not respond effectively to PD treatments such as L-DOPA administration
(Lamb et al., 2016; Owolabi, 2013).
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Figure 2 : Clinical symptoms of Parkinson’s disease development

The onset of PD is preceded by a prodromal phase marked by non-motor symptoms like insomnia, constipation, and
hyposmia. People with PD experience both motor and non-motor symptoms throughout the disease. (Source: Copyright

2017 Nature Reviews Disease Primers from Werner Poewe et al, Macmillan Publishers Limited, Springer Nature)
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1.3.2. Genetics architecture of Parkinson’s disease
Initially, PD was largely considered a non-genetic disease. However, the identification of PD cases
within the same family led to investigations into the potential genetic basis of the disease. PD is now
categorized into two main types: familial and sporadic, based on the presence or absence of affected
family members, particularly first-degree relatives (Kenborg et al., 2015). Around 15% of all PD
cases are classified as familial, with 5-10% of patients carrying variants associated with monogenic

forms of the disease (Lesage and Brice, 2009).

1.3.2.1.  Genetic causes of Parkinson's disease
To date, 13 loci and 20 genes have been identified as associated with autosomal dominant or
recessive forms of PD or atypical parkinsonism (Del Rey et al., 2018). The designation "PARK" is
used as a prefix for genes implicated in familial monogenic forms of PD, following the chronological
order of their discovery (Coppede, 2012) (Figure 3). It is important to note that certain PARK loci,
such as PARK1 and PARKA4, refer to the same gene SNCA, while some earlier PARK loci, like
PARKS, are no longer considered disease-causing (Table 2). Current recommendations suggest using
gene names instead of numbered loci (Marras et al., 2016). However, only a limited subset of genes,
including SNCA, LRRK2, VPS35, PRKN, PINK1, and PARK?7 (DJ-1), have been positively linked to
typical PD (Figure 4), as their associations have been replicated in numerous studies involving large

populations of PD patients(Bandres-Ciga et al., 2020).

Additionally, genetic variants in GBAI and the Microtubule Associated Protein Tau (MAPT) are
established risk factors for PD without the Mendelian segregation (Pastor et al., 2000; Sidransky et
al., 2009). Other genes, such as UCHLI, HTRA2, GIGYF2, EIF4G1, SMPD1, DNAJC13, CHCHD2,
TMEM?230, RIC3, LRP10, NUSI, and ARSA, have been identified as potential disease-causing
candidates, although their functional confirmation and replication validation are still required (Deng
et al., 2016; Fernandez-Santiago and Sharma, 2022; Guo et al., 2018; Makarious et al., 2019; Quadri
et al., 2018). Furthermore, genes such as POLG, ATP1342, FBXO7, PLA2G6, and SYNJI have been

associated with atypical Parkinsonian syndromes (Fernandez-Santiago and Sharma, 2022).

These rare Mendelian forms follow distinct inheritance patterns and have a notable impact on disease
development (e.g., SNCA, LRRK?2, VPS35, PRKN, PINKI and PARK7). GBAI and LRRK?2 genes are
low-frequency variants with significant effects. These variants are not as rare as monogenic
mutations, but their frequency remains relatively low in the general population. Then, there are the
common variants that exert minor effects and highlight genetic variants that are prevalent in the

population but individually contribute only a modest risk toward PD (Manolio et al., 2009).
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Figure 3 : Genetic research into Parkinson's disease over the past 25 years

New loci linked to the disease are in red. Mendelian forms of PD in black or atypical parkinsonism in blue. Genes nominated
by GWAS are marked with red asterisks. PD risk genes without Mendelian segregation in green. (Source: Copyright 2022
from Rubén Fernandez-Santiago, Manu Sharma, Ageing Research Reviews, Published by Elsevier B.V. Licensed under
the Creative Commons Attribution CC BY license (https://creativecommons.org/licenses/by/4.0/))
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Table 2 : Parkinson’s disease related locus and genes

Introduction

Locus Gene Name Inheritance Lead to PD Protein function
PARK1/PARK4 . Mendelian Synaptic protein. Major component of
(4921-22) SNCA a-synuclein AD forms LB
PARK2 . Mendelian E3 ubiquitin ligase involved in protein
(6925.2-27) PREN parkin AR forms degradation
IE‘;:{II;; Unknown Parkinson Disease 3 AD Unknown
PARKS Ubiquitin C-Terminal . Lo
(4p13) UCHL1 Hydrolase L1 AD Processing of ubiquitin precursors
PARKG6 PINK1 PTEN-induced kinase AR Mendelian Mitochondrial kinase involved in
(1p35-36) 1 forms mitochondrial quality control
PARK7 PARK7 Protein deglycase AR Mendelian Redox-sensitive chaperone with an
(1p36) (DJ-1) Daisuke-Junko-1 forms anti-oxidative stress function
PARKS LRRK2 Leucm.e-rlch repeat AD Mendelian Multiple functions b.y several protein
(12q12) kinase 2 forms domains
PARK9 ATPI13A2 ATPas§ cation AR Mendelian Mamtenaqce of }ysosomal and‘
(1p36) transporting 13A2 forms mitochondrial cation homeostasis
Pg?gl)o Unknown | Parkinson Disease 10 AD Unknown
PARKI11 GIGYF2 GRBI10 interacting AD May bfr 1nv91ved in the regplathn of
(2q36-37) GYF protein 2 tyrosine kinase receptor signaling
PARK12 . . .
(Xq21-25) Unknown | Parkinson Disease 12 X-linked Unknown
High Temperature . . .
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AD, autosomal dominant; AR, autosomal recessive.
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Figure 4 : The genetic architecture of Parkinson's disease

Correlation between genetic variants frequency and penetrance in established PD-associated genes. Monogenic traits,
which are rare variants, typically have high penetrance, while polygenic traits, which are more common variants, typically
have lower penetrance. (Source: Copyright 2021 Day and Mullin. Licensed under the Creative Commons Attribution CC
BY license (https://creativecommons.org/licenses/by/4.0/))
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PARKI1/4: a-synuclein (SNCA)

The SNCA gene encoded the a-synuclein protein, which is primarily expressed in neural tissue and
plays a crucial role in the formation of Lewy bodies. This protein tends to aggregate, forming
oligomers and fibrils. Variants in the codon sequence (p. A30G, p.A30P, p.E46K, p. H50Q, p. G51D,
p.A53T, p.A53V, p.AS3E, p.T72M, and p.E83Q), as well as duplications and triplications of the
entire SNCA gene, have been associated with PD (Guo et al., 2021; Houlden and Singleton, 2012;
Kriiger et al., 1998; Magistrelli et al., 2021; Siddiqui et al., 2016; Xia et al., 2022). The precise
mechanism by which SNCA variants and CNVs lead to PD is not yet fully understood (Guo et al.,
2021). However, these variants seem to impact the multimerization of the a-synuclein protein and
alter synaptic regulation and maturation, resulting in reduced dopamine levels in the striatum, -
synuclein accumulation, and tau deposition (Poulopoulos et al., 2012). Under certain circumstances,
a-synuclein can form inclusions in oligodendroglial cells, similar to those found in MSA (Asi et al.,
2014). Further research suggests that the SNCA protein may also be involved in processes such as
vesicle endocytosis and dissolution, mitochondrial function, and interaction with lysosomal
membranes (Benskey et al., 2016). Individuals with SNCA variants often exhibit dementia and

hallucinations, resembling the symptoms seen in DLB (Houlden and Singleton, 2012).

PARK?2: Parkin (PRKN)

The PRKN gene encodes the Parkin protein, a cytosolic E3 ubiquitin ligase that plays a significant
role in the Ubiquitin Proteasome System (UPS), which targets abnormal proteins for degradation
(Chan and Chan, 2011). Furthermore, PRKN is essential for the autophagy process involved in
clearing damaged mitochondria (Fiesel et al., 2015). Various mutations, including point mutations,
frameshift mutations, deletions, and exon duplications, have been identified in the PRKN gene
(Abbas et al., 1999). These mutations are commonly found in patients with early-onset PD before
the age of 31 (Kasten et al., 2018). The mutations result in a loss of normal E3 ligase activity, leading
to the accumulation of substrates such as synphilin-1, synaptotagmin XI, and Hsp70 (Shimura et al.,
2000). Individuals with PRKN variants typically develop focal dystonia, psychosis, bradykinesia,
tremor and experience a slower disease progression (Goldman and Postuma, 2014; Liicking et al.,

2000). Generally, these patients do not exhibit Lewy body pathology.

PARKG6: PTEN-induced kinase 1 (PINK1)

The PINKI gene is responsible for encoding the PTEN-induced putative kinase-1 protein. This
protein is ubiquitously expressed and plays a crucial role in the PINK] and PRKN protein complex,
which is involved in the degradation of damaged mitochondria (Geisler et al., 2010; Matsuda et al.,
2010; Valente et al., 2004). Mutations in PINK lead to the accumulation of a-synuclein in LBs, but

interestingly, the interaction between PINK! and a-synuclein can reduce the neurotoxicity associated
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with Lewy bodies by inducing autophagy in damaged neurons (Valente et al., 2004). Pathogenic
variants in PINK1 have been identified as a cause of early-onset PD (onset before the age of 32) and

variant carriers are susceptible to dopa-induced dyskinesia (Brooks et al., 2009; Kasten et al., 2018).

PARK7: DJ-1

The DJ-1 protein is ubiquitously expressed and tends to form dimers. Mutations in the PARK7 gene
disrupt the formation of the dimers (Dawson and Dawson, 2003). Although the exact function of DJ-
1 is still being investigated, there is evidence to suggest that it plays a role in oxidative stress and
mitochondrial function (Raninga et al., 2017). Patients with PARK7 mutations typically develop the
disease at an early age, before the age of 30 (Klein and Westenberger, 2012). Individuals with PARK7
mutations exhibit abnormal characteristics such as tremors and bradykinesia and are highly

responsive to L-DOPA treatment (Kilarski et al., 2012).

PARKS: Leucine-rich repeat kinase 2 (LRRK?2)

The LRRK?2 gene is responsible for encoding the leucine-rich repeat kinase 2 protein, also known as
dardarin. This gene produces a large multidomain protein that includes a roc (ras of complex protein)
domain containing GTPase and a kinase domain (Gilsbach and Kortholt, 2014; Li et al., 2014).
Mutations in different domains of LRRK?2 have been reported to cause various pathogenic effects
(Zimprich et al., 2004). Certain pathogenic mutations, such as p.G2019S, p.R1441C, and p.12020T,
have been shown to increase LRRK?2 kinase activity and autophosphorylation (Gloeckner et al., 2006;
West et al., 2005), while others like p.R1441H and p.Y1699C have been found to decrease GTPase
activity (Liao et al., 2014; Nguyen and Moore, 2017). LRRK2 mutation carriers typically exhibit
symptoms between the ages of 50 and 60, with tremors and dystonia being predominant in these
patients (Healy et al., 2008). The prevalence of LRRK2 mutations in PD patients of European ancestry
is around 1-7%, with the most common mutation (p.G2019S) being found in 20% of Ashkenazi
Jewish patients (Lesage et al., 2006; Ozelius et al., 2006). LRRK? is associated with several
pathways, including the endosomal, lysosomal, autophagic, protein synthesis, and cytoskeletal
arrangement pathways (Beilina et al., 2014; Biskup et al., 2006; Martin et al., 2014; Meixner et al.,
2011). Particularly, LRRK?2 plays an important role in the autophagy-lysosomal pathway (ALP).
Lysosomal homeostasis and endosomal trafficking are regulated by the phosphorylation of Rab
GTPases by LRRK2. The LRRK2 mutant impairs chaperone-mediated autophagy, which causes a-

synuclein to bind and oligomerize on lysosomal membranes (Pang et al., 2022).

PARKI17: vacuolar protein sorting associated protein 35 (VPS35)
The VPS35 gene encodes the vacuolar protein sorting 35 ortholog protein, which serves as a core
subunit of the retromer complex along with VPS26, VPS29, and SNXI (Williams et al., 2017). The

retromer complex plays a role in retrograde protein transport from endosomes to the trans-Golgi
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network (Mukadam and Seaman, 2015). Individuals carrying the V’PS35 mutation typically exhibit a
late onset of symptoms and are susceptible to L-DOPA treatment. Genetic mutations in this gene
lead to reduced autophagic flux and decreased lysosomal mass, leading to the accumulation of a-
synuclein (Hanss et al., 2021). In addition, the neurons presented dysfunctional mitochondria
characterized by reduced membrane potential, impaired mitochondrial respiration and increased
generation of reactive oxygen species. This mitochondrial impairment was correlated with a

deficiency in mitophagy-mediated mitochondrial quality monitoring (Hanss et al., 2021).

GBAI a genetic risk factor

The Glucosylceramidase Beta 1 gene (GBAI) is responsible for encoding the lysosomal enzyme
known as Glucocerebrosidase (GCase). This enzyme catalyzes the catabolism of GlucosylCeramide
(GlcCer) and GlucosylSphingosine (GlcSph) (Sidransky and Lopez, 2012). Homozygous mutations
in GBAI result in Gaucher's Disease (GD), a rare genetic disorder (Pastores and Hughes, 1993). On
the other hand, heterozygous mutations in GBA/ have been identified as significant risk factors for
PD. GBAI mutations occur more frequently than other genes linked to familial PD, such as LRRK?2,
SNCA, and PARK?2, and are present in 5-15% of PD cases, making them the most significant genetic
risk factor for PD (Smith and Schapira, 2022). GBA1 variants represent a genetic risk factor, that
increases the risk of developing PD by 5 to 30, depending on age, ethnic origin and the mutations
considered in the analysis (Lesage et al., 2011; Migdalska-Richards and Schapira, 2016; Sidransky
et al., 2009). There are approximately 300 known pathogenic mutations in the GBAI gene, which
can lead to loss or gain of function (Smith and Schapira, 2022). The most common pathogenic
mutations observed in GBAI are p.N409S and p.L483P (Neumann et al., 2009). The penetrance and
frequency of GBA I mutations vary among different ethnicities (Mitsui et al., 2009). A more detailed
description of the GBAI gene will be provided in a subsequent paragraph (1.3.5).

1.3.2.2.  Sporadic Parkinson’s disease
Extensive research has been conducted to investigate genetic variants associated with an increased
risk of PD in the general population, aiming to establish a disease risk profile. The common disease-
common variant hypothesis has served as the foundation for identifying risk variants in common
diseases like PD. In this regard, case-control GWAS, focusing on common genetic variants, has
significantly advanced our understanding of the genetic basis of sporadic PD. GWAS studies are
effective in identifying genetic loci that contribute significantly to the traits of interest and can
provide insights into the underlying biological processes. A GWAS study typically involves more
than 1,000 patients and controls, as well as over 300,000 markers, enabling a statistical comparison
of allele frequencies between cases and controls (Balding, 2006). The GWAS catalog
(https://www.ebi.ac.uk/gwas/) serves as a comprehensive repository of all conducted GWAS studies.

Although some criticisms have been raised regarding the use of GWAS, such as the small effect sizes
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and lack of therapeutic relevance for certain risk loci, they still offer valuable insights into the
molecular pathways underlying disease development. Additionally, due to population stratification,
risk variants with odds ratios less than 1.5 may represent false positives. Furthermore, most risk
variants identified by GWAS are located in non-coding regions with unclear functions, but they may

serve as proxies for the causative variables (Visscher et al., 2017).

The first GWAS study on PD, conducted in 2005 with a small cohort, failed to identify any risk loci
(Maraganore et al., 2005). However, subsequent independent GWAS studies with larger sample sizes
revealed significant associations of PD with LRRK2, SNCA, PARK16, GAK/DGKQ, and HLA region,
and established the importance of SNCA and MAPT in PD risk (Hamza et al., 2010; Pankratz et al.,
2009; Satake et al., 2009; Simoén-Sanchez et al., 2009). A large meta-analysis involving 13,708 cases
and 95,282 controls identified 24 risk loci significantly associated with an increased risk of PD (Nalls
et al., 2019b). In a recent GWAS, 17 novel PD risk loci were discovered among a cohort of 6,476
PD cases and 302,042 controls of European ancestry (Chang et al., 2017).

The overall impact of GWAS variants can be quantified using a PRS, which is specific to the ethnicity
of the cohort and the characteristics of the studies. Using GWAS variants, it has been shown that
individuals in the highest PRS quartile have a fourfold higher risk of PD compared to those in the
lowest quartile (Nalls et al., 2019b). While most studies have focused on the European population, it
is crucial to consider ethnic diversity in PD genomics research to gain a better understanding of the
biological mechanisms underlying PD (Tam et al., 2019; Xue et al., 2018). Recently, several
initiatives have been launched, such as the Michael J. Fox Foundation's (MJFF) program for ethnic
diversity and the Global Parkinson's Genetics Program (GP2), which aim to expand research to

understudied populations.

1.3.3. Environmental risk factors

Several environmental factors have been proposed to contribute to the development of sporadic PD.
Positive correlations were found between factors such as depression, pesticide exposure, living in
rural areas and head injuries, as well as factors such as diet (e.g., consumption of dairy products, soft
drinks and red meat, for example). Negative correlations have been shown between the disease and
some factors, such as smoking, drinking alcohol, coffee, and physical activity (Chairta et al., 2021;
Hong et al., 2020; Wang et al., 2022).

Among the positive correlation factors, long-term exposure to pesticides, including insecticides,
herbicides, and fungicides, has been identified as the most common risk factor for PD (Lai et al.,

2002).

The neurotoxin 1-Methyl-4-Phenyl-1,2,3,6-TetrahydroPyridine (MPTP) was discovered in the 1980s

to induce PD symptoms by damaging cells in the substantia nigra through inhibition of mitochondrial

22



Introduction

complex I (Langston et al., 1983). Mitochondrial dysfunction has been identified as a key mechanism
disrupted by pesticides in the pathogenesis of PD (Cochemé and Murphy, 2008). Furthermore,
epidemiologic studies have revealed that prolonged exposure to certain metals and solvents can

increase the risk of developing PD (Lock et al., 2013; Vellingiri et al., 2022).

1.3.4. Pathophysiology at the cellular and molecular level
Protein misfolding and aggregation are common mechanisms in most neurodegenerative diseases,
including PD. In PD, there is a depletion of dopaminergic neurons in the SNpc, along with the
aggregation of inclusion bodies. This accumulation occurs due to the decreased autophagy process
(Sala et al., 2016). Moreover, various factors such as anomalies in the Endoplasmic Reticulum (ER)
function, protein degradation pathways, intracellular trafficking, and calcium signaling accelerate the
degeneration of dopamine neurons (Michel et al., 2016). The ER plays a crucial role in maintaining
cellular homeostasis by ensuring proper protein folding and quality control. Synuclein accumulation
disrupts vesicle trafficking between the ER and the Golgi apparatus, leading to ER stress (Gan et al.,
2010). It is important to prevent ER mitochondrial dysfunction to protect against neurodegeneration
and maintain normal physiological processes, thereby maintaining the normal transfer of calcium

between these two compartments.

1.3.4.1.  The role of a-synuclein
Lewy bodies and Lewy neurites, abnormal protein aggregates, are known to consist mainly of a-
synuclein, which are characteristic pathological features of PD (Spillantini et al., 1997). Other
neurodegenerative diseases also contain these a-synuclein aggregates, such as DLB and MSA
(Spillantini and Goedert, 2018). Diseases resulting from a-synuclein aggregation are commonly
referred to as a-synucleinopathies. a-Synuclein is a presynaptic protein encoded by the SCNA gene.
It binds to synaptic vesicles and plays a role in neurotransmitter release by modulating synaptic

vesicle storage (Gao et al., 2023).

Extensive research has revealed the impact of SNCA gene variants in PD. Several SNCA mutations,
including A53T, A30G, A30P, E46K, H50Q, G51D, A53V, AS53E, T72M, and E83Q, as well as gene
duplications and triplications, have been implicated in familial PD (Gao et al., 2023). In addition,
GWAS have shown an association between PD risk and common polymorphisms in the SNCA gene
locus (Simon-Sanchez et al., 2009). The UPS and the lysosomal autophagy system, which are the
main pathways responsible for protein degradation, are part of the a-synuclein clearance process
(Cuervo et al., 2004; Tofaris et al., 2001; Webb et al., 2003). Dysfunction of these systems has been
associated with PD, as evidenced by mutations in genes encoding proteins involved in the proteasome
pathway or the lysosome-autophagy system (e.g., ATP1342, VPS35), leading to familial forms of
PD (Gan-Or et al., 2015; Zimprich et al., 2011). Among these pathways, the lysosomal autophagy

system appears to play an important role in a-synuclein clearance, as inhibition of this system results

23



Introduction

in a-synuclein accumulation (Vogiatzi et al., 2008). However, it should be noted that a-synuclein
aggregation in Lewy bodies is not present in certain forms of familial PD, including cases associated
with mutations in the LRRK2 gene (Kalia and Lang, 2015). Therefore, the significance of these

aggregations in patients is still under debate.

1.3.4.2.  Mitochondrial dysfunction
The involvement of mitochondrial dysfunction in PD was initially recognized through exposure to
the pesticide neurotoxin MPTP, which is converted into the neurotoxin 1-Methyl-4-
PhenylPyridinium (MPP+), leading to parkinsonian syndrome in affected individuals (Langston et
al., 1983). The oxidation of MPTP to MPP+ inhibits the activity of the mitochondrial electron
transport chain and increases the production of Reactive oxygen species (ROS) (Langston et al.,
1983). In patients with sporadic PD, a deficiency in mitochondrial complex I activity in the SNpc has
been reported (Parker et al., 1989; Schapira et al., 1990). Moreover, various familial forms of PD-
related syndromes result from mutations in genes that encode proteins involved in maintaining
mitochondrial homeostasis. For instance, mutations in the PINKI and PRKN genes, crucial for
initiating mitophagy (i.e., the degradation of damaged mitochondria), lead to early-onset autosomal
recessive parkinsonian syndromes (Kitada et al., 1998; Valente et al., 2004). Similarly, mutations in
the PARK7 gene, which encodes DJ-1, result in an autosomal recessive familial parkinsonian
syndrome (Healy et al., 2008). DJ-/ in combination with PINKI preserves mitophagy and
mitochondrial function during oxidative stress (Thomas et al., 2011). Thus, dysfunction in these
pathways leads to the presence of abnormal mitochondria and an increase in oxidative stress

responses (Joselin et al., 2012).

Although the link between a-synuclein aggregation and mitochondrial dysfunction is unclear, the
SNCA p.A30P mutation has been shown to result in impaired neuronal activity, decreased
mitochondrial respiration, energy deficit, increased sensitivity to rotenone and alterations in

transcriptional patterns related to lipid metabolism (Barbuti et al., 2021).

Furthermore, overexpression of a-synuclein in neuronal cell models has been shown to alter
mitochondrial shape, increase levels of free radicals, and reduce mitochondrial activity (Kamp et al.,
2010; Parihar et al., 2009). These findings suggest that mitochondrial dysfunction occurs as a
consequence of a-synuclein pathology. However, it has also been proposed that mitochondrial
oxidative stress occurs early in a sequential pathogenic pathway, where high levels of oxidized
dopamine lead to lysosomal dysfunction and a-synuclein accumulation (Burbulla et al., 2017).
Consequently, while a-synuclein aggregation and mitochondrial dysfunction play significant roles
in PD pathogenesis, the exact interplay between these cell-autonomous pathological processes

remains uncertain.
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1.3.4.3. Neuroinflammation
The pathogenic mechanism that has so far been described involves dysfunction protein homeostasis
or intracellular pathways within the degradation of cells themselves. However, there is also evidence
to suggest the involvement of non-cell autonomous mechanisms, specifically neuroinflammatory
responses involving microglia and astrocytes (Hirsch and Hunot, 2009; Tansey and Goldberg, 2010).
This is supported by the identification of a single nucleotide polymorphism in the human leukocyte
antigen DQ1b (HLA-DQIDb) region associated with increased PD risk (Saiki et al., 2010).
Furthermore, it has been suggested that DJ-I, PRKN, PINKI, and LRRK? play roles in the
neuroinflammation associated with PD (Dias et al., 2013). LRRK2 mutations, for instance, enhance
the release of pro-inflammatory cytokines from activated microglia, leading to neurotoxicity
(Badanjak et al., 2021; Gillardon et al., 2012). Loss-of-function mutations in PRKN contribute to
inflammation-related degeneration of dopamine neurons (Frank-Cannon et al., 2008). DJ-1, by
facilitating interaction between STATI and SHPI, negatively modulates the inflammatory response
of microglia and astrocytes (Kim et al., 2013). At autopsy examinations, active microglia have been
observed in the substantia nigra of PD patients, indicating the presence of a neuroinflammatory
response (Imamura et al., 2003; McGeer et al., 1988). Additionally, an increased density of astrocytes
has been found in the substantia nigra of PD patients, although it remains unclear whether these
findings represent a protective response or contribute to neurodegeneration (Damier et al., 1993).
Targeting the neuroinflammatory response may hold promise as a potential therapeutic approach for

PD treatment.

1.3.5. GBAI variants in Parkinson's Disease
Recent studies have revealed that variants in the GBAI gene play a significant role in the
susceptibility to develop PD (Sidransky et al., 2009). Currently, GBA! is recognized as one of the
genes most commonly linked to sporadic PD, and individuals carrying GBAI variants have an

estimated risk of developing PD between 10% to 30% by the age of 80 (O’Regan et al., 2017).

1.3.5.1.  Glucocerebrosidase and the GBAI gene
The GBAI gene is located on the long arm of chromosome 1 and consists of 11 exons and 10 introns
(Horowitz et al,, 1989). Its genomic coordinates are GRCh38 chrl:155234452-155244627
(https://www.ncbi.nlm.nih.gov/gene/2629). The GBAI gene covers a 7.6 kb sequence and encodes
the lysosomal enzyme GCase (IUBMB enzyme nomenclature number EC 3.2.1.45) (Smith and
Schapira, 2022). GCase cleaves the two GlycoSphingoLipids (GSLs), GlcCer and GlcSph, into
glucose and ceramide, and glucose and sphingosine, respectively, within the lysosome (Smith and
Schapira, 2022). The GBA1 gene can be translated into at least two distinct mRNA sequences using

different polyadenylation sites.
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The mature GCase protein consists of 496 amino acids after the cleavage of the 39 amino acid signal
peptides (Sorge et al., 1987). Structurally, the GCase protein has a three-domain structure. Its
catalytic site is found in the third domain, characterized by a triose phosphate isomerase barrel
structure (Dvir et al., 2003). Domain I comprise an antiparallel B-sheet structure with two disulfide
bridges that facilitate correct protein folding. Domain II contains an immunoglobulin-like fold
consisting of eight B-sheets. Domain III is a (B/a)8 barrel of Triosephosphate IsoMerase (TIM) (Dvir
et al., 2003).

1.3.5.2.  The pseudogene
The presence of a non-transcribed pseudogene called Glucosylceramidase beta 1 pseudogene
(GBAPI) poses challenges in the genetic sequencing of the GBA! gene and sometimes hinders the
identification of novel mutations (Horowitz et al., 1989). The GBAI pseudogene is located 16 kb
downstream of the GBAI gene and shares 96% sequence homology with GBA1, constituting a 5.7

kb sequence (Figure 5).
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Figure S : Visualization of the GBAI gene and GBAPI pseudogene

The size difference between the two is caused by multiple Alu insertions in the intronic regions and
6.1-kb segment from the 5' flanking sequence of the GBAPI. Two exonic deletions, a 4-bp deletion
in exon 4 and a 55-bp deletion in exon 9, are believed to be the cause of the unfunctional pseudogene
(Winfield et al., 1997).

The presence of GBAPI can lead to complex recombination events. The RecNcil allele, the first
reported recombinant allele, carries three single nucleotide variants (p.L483P, p.A495P, and
p.V499V) in exon 10 and corresponds to the GBAPI sequence inserted into GBAI (Latham et al.,
1990). Subsequently, more recombinant alleles have been identified, typically involving RecNcil
and a few additional variants derived from GBAPI (Tayebi et al., 2003).

The MTXI1 gene, which codes for the protein metaxin-1, is located right next to the 3' end of GBAPI.
Metaxin-1 is a component of a preprotein import complex in the mitochondrial outer membrane

(Armstrong et al., 1997).
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1.3.5.3.  Glucocerebrosidase pathway
The GBAI gene is transcribed into mRNA and transported from the nucleus to the ER, where GCase
is synthesized (Do et al., 2019). It then binds to lysosomal membrane protein-2 (LIMP2), encoded
by the SCARB?2 gene, facilitating the transfer of GCase through the Golgi to the endosome (Jovi¢ et
al., 2012; Reczek et al., 2007). Subsequently, the endosome fuses with the lysosome, forming an
autolysosome, and LIMP2 dissociates from GCase due to the low pH environment within the
lysosome (Reczek et al., 2007). Finally, in the lysosome, GCase is activated by Saposin C (SAPC),
a cleaved protein derived from prosaposin, and begins actively hydrolyzing its substrates (Do et al.,

2019).

I.1.1.1.  Association between GBA1 variants and Parkinson’s disease
GD is an autosomal recessive storage disorder caused by homozygous variants in the GBA! gene. It
is characterized by the accumulation of glucosylceramide and reduced enzymatic activity of GCase
in various cell types, particularly macrophages (Hruska et al., 2008). Based on the involvement of
the Central Nervous System (CNS). GD is classified into three subtypes. Type 1 GD is the milder
form of the disease, with the majority of patients living into adulthood. It is also known as "non-
neuronopathic" because there is no obvious neurological involvement (Stirnemann et al., 2017). Type
2 and 3 GD are the “neuronopathic” forms of the disease. Most type 2 GD patients exhibit severe
neurological symptoms and die earlier, within the first years of life. In type 3, the majority of patients

live into adulthood despite severe neurological disorders (Grabowski, 2008).

The observation that first-degree relatives of GD patients frequently develop PD has led to the
conclusion that having a single GBA 1 mutation is a risk factor for PD development (Goker-Alpan et
al., 2004; Halperin et al., 2006). This runs against the conventional notion that type 1 GD does not
affect the neurological system, and suggests that homozygous and compound heterozygous carriers

of GBAI variants are more likely to develop PD.
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Figure 6 : GCase pathway in a functional cell

(Source: Copyright 2019 from Jenny Do et al, Molecular Neurodegeneration, Published by Springer Nature.
Licensed under the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/))
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I.1.1.2.  Types of GBAI variants

Over 130 heterozygous GBA1 variants have been identified as being associated with PD. Based on
their historical links with neuropathic or non-neuropathic Gaucher disease, as well as their
associations with PD risk and phenotypic severity, GBAI variants can be classified into three

categories: severe variants, mild variants and at-risk variants.

Severe GBAI variants, such as p.L483P, p.L483R, p.A495P and p.R159W, are correlated with
neuropathic GD. These variants have been shown to significantly increase the risk of PD and
accelerate disease progression in PD. The mild GBA variants that induce non-neuropathic GD, such
as p.N409S, slightly increased the disease progression. The risk GBAI variants that are not
pathogenic for GD but predispose to PD, notably p.E365K, p.T408M and p.E427K, predispose to

more rapid motor and cognitive progression.

The effort to categorize GBAI variants faces complex challenges due to the existence of various
classification methodologies, each developed by distinct groups of researchers. This complexity is
increased by the range of criteria and factors used by the different variant classification systems, and
for some variants, the type of variants proposed by one group differs from that of the other.
Comparing the classification presented by Hoglinger and colleagues in 2022 with the variants found
in the GBAI-PD browser containing up-to-date information on GBAI variants, from Parlar SC and
colleagues in 2023 (https://pdgenetics.shinyapps.io/GBA1Browser/), we noted that the p.R502H
variant is classified as "Severe" by the Hoglinger team and marked as "Unknown" by the GBAI-PD
browser. Similarly, the p.Y244C variant is classified as "mild" by the GBAI-PD browser and as

"severe" by the Hoglinger team.

In response to these complexities, we proposed a classification approach that incorporates existing
In silico bioinformatics databases for predicting the potential impact of variants on a protein or
clinical level. For evaluating allele frequencies, we employed the Genome Aggregation Database
(gnomAD 12.1), and variants with Minor Allele Frequencies (MAF) below 1% in the exomes and
genomes database for the non-Finnish European (NFE) population were considered rare. To assess
the relationships among human variants and phenotypes, we used two clinical databases, the Human
Gene Mutation Database (HGMD) and ClinVar. To score the pathogenicity of the variants, we
employed the Combined Annotation Dependent Depletion (CADD) and Rare Exome Variant
Ensemble Learner (REVEL) scoring systems. CADD proposes ranking scores that predict the
deleteriousness of variants, considering conservation and functional information; variants with

scores equal to or greater than 20 are considered particularly deleterious. REVEL is an overall

29



Introduction

method that predicts the pathogenicity of missense variants by integrating several scores. Scores

greater than 0.7 are more likely to be pathogenic.

We subclassified GBA! variants into four categories based on their severity for PD:

(1) 'Severe' GBAI variants are Loss-Of-Function (LoF) variants defined as frameshift indels or
“splice site (+/- 2 base pair)” variants OR missense variants annotated as “Pathogenic/Likely
Pathogenic” in ClinVar and disease-causing mutation (DM) in HGMD with REVEL score > 0.7
AND CADD > 20 according to dbNFSP definition, (2) 'mild" GBAI variants are annotated
“Pathogenic/Likely Pathogenic” OR “Conflicting interpretations of pathogenicity” in ClinVar with
DM in HGMD with REVEL > 0.7 OR CADD > 20, (3) 'risk' GBA! variants are common variants
annotated as ‘“Pathogenic/Likely Pathogenic” OR “Conflicting interpretations of pathogenicity” in
ClinVar, and (4) ‘“VUS’ are Variant of Unknown Significant that did not fit into this classification

scheme. We considered as pathogenic the severe, mild, and risk GBA! variants.

1.1.1.3.  Frequency of GBAI variants

In contrast to the general population, where the prevalence of PD is around 3-4%, nearly 10% to 30%
of GBA1I carriers develop PD by the age of 80 (O’Regan et al., 2017; Rosenbloom et al., 2011). GBA1
variants are more common in Ashkenazi Jews compared to other populations, and PD cases within
this group often carry GBA ! variants, with the most common p.N409S mutation (Gan-Or et al., 2008;
Sidransky et al., 2009).

Early-onset PD, occurring before the age of 50 is associated with GBAI gene variants in
approximately 25% of cases (Duran et al., 2013). The risk of developing PD varies among different
GBAI variants, indicating a genotype-phenotype correlation. Homozygous [L.483P variants, for
example, lead to type 3 GD, while the common p.N409S mutation is rarely associated with
neuronopathic GD. Certain variants, such as L483P and D448H, have a significantly higher risk of
developing PD compared to others, such as N409S (Alcalay et al., 2015; Gan-Or et al., 2008). GBA 1
gene variants represent the most significant genetic risk factor for PD, increasing the risk by 20 to
30 times (Lesage et al., 2011; Lesage and Brice, 2009; Sidransky et al., 2009; Stoker et al., 2018).
Over 100 GBA1 variations have been linked to PD, including recombination alleles, point mutations,
splice-site variants, deletions, and insertions (Hruska et al., 2008; Huh et al., 2023; Lesage et al.,

2011).

I.1.14. Comments on changing nomenclature
The GBAI gene variants are often denoted by the corresponding amino acid (aa) change, but there is
a variation in how authors handle the signal peptide with 39 amino acids. Consequently, two parallel
sets of coordinates for the same variants can confuse readers who are not familiar with these
differences (Montfort et al., 2004). For instance, the variant p.N409S may historically still be
qualified as p.N370S by some authors (Clark et al., 2007; Galvagnion et al., 2022; Wang et al., 2012).
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Additionally, while the widely used transcript comprises 11 exons, some authors prefer a transcript
with 12 exons.

Throughout this thesis, we will adopt a consistent nomenclature that includes the 39 aa signal
peptides, and the exons will be numbered from 1 to 11, considering only the ones that encode the
mature protein. This approach aims to eliminate confusion and maintain clarity in referring to GBA [

gene variants.

I.1.1.5.  Phenotype of GBAI variants carriers
GBA1 gene variants are typically associated with an earlier age of onset and a more severe clinical
outcome in PD (Brockmann et al., 2015; Clark et al., 2007; Jesus et al., 2016; Nichols et al., 2009).
Studies have demonstrated that patients with GBAI gene variants are more likely to experience
cognitive decline, PD dementia, and a faster rate of motor progression (Cilia et al., 2016; Lunde et
al., 2018; Oeda et al., 2015; Seto-Salvia et al., 2012; Winder-Rhodes et al., 2013). Various non-motor
characteristics, including depression, urinary urgency, hyposmia, RBD, hallucinations, and
constipation, are also more prevalent in GBAI-PD (Beavan et al., 2015; Goker-Alpan et al., 2010;
Neumann et al., 2009). Some of these characteristics may indicate a prodromal stage of PD since
they are more common in healthy individuals carrying GBAI variants compared to non-carriers

(Beavan et al., 2015).

I.1.1.6.  Biological mechanisms
The mechanisms by which GBA [ variants contribute to PD are complex and not yet fully understood.
A pathogenic link between the GBA1 gene and a-synucleinopathies diseases has been demonstrated
as GBAI variants are also present in DLB (Goker-Alpan et al., 2006; Mata et al., 2008; Nalls et al.,
2013). Decreased GCase activity within the lysosome, leads to an accumulation of glucosylceramide
and various lipid forms. This abnormal lipid accumulation can alter lipid membrane composition and
potentially promote the aggregation of a-synuclein (Smith and Schapira, 2022) (Figure 7). This is
supported by the increase of a-synuclein and glucosylceramide in dopaminergic induced Pluripotent

Stem Cells (iPSCs) carrying GBA 1 variants (Schondorf et al., 2014).

Alternative hypotheses propose that GBA 1 variants may exert a toxic gain-of-function effect. GBA/
variants lead to the production of misfolded GCase protein, which remains trapped in the ER instead
of being transported to the lysosome. This abnormal accumulation of GCase protein in the ER
triggers the activation of ER stress pathways, such as the Unfolded Protein Response (UPR), which
results in an inability to degrade a-synuclein (Bendikov-Bar and Horowitz, 2012; Fernandes et al.,
2016; Schondorf et al., 2014). Several experiments have shown that these variants disrupt the normal
post-transcriptional modification of the GCase protein (Bendikov-Bar et al., 2011; Schmitz et al.,
2005). As a result, misfolded GCase may cause a saturation of the ubiquitin-proteasome and ER-

associated protein degradation systems, resulting in the inability to degrade other proteins, such as
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a-synuclein (Bendikov-Bar and Horowitz, 2012; Fernandes et al., 2016; Schondorf et al., 2014).
Most pathogenic GBA variants result in misfolding of GCase, leading to its retention in the ER and
triggering ER stress and UPR (Fernandes et al., 2016).

A deficiency of GCase within the lysosome leads to impaired lysosomal function, disrupting the
autophagic-lysosomal pathway. Consequently, lipid substrates such as GlcCer and GlecSph, as well
as a-synuclein, accumulate within the cells. This accumulation can hinder the normal trafficking of
newly synthesized GCase from the ER and Golgi to the lysosome, further aggravating lysosomal
dysfunction. The compromised degradation of a-synuclein, due to faulty lysosomal and autophagic
machinery, can result in an increased release of a-synuclein through exosomes. This mechanism
allows the propagation of a-synuclein pathology throughout the brain, contributing to the progression

of the disease (Smith and Schapira, 2022).

A lack of GCase and impaired Autophagy-Lysosome Pathway (ALP) can lead to impaired
mitochondria clearance, resulting in the accumulation of defective mitochondria. Moreover, GCase
deficiency has been associated with oxidative stress, reduced Adenosine triphosphate (ATP)
production, and abnormal mitochondrial morphology. A limited number of studies have also reported
mitochondrial dysfunction and ER stress in this context (Cleeter et al., 2013; Fernandes et al., 2016;

Lietal., 2019; Osellame et al., 2013).

Neuroinflammation has been associated with GCase deficiency. The accumulation of lipids or a-
synuclein can trigger the activation of microglia. In addition, o-synuclein released into the
extracellular space can directly bind and activate microglia, further contributing to

neuroinflammatory processes (Isik et al., 2023).

Furthermore, studies have demonstrated that increased GCase activity can reduce a-synuclein levels
in iPSCs-derived neurons (Mazzulli et al., 2016; Sardi et al., 2013). This suggests the existence of a
bidirectional loop, wherein decreased GCase activity leads to lysosomal dysfunction and the
accumulation of glycosphingolipid substrates, ultimately resulting in the accumulation of
pathological a-synuclein oligomers. This two-way communication between GCase and a-synuclein
explains why there is decreased GCase activity in PD patients without GBA/ and raises the possibility
that inhibiting GCase could have an impact on a-synuclein pathology even in PD cases without GBA

(Gegg et al., 2012; Mazzulli et al., 2011).
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Figure 7 : Association between GCase, a-synuclein and Parkinson's disease

(A) Misfolded GCase protein triggers ER and activates ER stress pathways. (B). GCase deficiency alters the autophagic-
lysosomal pathway, leading to the accumulation of GlecCer, GlcSph and a-synuclein. (C) Insufficient GCase activity leads
to the accumulation of glycosphingolipids, altering lipid membrane composition and promoting a-synuclein aggregation.
(D) Deficiency of GCase and the autophagy-lysosomal pathway leads to the accumulation of defective mitochondria. (E)
The accumulation of lipids or a-synuclein may trigger microglial activation and contribute to neuroinflammatory processes.
(Source: Copyright 2022 from Laura Smith, published by MDPI and available under an open access license. Licensed under
the Creative Commons Attribution CC BY license)
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I.1.2. Treatments for Parkinson’s disease
Currently, there is no cure for PD, and available treatments focus on the reduction of motor
symptoms. The main treatment involves dopaminergic drugs, such as L-DOPA, which helps restore
dopamine levels in the striatum and remains the most effective option for reducing motor-related PD
symptoms (Jankovic and Aguilar, 2008). However, long-term use of L-DOPA can lead to the
development of L-DOPA-induced dyskinesia, which worsens over time. Other medications,
including dopamine receptor agonists and inhibitors of enzymes involved in dopamine metabolism
(such as MonoAmine Oxidase B (MAO-B) and Catechol-O-MethylTransferase (COMT)), may also
be used to manage motor symptoms but can have side effects, such as hallucinations, orthostatic

hypotension, nausea, vomiting, dyskinesia, and nausea (Kaakkola, 2000).

Deep Brain Stimulation (DBS) is a neurosurgical procedure in which electrodes are implanted in
specific brain regions such as the subthalamic nucleus or globus pallidus (Volkmann, 2004). These
electrodes generate electrical impulses to regulate abnormal brain activity and reduce tremors and
dyskinesia. DBS may significantly improve quality of life and reduce motor impairments including
dyskinesia (Schuepbach et al., 2013). DBS results can be influenced by a variety of factors, such as
patient age, disease duration, presence of other pathologies, response to levodopa therapy, symptom
severity, cognitive and psychiatric impairment, precise electrode placement and post-surgery
program (Yoon et al., 2023). Recent studies showed that after the DBS surgery, GBA! mutation
carriers generally have worse cognitive performance than non-carriers (Pal et al., 2022). In addition,
compared to non-carriers, PRKN carriers have a greater decrease in the Levodopa-Equivalent Daily
Dosage (LEDD) after the DBS (Lohmann et al., 2008). Patients with the LRRK2 p.G2019S mutation
also experience excellent motor improvements after DBS, however, those with the LRRK2

p.R1441G mutation had worse outcomes than non-carriers (Artusi et al., 2019).
1.1.2.1. GBAI pathway-specific treatments

As the GBA 1 mutation causes a reduction in GCase enzyme activity and contributes to PD, increasing
GCase activity could be a potential solution, similar to the therapeutic approach for non-
neuronopathic GD (Shemesh et al., 2015). However, Enzyme Replacement Therapy (ERT), which
consists of administering functional GCase, is not effective for GBAI-associated PD as it cannot

cross the blood-brain barrier and does not impact neurological symptoms (Revel-Vilk et al., 2018).

Substrate Reduction Therapy (SRT) targets the GlcCer and GlcSph, reducing their production and
preventing accumulation resulting from GCase deficiency (Revel-Vilk et al., 2018). Unfortunately,
a recent phase 2 clinical trial on the promising SRT drug venglustat failed to efficacy treat PD

(Riboldi and Di Fonzo, 2019).
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Emerging research has focused on Small Molecule Chaperones (SMCs) that have shown promise in
increasing GCase levels and reducing ER stress by facilitating the proper folding of mutant GCase
(Riboldi and Di Fonzo, 2019). Several SMCs, including isofagamine and ambroxol hydrochloride,
have demonstrated the ability to restore GCase activity in preclinical and clinical studies, leading to
improvements in motor performance, reduced microglial activation, and decreased synuclein
aggregation (Ambrosi et al., 2015; Bendikov-Bar et al., 2013; Horowitz et al., 2016; McNeill et al.,
2014; Richter et al., 2014).

Additionally, rapamycin, a macroautophagy inducer, has been shown to reduce a-synuclein
accumulation and slow disease progression by targeting dysfunction in the lysosome-autophagy

system (Cullen et al., 2011).

Gene therapy approaches, involving the introduction of the GBA 1 gene using viral vectors to increase
GCase activity, have been conducted and are now closed, but the results have not yet been published
(Sardi et al., 2013). These advancements hold potential for future treatments of GBA I-associated PD

and the ClinicalTrials.gov platform provides more details on it.
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Project description

The GBAI gene is an increasingly recognized risk factor for PD, and it continues to pose a significant
challenge in understanding the genetic landscape of GBA I-associated PD. This challenge arises from
the existence of the pseudogene GBAP1 which shares 96% similarity with the GBA gene. To address
this, we employed a novel approach to comprehensively dissect the landscape of GBAI-related

parkinsonism in Luxembourg.
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1.1. Introduction

Identifying glucocerebrosidase GBA 1 variants as the main genetic risk factor for PD has led to a
major switch in PD research. The association between GBA 1 variants and PD was initially observed
over 20 years ago when GD patients carrying the GBA I mutation developed parkinsonian symptoms
(Neudorfer et al., 1996). Subsequently, large multicenter studies confirmed the genetic link between
GBAI and PD and showed that GBA! variants are the major genetic risk factor for PD (Nalls et al.,
2014; Robak et al., 2017; Sidransky et al., 2009). The risk ratios for PD are similar for homozygous
and heterozygous GBA1 variants (Alcalay et al., 2014). Based on different studies and the depth of
exome sequencing, the frequency of GBAI gene variants in PD patients ranges from 5% to 30%
(Duran et al., 2013; Sidransky et al., 2009). According to clinical studies, GBAI-associated PD is
characterized by an earlier age of disease onset, a higher frequency of non-motor symptoms, and
cognitive impairment (Petrucci et al., 2020). Given their major impact on the clinical course and their
very high frequency, a comprehensive knowledge of the pathogenic processes of GBA! variants

could contribute to the development of targeted therapeutics treatments.

The GBAI gene is located on chromosome 1 and comprises 11 exons. Due to a pseudogene
(GBAPI) located 6.9 kb downstream and showing an overall similarity of 96% with GBAI, it is
challenging to identify GBAI variants. This increases to 98% between intron 8 and the 3'-
Untranslated Region (UTR), where five identical regions are present (Zampieri et al., 2017). To date,
over 100 distinct variants have been reported in GD patients (Grabowski and Horowitz, 1997),
covering a range of genetic variants such as point mutations, deletions, insertions and complex
alleles. These complex alleles result from genetic rearrangements between the functional gene and

the pseudogene (Latham et al., 1990).

Knowing that none of the currently available short-read alignment sequencing methods has been
able to fully resolve the identification of the complex alleles, this becomes inherently problematic
when dealing with a highly similar pseudogene (Toffoli et al., 2022). Our study aims to accurately
identify all GBAI coding variants in participants in the Luxembourg Parkinson's study. To this end,
we used the GBAI-targeted sequencing method using the PacBio technology. Using Sanger
sequencing as the gold standard for validation, we compared this approach with NeuroChip array

genotyping data and short-read WGS data.
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ABSTRACT

Heterozygous variants in the glucocerebrosidase GBA! gene are an increasingly recognized risk factor
for Parkinson’s disease (PD). Due to the GBAPI pseudogene, which shares 96% sequence homology
with the GBA I coding region, accurate variant calling by array-based or short-read sequencing methods
remains a major challenge in understanding the genetic landscape of GBAI-associated PD. We analysed
660 patients with PD, 100 patients with parkinsonism and 808 healthy controls from the Luxembourg
Parkinson’s study, sequenced using amplicon-based long-read DNA sequencing technology. We found
that 12.1% (77/637) of PD patients carried GBA [ variants, with 10.5% (67/637) of them carrying known
pathogenic variants (including severe, mild, risk variants). In comparison, 5% (34/675) of the healthy
controls carried GBA! variants, and among them, 4.3% (29/675) were identified as pathogenic variant
carriers. We found four GBAI variants in patients with atypical parkinsonism. Pathogenic GBAI
variants were 2.6-fold more frequently observed in PD patients compared to controls (OR=2.6;
CI=[1.6,4.1]). Three novel variants of unknown significance (VUS) were identified. Using a structure-
based approach, we defined a potential risk prediction method for VUS. This study describes the full
landscape of GBA I-related parkinsonism in Luxembourg, showing a high prevalence of GBA! variants
as the major genetic risk for PD. Although the long-read DNA sequencing technique used in our study
may be limited in its effectiveness to detect potential structural variants, our approach provides an
important advancement for highly accurate GBA ! variant calling, which is essential for providing access

to emerging causative therapies for GBAI carriers.

Keywords: GBAI, glucocerebrosidase, Parkinson’s disease, Genetics, long-read sequencing,

Luxembourg
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INTRODUCTION

Heterozygous variants in the glucocerebrosidase (GBAI) gene, which encodes the enzyme [-
glucocerebrosidase (GCase), are increasingly recognized as the most common genetic risk factor for
the development of Parkinson’s disease (PD). Homozygous variants in GBAI are causative for the
most frequent autosomal-recessive lysosomal storage disorder, Gaucher disease (GD)'. GD is
characterized by a deficiency of the enzyme GCase which is required to hydrolyse the B-glucosyl
linkage of glucosylceramide lipide (GlcCer) in lysosomes to form glucose and ceramide?.

Accurate variant calling in the GBAI gene is challenging due to the presence of the highly
homogeneous untranslated pseudogene called GBAPI, which is located 16 kilobases downstream?,
and shares 96% sequence homology within the coding region®. In addition, recombination and
structural chromosomal variation within and around the GBA locus further complicate the analysis®.
Complex alleles, which include several single nucleotide variants, are derived from recombination
between the functional GBAI gene and the GBAPI pseudogene’. RecNcil is the most common
recombinant allele, including the amino acid changes p.L483P and p.A495P, and the synonymous
variant p.V499V®,

Our study aimed to accurately assess all rare coding variants in the GBA1 gene in all participants
of the Luxembourg Parkinson’s study’, a case and control cohort including patients with PD and
atypical parkinsonism. To assess the accuracy of the targeted GBAI DNA sequencing method using
the Pacific Biosciences (PacBio)® technology, which targets only the GBAI gene without sequencing
the GBAPI pseudogene, we compared this method with genotyping using the NeuroChip array’ and
short-read whole genome sequencing (WGS) data using Sanger sequencing as the gold standard for
validation. We identified several types of pathogenic GBA/ variants (severe, mild, and risk) and
further characterized genotype-phenotype associations to better understand the influence of each

variant type and their effect on disease severity.
RESULTS

Demographic and clinical characteristics

A total of 760 patients (660 PD patients (npp) and 100 patients with other forms of parkinsonism
(npark)) and 808 healthy controls (nic) from the Luxembourg Parkinson’s study (Figure 1) were
genotyped using NeuroChip and screened for GBA [ variants using targeted PacBio DNA sequencing
method, while a subset of 72 patients was screened with WGS. Among the patients, 66.4% (n =499)
were male with a mean age at disease onset (AAO) of 63 + 11.5 years (Supplementary Table 1). The
control group consisted of 52.7% (n = 426) males with a mean age at assessment (AAA) of 59.3 +
12.2 years. Due to their above 30-fold coverage provided by the long-read DNA sequencing, all
samples were selected after successfully passing the MultiQC step (Supplementary Table 9). To

ensure ethnic homogeneity and exclude other genetic factors that may bias the assessment of the
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genetic contribution of GBAI to PD in the Luxembourgish population, we excluded carriers of
mutations in other PD-causing genes (point mutations: n=10, npp=8,nyc=2; CNV: npp=4) in PD-
associated genes (no CNVs in GBAI were detected), first-degree family members (n=64, npp=8,
Npark=2, Nac=54), younger HC (< 60 AAA) with first-degree relatives having PD (nuc=74), and
individuals of non-European descent (n=6) from the cohort. The final cohort consisted of 735 patients
(npp=637, Npar=98) and 675 HC with a mean AAO among the patients of 63.2 + 11.3 years, whereas
the mean AAA for HC was 61 £ 11.5 years. Based on Neurochip and WGS data, none of the GBA

carriers carried pathogenic variants in other PD-associated genes as defined by MDSGene'’.

Targeted PacBio DNA sequencing showed the highest specificity for detecting rare coding
variants in GBA1

To measure the reliability of calling rare GBAI coding variants, we performed two types of
comparison. Rare variants were here defined as variants with minor allele frequency (MAF) <1% in
the European population. We compared the results from the PacBio, WGS and NeuroChip data for a
subset of samples (n=72). We then compared the PacBio and NeuroChip data as they both covered
the majority of samples (n=1568). We considered true positives to be the GBAI variants validated
by Sanger sequencing. False-positive variants were those identified by the analysis method but not
confirmed by Sanger sequencing. False-negative variants were not called by the analysis method but
were later validated with Sanger sequencing (Supplementary Table 2). First, we evaluated 72 samples
screened by all three methods (Figure 2). Using the GBA I-targeted PacBio DNA sequencing method
and WGS in combination with the Gauchian'' tool implemented in Dragen v4 (GBA caller option),
we detected six individuals carrying GBA I variants (p.E365K (n=3), p. T408M (n=1), p.N409S (n=1),
RecNcil (n=1)). The RecNil combines the three variants p.L483P, p.A495P, and p.V499V in one
haplotype allele. All variants detected were confirmed by Sanger sequencing (true positive rate
(TPR) of 100%). We did not identify any false positive variant calls. However, using the Dragen v.4
pipeline without the GBA ! caller, relying only on the GATK best practices pipeline, the WGS method
failed to detect the RecNcil recombinant allele in one individual (TPR of 83.3% (5/6)). Using
Neurochip, we detected three potential GBAI variant carriers (p.T408M (n=1), p.N431S (n=1),
p-A215D (n=1), but only one variant (p.T408M) was subsequently confirmed by Sanger sequencing
(TPR of 16.6% (1/6), resulting in a false discovery rate (FDR) of 66.6% (2/3).

Next, we compared the results from 1568 samples screened with both, the GBAI targeted PacBio
DNA sequencing method and the NeuroChip array (Figure 3). Using the GBA1-targeted PacBio
DNA method, we detected 135 GBAI variants carriers, of which 100% were validated by Sanger
sequencing. Using the NeuroChip array, we detected 47 potential GBAI variant carriers, among
which only 36 were validated by Sanger sequencing (TPR of 26.7% (36/133), resulting in an FDR
of 23.4% (11/47).
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Classification of GBAI variants

Of the 1568 individuals sequenced using the GBA/-targeted PacBio DNA sequencing method, we
identified 135 carriers of at least one GBAI variant (Supplementary Table 3-4). Based on the
classification of Hoglinger and colleagues in 2022'%, 25 were carriers of severe variants, 10 of mild
variants, 72 of risk variants and 22 of VUS. The most common GBA variants in PD patients were
the risk variants p.E365K (n=23; 3.5%) and p.T408M (n=17; 2.6%)).

GBA1 variants were mostly heterozygous missenses, one patient carried a heterozygous stop-gain
variant p.R398*(rs121908309), two PD patients carried a homozygous missense variant
p-E365K/p.E365K(rs2230288). We identified two HC carrying a pathogenic LRRK?2 variant and
being positive for GBA! variant (p.E365Ksea-p.R1441Crrri2; p-K13R6ea-p.G2019S1rRrK2). We also
detected nine different synonymous variants in exonic regions (Supplementary Table 4). The variant
p.T408T(rs138498426) is a splice site variant (located within 2bp of the exon boundary) and is
classified as VUS'%. The remaining synonymous variants were not further analysed. Additionally,
we identified 69 variants in intronic and UTRs regions of GBA! (Supplementary Table 5) with
unclear pathogenic relevance, 35 of which were rare with MAF<1% in gnomAD for the Non-Finnish
European population'”.

We classified the following combinations of multiple variants per individual as severe based on the
classification of the respective associated pathogenic variants (Table 1): p.N409S-p.L483P, p.K13R-
p-L483P, p.F2521-p.T408M, p.Y6 1 H-p. T408M.

GBAI variant frequency

To calculate the GBAI frequency in our study, we considered the individuals remaining after the
exclusion step (735 patients and 675 HC). We detected 12.1% (n=77) GBA1 variant carriers among
637 PD patients and 5% (34/675) in HC individuals. We found a frequency of 10.5% (67/637) of
pathogenic variants in PD patients (severe, mild, risk) and 4.3% (29/675) in controls (Table 2). Four
patients with parkinsonism had GBAI variants. Carriers of severe GBAI variants (n=21; 3.2%;
OR=11.4; 95% CI=[2.6, 49]; p=0.0010) have a high risk of developing PD as defined by the indicated
OR.

Genotype-phenotype associations in GBAI-PD patients

We characterized the clinical phenotype of severe (n=21), mild (n=7) and risk (n=39) GBAI carriers
and non-carriers (n=554) only in unrelated PD patients excluding carriers with only one synonymous
or VUS variant in individuals remaining after the filtering step. The AAO was similar between GBA/
carriers (61.6£11.5) and non-carriers (62.6+11.6). Severe PDgg4; variant carriers showed a trend
towards younger AAO compared to mild and risk (severe: 58.6+13.1 vs mild: 65.4£17 vs risk:
62.549.3 years; p=0.29) (Table 3), with a significant risk to develop early onset PD (OR=4.02;

p=0.0098). In contrast to non-carriers, we also observed that carriers of pathogenic variants have a
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strong family history of PD (OR=0.74; p=0.0401). Compared to severe (6.4 +4.7) and risk (4.4 +4.9)
variant carriers, the mild (1.7 £1.4) variant carriers show a significantly shorter disease duration
(Table 3).

We compared clinical features between PD patients carrying pathogenic GBA! variants and PD
patients without GBA I variants (Supplementary Table 6). We found that in carriers the sense of smell
was strongly impaired (uncorrected p=0.0210) and a higher rate of hallucinations (uncorrected
p=0.0415). Next, we compared patients carrying variants from each category (severe, mild or risk)
separately with PD patients without GBA! variants (Table 4). Carriers of severe GBAI variants
showed more severe non-motor symptoms when compared to non-GBA! carriers, such as MDS-
UPDRS Part I (uncorrected p=0.0074) and hallucinations (uncorrected p=0.0099), and also an
impaired sense of smell as assessed by Sniffin’ Stick test (uncorrected p=0.0405). To show the
deleterious impact of the severe variants, we compared carriers of severe variants with patients
carrying either mild or risk GBA1 variants (Table 5). We observed that severe variants carriers have
more severe gait disorder (uncorrected p=0.0188) and depression (uncorrected p=0.0074) and worse
MDS-UPDRS Part I (uncorrected p=0.0019) and PDQ-39 (uncorrected p=0.0422). For all clinical
features, there were no significant associations after the correction for multiple comparisons using

FDR adjustment.

VUS and the Glucosylceramidase structure

We detected nine already reported VUS (p.K13R, p.Y61H, p.R78C, p.L213P, p.E427K, p.A495P,
p.H529R, p.R534C, p.T408T) and three new VUS (p.A97G, p.A215 and p.R434C).

According to our strategy developed for the VUS classification of GBAI variants, where we assign
the pathogenicity based on the REVEL, the CADD and the dbscSNV scores, as well as the presence
or absence of the variants in the patients. We propose to subclassify the VUS p.Y61H, p.L213P,
p.A215D, and p.R434C as probably pathogenic severe variants (Supplementary Table 7). The variant
p.L213P changes the leucine into proline, which is known to be the ‘helix breaker’ amino acid that
induces a bend into the protein structure'® (Supplementary Figure 1). The p.L213P and p.A215D
variants are in the catalytic site of the enzyme in the triose-phosphate isomerase (TIM) barrel
structure. The p.Y61H variant (Figure 4.A) is located next to the residue position of the known severe
variant p.C62W, and the patient carrying this variant had an AAO of 38 years, indicating an early-
onset, probably severe form of PD. This patient has a family history of PD and reported that the
paternal uncle and aunt were diagnosed with PD at the ages of 60 and 70, respectively. The p.R434C
variant is close to a known severe (p.V433L) and mild (p.W432R, p.N435T) PD variants in the 3D
structure. We compared the clinical scores obtained from carriers of known severe variants with the
four carriers of probable severe VUS (p.Y61H, p.L213P, p.A215D, and p.R434C) (Supplementary
Table 7). The z-score was used to determine the number of SD deviations from the mean for each

clinical score. We observed that the PD patient carrying the p.L213P variant had a z-score that was
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significantly different for MDS-UPDRS 1I (z-score=3.05) and MDS-UPDRS 1II (z-score=2.94)
confirming its classification as a severe variant.

We propose to subclassify the variants p.H529R and p.R534C as probably mild variants, as they are
both found only in PD patients. The variants p.K13R, p.R78C, p.E427K, and p.A495P are
subclassified as probable risk variants. The variant p.K13R is located in the signal peptide region.
The variant p.R78C was annotated as “PD susceptibility” in HGMD with deleterious impact in
CADD. The variant p.E427K was annotated as associated to “parkinsonism” in ClinVar and “reduced
activity” in HGMD. We propose to classify the variant p.A97G as probably benign because it is
localized in a coil-bend structure and is not close to any known pathogenic variants.

The synonymous variant p.T408T was found in two cases and one healthy control individual. Two
established splice-site prediction scores (dbscSNV: ada score 0.9797 and rf score 0.85) agreed in
their prediction that the variant is likely to affect splicing. HGMD classified the variant as disease
mutation (DM) (Supplementary Table 4). Therefore, we propose to classify the variant as a risk
variant.

Overall, we propose to classify four VUS variants as probably severe pathogenic variants (p.Y61H,
p-L213P, p.A215D, and p.R434C), two as probably mild pathogenic variants (p.H529R and
p-R534C), five as probably pathogenic risk variants (p.K13R, p.R78C, p.E427K, p.A495P and
p.T408T) and one as probably benign variants (p.A97G) (Figure 4.B).

DISCUSSION

Our study demonstrated in a large cohort the utility of targeted PacBio DNA sequencing for
GBAI as a highly sensitive and specific method to identify known and novel GBA/ variants and to
overcome the problems posed by the presence of the GBAPI pseudogene by avoiding its
amplification. The effectiveness of the targeted PacBio DNA sequencing method in investigating
relevant genes with homologous pseudogenes has also been demonstrated in several other studies'*
', The PacBio method together with the WGS method combined with the new Gauchian tool showed
a very high accuracy of 100% true positive validated variants. The comparative study that we
performed with the different screening technologies to detect GBA variants will help researchers to
get a more accurate and comprehensive overview of GBA! variants. This implies a more critical
evaluation of the results obtained by NeuroChip, which revealed a high proportion of false positive
and negative results and those obtained by WGS, which will depend on the detection tool used for
the complex GBAI region. Our study still has the limitation that we cannot fully exclude missing
variants (false negatives) that could not be detected by all three methods used in our study. Long-
read DNA sequencing excels in the detection of structural variants. However, the method employed
in this study relies on a single amplicon, limiting its efficiency in detecting structural variants due to

the generation and purification of amplicons of specific sizes only. However, we would like to
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highlight the fact that the PacBio-based method can be a cost-effective (= 30€mpic for PacBio)
alternative for the high-fidelity calling of GBA! variants. GBAI variants have been identified as the
most common genetic risk factor for the development of PD. GBAI variants have typically been
observed in 4%—12% of PD patients in different populations worldwide, with the highest prevalence
of 20% described in Ashkenazi Jewish PD patients'™'®, Large differences of prevalence were
observed depending on the ethnicity of the cohort, the variants studied, and the sequencing method
used. Previous studies looking only at coding regions reported frequencies of 14.3% in Italians'
(n=874), 11.7% in southern Spanish® (n=532), 9.2% in New Zealanders of European descent’
(n=229) and 8.3% in Irish*' (n=314) (Supplementary Table 8). Our study describes the landscape of
GBAI carriers in the Luxembourgish population showing a high prevalence (12.1%) of GBAI
variants that could be the major genetic risk factor of PD in Luxembourg. Moreover, we observed a
significantly higher proportion of pathogenic (severe, mild and risk) GBA! variants in PD patients
compared to HC (10.4% vs 4.3%; OR=2.6; CI=[1.6,4.1], p=0.0001). Compared to previous studies,
our study highlights that using the new PacBio sequencing method, the Luxembourg Parkinson’s
study showed a comparable frequency of PDgga; carriers reported so far in similarly sized Italian'
and Spanish? cohorts (Supplementary Table 8). When comparing previous reports of GBA variants
in different populations, we want to highlight the fact that only cohorts that used full Sanger
sequencing were able to detect the RecNcil recombinant allele so far. This once more emphasizes
the accuracy of the PacBio sequencing methods for detecting rare and complex GBA! variants.
Additionally, we confirmed that severe variants showed a higher OR than risk variants, which
supports the concept of graded risk for different GBA variants in PDgpa; carriers™.

The most prevalent GBAI variant in the Luxembourg Parkinson’s study was p.E365K, and the
frequency of this variant was similar to what was described in the Irish*', Spanish® and New Zealand®
populations. It is interesting to note that homozygous carriers of the p.E365K variant do not develop
GD?. This variant is associated with PD, and multiple studies have found enrichments varying from
1.60 to 3.34%%, Furthermore, carriers of the risk variants p.E365K and p.T408M could be associated
with atypical parkinsonism, as these variants were the only ones also present in patients with DLB
and PSP in our cohort. Whether this is simply related to the higher frequency of these risk variants
in the general population or does have a specific impact on the phenotype needs to be determined in
larger studies focusing on GBA/ variants in atypical parkinsonism®.

We present a concept for classifying VUS in the GBA gene according to the localisation in relation
to known variants in sequence and 3D structure, which may help to provide access to future targeted
therapies for these patients. Here additional in vitro and ex vivo studies are needed to functionally
validate the impact of these VUS on GCase function in neurons derived from stem cells or in enzyme-
activity assays in cerebrospinal fluid of affected carriers of these VUS.

Additionally, we observed that the average AAO in PD was about four years younger in severe GBA [

carriers compared to non-GBA ! carriers. This was also observed in previous studies, which showed
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that PDgg4; patients generally have an earlier AAO compared to non-carriers with a median onset in
the early fifties?”*.

Recent studies have shown that PDgg4; carriers have a higher prevalence of cognitive

19,29,30 19,20

impairment and non-motor symptoms including neuropsychiatric disturbances ", autonomic
dysfunction®, and sleep disturbances such as RBD®'. Although not significant after p-value
adjustment, we found a similar trend and noticed that motor symptoms such as gait disorder, non-
motor symptoms such as depression and hallucinations, were associated with a more aggressive
clinical phenotype in severe GBAI carriers, supporting the effect of differential GBA/ variant
severity**2,

In conclusion, this study showed the utility of targeted PacBio DNA sequencing to identify known
and novel GBA! variants with high accuracy. These findings offer important access to variant-
specific counselling. Furthermore, our study describes the full landscape of GBA-related PD in the
current Luxembourgish population showing the high prevalence of GBA! variants as the major

genetic risk in PD.
METHODS

Clinical Cohort

At the time of analysis, the Luxembourg Parkinson’s study comprised 1568 participants (760 patients
of parkinsonism and 808 healthy controls (HC) in the frame of the National Centre for Excellence in
Research on Parkinson’s disease program (NCER-PD).

All patients complied with the diagnostic criteria of typical PD or atypical parkinsonism as assessed
by neurological examination following the United Kingdom Parkinson's Disease Society Brain Bank
(UKPDSBB) diagnostic criteria®: 660 fulfilled the criteria for PD, 60 for progressive supranuclear
palsy (PSP) including corticobasal syndrome as a subtype of PSP (PSP-CBS), 25 for Dementia with
Lewy Body (DLB), 14 for Multiple System Atrophy (MSA), and one for Fronto-temporal dementia
with parkinsonism (FTDP). All patients and HC underwent a comprehensive clinical assessment of
motor and non-motor symptoms, neuropsychological profile and medical history along with
comorbidities. The clinical symptoms assessed, and scales applied are defined in the Supplemental
Information®*. All individuals provided written informed consent. The patients were reassessed at
regular follow-up visits every year and the HC every four years. We considered early-onset PD
patients those with age at onset (AAO) equal to or younger than 45 years®. The genotype-phenotype
analysis was based on the assessment of the first visit. The final diagnosis was taken according to the
last visit. The study has been approved by the National Research Ethics Committee (CNER Ref:
201407/13 and 202304/03).

NeuroChip array
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Genotyping was carried out on the InfiniumR NeuroChip Consortium Array’ (v.1.0 and v1.1;
[llumina, San Diego, CA USA). For rare variants analysis, standard quality control (QC) procedures
were conducted, using PLINK v1.9%, to remove variants if they had a low genotyping rate (<95%)
and Hardy-Weinberg equilibrium p-value < 1x10°. As an additional quality filter, we applied a
study-wide allele frequency threshold of <1% in our cohort for rare variants. For further statistical
analysis, we excluded individuals of non-European ancestry using PLINK 1.9 multidimensional
scaling and merged our data with the 1000 genomes dataset’’. We selected only samples of European

ancestry excluding those with > +/- 3SD based on the first and the second principal components.

GBAI-targeted PacBio DNA long-read amplicon sequencing

The targeted GBA1 gene screening was performed by single-molecule real-time (SMRT) long read
sequencing® using Sequel II instrument (PacBio). The targeted GBAI gene coordinates were
chrl:155,232,501-155,241,415 (USCS GRCh38/hg38). Long-distance PCR was performed using
GBAI-specific primer sequences (Forward: 5’-GCTCCTAAAGTTGTCACCCATACATG-3" and
Reverse: 5’-CCAACCTTTCTTCCTTCTTCTCAA-3’)* and the 2x KAPA HiFi Hot Start
ReadyMix (Roche), which avoid GBAPI pseudogene amplification. For sample multiplexing, dual
asymmetric barcoding was used based on a different 16-bp long index sequence upstream of each of
the reverse and forward primers to allow the generation of uniquely barcoded amplicons in one-step
PCR amplification. QC was performed prior to pooling. Pools of amplicons were purified with
AMPure PacBio beads. A total of 1700 ng of purified amplicon pool was used as input for the
SMRTbell library using the SMRTbell Express Template Prep Kit 2.0 (PacBio). Binding of the
polymerase and diffusion loading on SMRTCell 8M was prepared according to SMRTLink
instructions with CCS reads as sequencing mode (version SMRT Link: 9.0.0.92188). We generated
high-quality consensus reads using the PacBio Sequel II sequencer on Circular Consensus
Sequencing mode using the pbces (v6.0.0) tool. The method replicates both strands of the target
DNA*. We demultiplexed and mapped reads from each sample to the human reference genome
GRCh38 using minimap2*’ from the pbmm?2 package (v1.4.0)
(https://github.com/PacificBiosciences/pbmm2). We used the MultiQC*' tool and selected samples
with more than 30-fold coverage. For variant calling, we used the DeepVariant* (1.0) with models

optimized for CCS reads. Finally, we selected variants with quality above 30 (QUAL>30).

Whole genome sequencing

The TruSeq Nano DNA Library Prep Kit (Illumina, San Diego, CA, USA) and MGIEasy FS DNA
Prep kit (BGI, China) were used according to the manufacturer’s instructions to construct the WGS
library. Paired-end sequencing was performed with the Illumina NovaSeq 6000* and on the MGI
G400 sequencers. A QC of the raw data was performed using FastQC (version 0.11.9:

http://www .bioinformatics.babraham.ac.uk/projects/fastqc/). To call the variants, we used the Bio-
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IT Illumina Dynamic Read Analysis for GENomics (DRAGEN) DNA pipeline* v4* with standard
parameters and with or without the 'GBA caller' option, which uses the Gauchian tool. To select the
high-quality variants, we annotated and selected variants using VariantAnnotator and SelectVariants
modules of the Genome Analysis Toolkit (GATK 4)* pipeline and applied the following additional
filtering steps: VariantFiltration module for SNVs (QD<2, FS>60, MQ<40, MQRankSum<—12,
ReadPosRankSum<—-8, DP<10.0, QUAL<30, VQSLOD<0, ABHet>0.75 or <0.25, SOR>3 and
LOD<0), and insertions-deletions (QD<2, FS>200, QUAL<30, ReadPosRankSum<—20, DP<10 and
GQ_MEAN<20).

Variant annotation and validation

Variant annotation was done with ANNOVAR?, using the Genome Aggregation Database (gnomAD
12.1)*, the Human Gene Mutation Database (HGMD)*’ and ClinVar*’, and the Combined Annotation
Dependent Depletion (CADD)’! and Rare Exome Variant Ensemble Learner (REVEL)™ to score the
pathogenicity of missense variants®. For variants in splice sites, we used the ada_score and rf_score
from dbscSNV (version 1.1)**. Ada_score> 0.6 or rf_score> 0.6 indicate that the variant is likely to
affect splicing.

Rare variants were selected according to MAF< 1% in gnomAD for the Non-Finnish European
(NFE) population in the ‘non-neuro’ gnomAD subset. Then, exonic and splicing variants (+/- 2bp
from the exon boundary) were selected for autosomal dominant (LRRK2, SNCA, VPS35, GBAI) and
autosomal recessive (PRKN, PINK1, PARK7, ATP13A42) PD genes. Rare variants within these genes

were then confirmed by Sanger sequencing”.

CNYVs in PD genes

To detect the presence of copy number variants (CNVs) in selected six PD genes (PARK7, ATP13A42,
PINK1, SNCA, GBAI, and PRKN), we used the PennCNV tool (v1.0.5) using the Neurochip array
data applying the same filtering steps as previously described for CNV calls in PD"'. The multiplex-
ligation dependent probe amplification (MLPA) method, which exclusively targets the selected
genes, was used to validate the CNVs. Six patients with each one CNVs in one of the six PD genes
were found and no CNV in GBAI was found. To detect CNVs within the GBAI gene through the
analysis of PacBio data, we employed the ©pbsv tool (version 2.9.0)
(https://github.com/PacificBiosciences/pbbioconda), which is specifically designed for long-read
data analysis from PacBio. This tool successfully identifies 59.46% of structural variants with

precision®”*,

GBAI variant nomenclature
All variants in GBA 1 were annotated based on GRCh37 and were numbered according to the current
variant nomenclature guidelines (http://varnomen.hgvs.org), based on the primary translation

product (NM_001005742), which includes the 39-residue signal peptide.

53



Chapter 1

GBAI variant classification

GBA1 variants classification was done according to the PD literature based on the work of Hoglinger
and colleagues in 2022'%. Exonic or splice-site variants that are not mentioned in the paper were
subclassified as ‘severe’ GBAI variants if they were annotated as pathogenic in ClinVar, otherwise

they were subclassified as variants with unknown significance (VUS)*'.

Statistical analysis

To assess the frequency of different GBA/ variant types and to analyse the genotype-phenotype
associations in the Luxembourg Parkinson’s Study, we considered only unrelated individuals and
kept only one proband per family. For cases, we kept the patient with the earliest AAO. To account
for age-dependent penetrance, we excluded HC with first-degree relatives (parents, sibs, and
offspring) with PD and an AAA of less than 60 years. This reduced the age difference between cases
and HC. We also excluded carriers of rare variants or CNVs in PD-associated genes (except GBAI)
and individuals of non-European ancestry. Thus, 1410 unrelated individuals (735 patients and 675
HC) were selected for the statistical analysis.

We used regression models to assess the effect of PDgg4; carrier status on the clinical variables. In
these models, the dependent variable was the clinical outcome, while the predictor was GBA! carrier
status. We excluded individuals carrying only VUS or synonymous variants. To this aim, we
performed three types of association tests: (1) all PDgg4; pathogenic variant carriers (severe, mild
and risk) vs. PDgaui-non-carriers, (2) for each sub-group of PDgg.; pathogenic variant carriers vs. PDgga;-
non-carriers, (3) severe PDgg4; pathogenic variant carriers vs combined mild and risk PDgg4; pathogenic
variant carriers. The effect of each factor was expressed as the Beta () regression coefficient. The
odds ratio (OR) along with a 95% confidence interval (CI) was used to assess whether a given
exposure was a risk factor for a given outcome. Regression models were adjusted for AAA, sex, and

disease duration. FDR-adjusted p-value < 0.05 was considered as statistically significant.

Structure-based evaluation of VUS

To evaluate VUS variants, we implemented a method to assign the pathogenicity based on the
REVEL* and CADD?®' scores for missense variants and the dbscSNV scores (ada score and
tf_score) for splice variants according to the dbNFSP** definition, as well as whether the patients
carried the variants. We reclassified a VUS (1) as ‘severe’ if the variant was present only in patients
and with deleterious effect in all scores or present only in patients with early-onset PD, (2) as ‘mild’
if the variant was present only in patients and with tolerated effect in all scores, (3) as * risk” if present
in patients and HCs or with tolerated and deleterious effect in either score or annotated as ‘PD
susceptibility’ in HGMD, and (4) as ‘benign’ if present only in HC.

We mapped the known pathogenic missense variants and newly identified VUS in our cohort

together with all reported population variants from gnomAD onto the GBA! protein sequence and
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the 3D structure. We used the X-ray structure of GCase at 2.0 A resolution (PDB structure accession
code logs; https://www.rcsb.org/) (Supplementary Figure 2). Analysis of the 3D structure was
carried out using PyMOL (http://www.pymol.org). VUS were evaluated as a risk variant if they were
2bp positions away in sequence or had a C-alpha distance of less than 5 A in 3D from another known

pathogenic variant similar to the approach used by Johannesen et al*’.
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Table 1. Distribution of GBAI variants in the Luxembourg Parkinson’s study.

Subclassification  nucleotide - protein changes

Subjects

n=660

Parkinsonism
Patients
n=100

Healthy controls
n=808

c.115+1G>A
p.P161S
p-G234W
p.G241R
p.H294Q
p.R398*
p.G416S
p.L483P
p.R502H
p.N409S; p.L483P
RecNcil*
p.K13R; p.L483P
p-F252[; p.T408M

Severe

N =N~

—_— N = =N = =

1

Mild p.N409S

SHHMHHO\HHHNHNN

7

p.E365K
p-E365K (LRRK2: p.R1441C)*
p.T408M
p.-Y61H; p.T408M

Risk

) N
o T

21+2°

15
1

1 DLB + 2 PSP 16

1 DLB 12

p.K13R
p.K13R (LRRK2: p.G2019S)*
p.Y61H
p-R78C
p-A97G (new VUS)
p.L213P
p-A215D (new VUS)
p.E427K
p-R434C (new VUS)
p.H529R
p.R534C
p-A495P; p.V499V
p.T408T

vUS

W W = et =t N = = = DN = = N[

N

All variants were identified in the heterozygous state except in two individuals for p.E365K (*
Homozygous state). Abbreviations: GBA1, glucocerebrosidase gene; PD, Parkinson’s Disease and
Parkinson’s Disease with Dementia; PSP, Progressive Supranuclear Palsy; DLB, Dementia with
Lewy Body; VUS, Variants of unknown significance; *RecNcil (p.L483P; p.A495P; p.V499V);

*LRRK?2 mutation in brackets.
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Table 2. Frequency of GBAI variants in the Luxembourg Parkinson’s study.

Chapter 1

. . . Pathogenic
Diagnosis Sl.lb-claSSlflc.‘i.lthn Subjects All GBA1-Carrier GBAI-Carrier OR (95%CI) p-values
of GBAI variants n (%) (%)
PD 637 77 (12.1%) 67 (10.5%) 2.6 (1.6 to 4.1) 0.0001"
severe 21 (3.2%) 11.4 (2.6 to 49) 0.0010"
mild 7 (1.1%) 3.7 (0.7 to 18) 0.1008
risk 39 (6%) 1.6 (1 to 2.8) 0.0537"
PSP risk 59 2 (3.4%) 0.9 (0.2t03.9) 0.8941
DLB risk 24 2 (8.3%) 2.2 (0.5t0 10) 0.2908
Healthy controls 675 34 (5%) 29 (4.3%) - -
severe 2
mild 2
risk 25

Subject numbers result from excluding the first-degree family members interrelated in the cohort,
the healthy controls of young age of assessment (< 60 AAA) with first-degree PD relatives, the CNV
carriers, carrier of PD-causing variants (except GBAI) and the ethnic outliers. GBAI,
glucocerebrosidase gene; PD, Parkinson’s Disease and Parkinson’s Disease with Dementia; PSP,
Progressive Supranuclear Palsy; DLB, Dementia with Lewy Body. ORs are given with the 95% CI;
Statistically significant results highlighted in bold and red with * (p-value < 0.05).
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Table 3. Demographic data for the PD patients in the Luxembourg Parkinson’s study
separated by GBAI variant status.

Family History, N (%)

[OR=1.74; p=0.0401%]

[OR=1.8; p=0.2001]

[OR=1.17; p=0.8508]

[OR=1.83; p=0.0782]

Features All pathogenic variants Severe Mild Risk Non carriers
u (n=67) (n=21) m=7) (n=239) (n=554)
66.5 (+10.2) 65.1 (£10.2) 67.1 (£15.6) 67.1 (£9.2)
AAA,mean (SD) | 145 31; p=03977] [OR=0.08; p=0.292] [OR=0.59; p=0.8959] [OR=0.57; p=0.7512] | 670 10.7)
40 (59.7%) 13 (61.9%) 5(71.4%) 22 (56.4%)
0 0
Sex, Malen (%) | 150,71, p=0.1912] [OR=0.78; p=0.5795] [OR=1.19; p=0.8336] [OR=0.62; p=0.151] | 27> (67-7%)
61.6 (+11.5) 58.6 (£13.1) 65.4 62.5 (£9.3)
AAO,mean (SD) | 1op_4 35. p-0.484] [OR=0.02; p=0.1158] | (£17.0) [OR=16.16; p=0.5308] | [OR=0.9; p=0.9548] | 020 -11.0)
8 (11.9%) 5(23.8%) 2 (28.6%) 1 (2.6%)
AAO <45 N () | 10R=174; p=0.1767] | [OR=4.02; p=0.0098+] [OR=5.14; p=0.0549] [OR=0.34; p=0.2007] | 40(7:2%)
. . 47 @4.8) 6.4 (£4.7) 1.7 (x1.4) 4.4 (24.9)
Disease Duration, mean (SD) | 5 _ 79. =0 7303 [OR=4.07; p=0.2238] [OR=0.04; p=0.0981] [OR=0.57; p=0.5103] | >052)
25 (37.3%) 8 (38.1%) 2(28.6% 15 (38.5%)

141 (25.5%)

Subject numbers result from excluding the first-degree family members interrelated in the cohort,
the healthy controls with young age of assessment (< 60 AAA) or with first degree PD relatives, the
CNV carriers, carrier of PD-causing variants (except GBA1), the ethnic outliers, synonymous and
VUS variants carriers. Data are given as mean (SD) or N (%). Significance level for comparison is p
<0.05. AAA, age at assessment in years ; AAO, Age at onset in years.
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IPD IPD
GBAI carrier IGBAL1 non-carrier
ISEVERE IMILD IRISK IN=554
Type of data  Clinical characteristics and scales fnz‘;?)l ::lﬁ;:g B (95%) p-value :ii\-zialuc fnz‘;‘;‘“ ::lﬁ;:g B (95%) p-value :ii\-zialuc fnz‘;l;;l v:lsl:ll:sg B (95%) p-value :ii\-zialuc
(%) (%) (%)
H&Y, mean (SD) 2.4 (+0.8) 3(0.5%) 0.19 (-0.11 to 0.48) 0.2231  0.5354 [2.0(+0.6) 3(0.5%) 0.0(-0.50to 0.51) 0.9917 09992 [2.2(%0.8) 3(0.5%) 0.07 (-0.15 to 0.29) 0.5418 09471 [2.2(+0.8)
MDS-UPDRS II, mean (SD) 12.6 (+4.4) 13 (2.3%) 0.49 (-2.75 t0 3.72) 0.768  0.9678 |10.1 (£6.4) 13 (2.3%) 0.92 (-4.67 to 6.51) 0.7476 09992 [11.1 (8.6) 13 (2.2%) 0.17 (-2.26 to 2.60) 0.8924 09748 |11.4 (+8.3)
MDS-UPDRS III, mean (SD) 34.8 (+15.7) 14 (2.4%) -0.15(-7.08 to 6.78) 0.966  0.9688 [26.2 (£9.7) 13 (2.3%) -4.62 (-16.79 to 7.54) 0.4564 09992 [33.3 (+17.7) 12 (2.0%) -0.37 (-5.30 to 4.57) 0.8846 09748 [34.6 (£16.2)
MDS-UPDRS IV, mean (SD) 3.0 (+4.5) 7(1.2%) 0.87 (-0.46 to 2.20) 0.1991 0512 [0.1 (20.4) 7(1.2%) -0.63 (-2.86 to 1.60) 0.5816 09992 [1.2(£2.3) 7(1.2%) -0.42(-1.38 to 0.54) 0.395  0.8145 |1.6(+3.3)
é Dyskinesias, n (%) 15 (23.8%) 0 0.67 (-0.48 to 1.82) 0.2535  0.5368 |0 - - - - 14 (10.3%) 0 0.01 (-1.13 to 1.15) 0.9853  0.9928 |64 (11.6%)
§ Falls, n (%) 15 (23.8%) 0 0.46 (-0.62 to 1.53) 0.4054  0.6081 |0 - - - - 17 (17.9%) 0 0.17 (-0.74 to 1.08) 0.7103  0.9471 |93 (16.8%)
E Gait Disorder, n (%) 16 (76.2%) 0 0.94 (-0.09 to 1.97) 0.075 0512 [3(42.9%) 0 -0.24 (-1.76 to 1.29) 0.7627  0.9992 |18 (46.2%) 0 -0.29 (-0.97 to 0.38) 0.3953  0.8145 307 (55.4%)
g FOG, n (%) 8 (38.1%) 0 0.66 (-0.33 to 1.65) 0.1932 0512 |0 - - - - 17 (17.9%) 0 -0.19 (-1.12 to0 0.74) 0.69 0.9471 123 (22.2%)
g Restless leg syndrome, n (%) 2 (9.5%) 0 0.03 (-1.47 to 1.53) 0.9688  0.9688 |2 (28.6%) 0 1.61 (-0.09 to 3.3) 0.0632  0.8508 |6 (15.4%) 0 0.7 (-0.23 to 1.63) 0.141  0.8145 (46 (8.3%)
§ Motor fluctuation, n (%) 15 (23.8%) 0 0.1 (-1.05 to 1.26) 0.8626  0.9678 |0 - - - - 15 (12.8%) 0 -0.22 (-1.25 t0 0.82) 0.6834  0.9471 |93 (16.8%)
BDI, mean (SD) 12.4 (£5.7) 28 (4.9%) 2.09 (-0.91to 5.1) 0.1721 0512 [8.0 (+3.5) 29 (5.2%) -1.13 (-6.69 to 4.42) 0.6894 09992 [8.0(£5.7) 29 (4.9%) -1.87 (-4.12t0 0.38) 0.1045 0.8145 9.9 (+7.1)
MDS-UPDRS Part I, mean (SD) 15.0 (£6.5) 15 (2.6%) 3.99 (1.06 to 6.92) 0.0074% 0.1782  [8.6 (22.4) 15 (2.7%) -0.76 (-5.74 t0 4.22) 0.7651  0.9992 9.5 (£6.8) 15 (2.5%) -0.9 (-3.06 to 1.27) 0417 0.8145 [10.5 (£7.0)
PDSS, mean (SD) 98.3 (+20.9) 44 (7.7%) -4.62 (-15.31 to 6.08) 0.3978 0.6081 [110.9 (£13.4) 43 (7.7%) 2.24 (-15.58 to 20.05) 0.8055 09992 [104.0 (£24.9) 45 (7.6%) -1.54(-9.52 to 6.45) 0.7063  0.9471 [105.0 (+24.6)
SCOPA-AUT, mean (SD) 17.1 (+8.0) 32(5.6%) 1.75 (-1.66 t0 5.17) 03149 05967 |13.1 (+7.1) 31(5.5%) -0.19 (-5.89 to 5.50) 0.9469 09992 [14.1 (+7.8) 32(5.4%) -0.61 (-3.13 to 1.91) 0.6369 0.9471 [14.9 (+8.1)
Sniffin’s stick test, mean (SD) 6.4 (3.6) 7(1.2%)  -1.56 (-3.05 to -0.06) 0.0405% 0.486  [6.6 (22.1) 7(12%) -1.56 (-4.10 to 0.97) 0.2281 0.9992 [7.4 (+4.0) 8(1.3%) -0.65 (-1.78 to 0.48) 02637 0.8145 [7.8 (23.6)
SAS, mean (SD) 15.8 (£5.2) 33(5.7%) 2.03 (-0.47 to 4.52) 0.1115 0512 |12.6 (£3.8) 32(5.7%) -1.48 (-5.66 to 2.69) 0.4866 09992 [13.1 (+6.3) 34 (5.7%) -0.76 (-2.64 to 1.12) 0.4299 0.8145 |14.1 (£5.7)
MoCA, mean (SD) 24.0 (+4.7) 12 (2.1%) -0.78 (-2.58 to 1.02) 0.3947  0.6081 [25.6 (£3.7) 12 (2.1%) 0.87 (-2.17 to 3.91) 0.5757 0.9992 [24.9 (+4.0) 14 (2.4%) 0.14 (-1.22 to 1.49) 0.8443 09748 [24.4 (+4.5)
Constipation, n (%) 10 (47.6%) 0 0.06 (-0.83 to 0.94) 0.903  0.9678 |5 (71.4%) 0 1.39 (-0.27 to 3.05) 0.1002  0.9018 |14 (35.9%) 0 -0.32(-1.01 t0 0.37) 0.3666 0.8145 |246 (44.4%)
Dysphagia, n (%) 14 (19.0%) 0 -0.48 (-1.59 to 0.64) 0.4015  0.6081 |1 (14.3%) 0 -0.52 (-2.66 to 1.61) 0.6295  0.9992 |10 (25.6%) 0 -0.0 (-0.75 t0 0.75) 0.9928  0.9928 145 (26.2%)
Insomnia, n (%) 6 (28.6%) 0 -0.05 (-1.04 to 0.93) 0914 09678 (4 (57.1%) 0 1.44 (-0.09 t0 2.97) 0.0658  0.8508 |7 (17.9%) 0 -0.56 (-1.41 to 0.28) 0.1929 0.8145 |151(27.3%)
% Orthostatism, n (%) 15 (23.8%) 0 -0.36 (-1.39 t0 0.67) 0.4922  0.7088 (4 (57.1%) 0 1.4(-0.12t0 2.91) 0.0709  0.8508 |15 (38.5%) 0 0.44 (-0.24 to 1.12) 0.2021 0.8145 163 (29.4%)
% Urinary incontinence, n (%) 6 (28.6%) 0 -0.08 (-1.06 to 0.9) 0.8713  0.9678 |2 (28.6%) 0 0.15 (-1.54 to 1.83) 0.865  0.9992 |17 (43.6%) 0 0.65 (-0.03 to 1.32) 0.0615 0.8145 168 (30.3%)
.g_ Hallucinations, n (%) 18 (38.1%) 0 1.23 (0.29 to 2.16) 0.0099* 0.1782 2 (28.6%) 0 1.23 (-0.45 t0 2.9) 0.1504  0.9024 (6 (15.4%) 0 0.09 (-0.83 to 1.02) 0.8444 09748 (83 (15.0%)
é, Excessive daytime sleepiness, n (%) 9 (42.9%) 0 0.49 (-0.4 to 1.39) 02812 0.5624 |0 - - - - 14 (35.9%) 0 0.33 (-0.37 to 1.03) 03534  0.8145 |170 (30.7%)
H ICD, n (%) 2 (9.5%) 0 -0.23 (-1.76 to 1.3) 0.7682  0.9678 |0 - - - - 14 (10.3%) 0 0.22 (-0.88 to 1.32) 0.6925  0.9471 53 (9.6%)
g Syncope, n (%) 2 (9.5%) 0 0.93 (-0.62 to 2.48) 0.2401  0.5368 |1 (14.3%) 0 1.74 (-0.49 to 3.98) 0.1257  0.9024 3 (7.7%) 0 0.6 (-0.67 to 1.86) 0.3575  0.8145 |26 (4.7%)
E RBDSQ, n (%) 10 (47.6%) 42 (7.3%) 0.65 (-0.28 to 1.59) 0.1727 0.512 |1 (14.3%) 42 (7.5%) -0.49 (-2.66 to 1.68) 0.6606  0.9992 |14 (35.9%) 43 (7.3%) 0.42 (-0.31 to 1.15) 0.2631  0.8145 165 (29.8%)
g LEDD (mg/day), mean (SD) 690.5 (+457.9) 19 (3.3%) 117.68 (-35.58 to 270.94) 0.1324 0512 [324.7(+224.7) 20(3.6%) -68.22(-349.4310212.99)  0.6345 0.9992 |496.6 (+443.2) 20 (3.4%) 7.86(-107.30t0 123.02)  0.8936 0.9748 |513.5 (+404.9)
E E § PDQ-39, mean (SD) 52.0 (+26.3) 49 (8.5%) 9.46 (-1.34 t0 20.27) 0.0863 0512 [26.1 (£17.7)  49(8.7%) -6.81(-25.20 to 11.59) 0.4686  0.9992 [34.9 (+27.2) 51(8.6%) -4.36 (-12.59 to 3.86) 0.2987 0.8145 [39.3 (£26.7)
SZ 2 DBS,n(%) B (14.3%) 0 1.38 (-0.21 to0 2.98) 0.0882 0.512 |0 - - - - 1(2.6%) 0 -0.07 (-2.25t0 2.11) 0.9477  0.9928 |24 (4.3%)
Diabetes, n (%) 2 (9.5%) 0 0.18 (-1.34t0 1.7) 0.8198  0.9678 |1 (14.3%) 0 0.14 (-2.08 to 2.35) 0.9029  0.9992 |5 (12.8%) 0 0.46 (-0.54 to 1.46) 0.3704 0.8145 55 (9.9%)
K Hypercholesterolemia, n (%) 6 (28.6%) 0 -0.44 (-1.42 to0 0.54) 0.3784  0.6081 |2 (28.6%) 0 -0.65 (-2.34 to 1.04) 0.4533  0.9992 |17 (43.6%) 0 0.15 (-0.52 to 0.81) 0.6682  0.9471 226 (40.8%)
E Cardiovascular disease, n (%) 1 (4.8%) 0 -1.53(-3.59 10 0.52) 0.1436  0.512 1 (14.3%) 0 -0.64 (-2.87 to 1.58) 0.5708  0.9992 [8(20.5%) 0 0.13 (-0.71 to 0.96) 0.7648  0.9748 |116 (20.9%)
’g Arterial hypertension, n (%) 9 (42.9%) 0 0.1 (-0.82to 1.02) 0.8312  0.9678 [2(28.6%) 0 -0.88 (-2.6 to 0.85) 0.32 0.9992 12 (30.8%) 0 -0.57 (-1.28 to 0.15) 0.1197 0.8145 |248 (44.8%)
S Traumatic Brain Injury, n (%) 15 (23.8%) 0 0.15 (-0.88 to 1.18) 0.7772  0.9678 |0 - - - - 6 (15.4%) 0 -0.43 (-1.33 t0 0.46) 0.3421 0.8145 122 (22.0%)

Table 4. Clinical characteristics of PD classified by GBAI variant status.
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Comparison of each type (severe, mild, risk) of GBA 1 variants and its association with clinical characterization. We used regression models (linear and logistic).
Data are given as mean and standard deviation (SD) for continuous clinical outcomes and as percentage for binary clinical outcomes. Models adjusted for sex,
age at assessment, and disease duration. Beta (§) regression coefficient is given with the 95% CI. Statistically significant results highlighted in bold with (*)
sign and red (p-value < 0.05). Abbreviation : p-value, unadjusted p-value; adj p-value, corrected for multiple comparisons using FDR adjustment; AAO, age at
onset; H&Y, Hoehn & Yahr; MDS-UPDRS, Movement Disorders Society - Unified Parkinson’s Disease Rating Scale; FOG, freezing of gait; BDI, Beck
Depression Inventory; PDSS, Parkinson’s Disease Sleep Scale; SCOPA-AUT, Scales for Outcomes in Parkinson’s Disease-Autonomic questionnaire; SAS,
Starkstein apathy scale; MoCA, Montreal Cognitive Assessment; ICD, impulse control disorder; RBDSQ, REM Sleep Behavior Disorder Screening
Questionnaire; LEDD, L-dopa equivalent daily dose (mg/day); PDQ-39, Parkinson’s Disease quality of life Questionnaire; DBS, Presence of treatment by Deep
Brain Stimulation
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Table 5. The deleterious impact of severe GBAI-PD carriers in comparison with mild and risk

and their clinical characteristics.

missing

Type of Clinical characteristics and scales PDgga1 carrier values B (95%) p-value adj p-
data (%) value
severe mild + risk
(n=21) (N=46)
H&Y, mean (SD) 2.4 (£0.8) 2.2 (+0.8) 0 0.14 (-0.24 t0 0.52) 0.4719 0.7549
@ MDS-UPDRS II, mean (SD)  12.6 (+4.4) 10.9 (£8.2) 0 0.24 (-3.18 to 3.65) 0.8922 0.9706
]
§ MDS-UPDRS 111, mean (SD) (3145'87) 32.4 (£16.9) 3 (4.5%) 0.65 (-7.69 to 8.98) 0.8793 0.9706
E MDS-UPDRS IV, mean (SD) 3.0 (#4.5) 1.0 (£2.2) 0 1.33(-0.17 t0 2.82) 0.082 0.574
g Dyskinesias, n (%) 5 (23.8%) 4 (8.7%) 0 0.65 (-1.09 to 2.39) 0.4621 0.7549
g Falls,n (%)  5(23.8%) 7 (15.2%) 0 0.24 (-1.29 to 1.77) 0.7594 0.9601
5 I 16 .
§ Gait Disorder, n (%) (76.2%) 21 (45.7%) 0 1.49 (0.25 to 2.73) 0.0188* 0.2193
§ FOG,n (%)  8(38.1%) 7 (15.2%) 0 0.79 (-0.73 t0 2.32) 0.3091 0.7549
Restless leg syndrome, n (%) 2 (9.5%) 8 (17.4%) 0 -0.98 (-2.81 t0 0.85) 0.2952 0.7549
Motor fluctuation, n (%) 5 (23.8%) 5 (10.9%) 0 0.28 (-1.36 t0 1.92) 0.7348 0.9601
BDI, mean (SD)  12.4 (¥5.7) 8.0 (£5.4) 2 (3.0%) 4.03 (1.08 to 6.98) 0.0074* 0.1295
MDS-UPDRS Part I, mean (SD)  15.0 (£6.5) 9.3 (£6.3) 0 4.91 (1.8 to 8.02) 0.0019* 0.0665
PDSS, mean (SD) (528639) 105.1 (£23.5) 3 (4.5%) -2.79 (-14.9t0 9.33) 0.6521 0.9129
% SCOPA-AUT, mean (SD)  17.1 (¢8.0) 13.9 (£7.6) 2 (3.0%) 2.61 (-1.62 to 6.85) 0.2269 0.7542
2 Sniffin’s stick test, mean (SD) 6.4 (£3.6) 7.3 (+3.7) 1(1.5%) -0.86 (-2.75 to 1.02) 0.3695 0.7549
E SAS, mean (SD)  15.8 (#5.2) 13.0 (£6.0) 3 (4.5%) 2.02 (-0.94 to 4.97) 0.1817 0.7542
S MoCA, mean (SD)  24.0 (+4.7) 25.0 (£3.9) 2 (3.0%) -0.24 (-2.4 t0 1.92) 0.8292 0.9706
E‘ Constipation, n (%) 10 (47.6%) 19 (41.3%) 0 0.12 (-1.02 to 1.26) 0.8394 0.9706
z Dysphagia, n (%) 4 (19.0%) 11 (23.9%) 0 -0.44 (-1.83 t0 0.95) 0.5348 0.8138
E Insomnia, n (%) 6 (28.6%) 11 (23.9%) 0 -0.02 (-1.27 to 1.23) 0.9767 0.9836
g Orthostatism, n (%) 5 (23.8%) 19 (41.3%) 0 -0.61 (-1.83 t0 0.61) 0.327 0.7549
D Urinary incontinence, n (%) 6 (28.6%) 19 (41.3%) 0 -0.76 (-1.97 to 0.44) 0.2156 0.7542
2 Hallucinations, n (%) 8 (38.1%) 8 (17.4%) 0 1.03 (-0.24 t0 2.3) 0.1127 0.6485
Excessive daytime sleepiness, n (%) 9 (42.9%) 14 (30.4%) 0 0.41 (-0.71 to 1.52) 0.4745 0.7549
ICD, n (%) 2 (9.5%) 4 (8.7%) 0 -0.02 (-1.89 to 1.85) 0.9836 0.9836
Syncope, n (%) 2 (9.5%) 4 (8.7%) 0 0.1 (-1.72t0 1.92) 0.9151 0.9706
RBDSQ, n (%) 10 (47.6%) 15 (32.6%) 4 (6.0%) 0.48 (-0.68 to 1.64) 0.4197 0.7549
.= ] LEDD (mg/day), mean (SD) (f49507.59) 473.1 (¢422.4) 2 (3.0%) 66.4 (-107.09 to 239.89) 0.4531 0.7549
s S g N
S= 9
3 % 55‘ PDQ-39, mean (SD) (15226.03) 33.5 (£25.9) 2 (3.0%) 12.77 (0.45 to 25.09) 0.0422* 0.3692
° DBS,n (%) 3 (14.3%) 1(2.2%) 0 0.76 (-2.17 t0 3.69) 0.6122 0.8928
8 Diabetes, n (%) 2 (9.5%) 6 (13.0%) 0 -0.26 (-2.0 to 1.48) 0.7681 0.9601
| Hypercholesterolemia, n (%) 6 (28.6%) 19 (41.3%) 0 -0.47 (-1.63 to 0.69) 0.4269 0.7549
= Cardiovascular disease, n (%) 1 (4.8%) 9 (19.6%) 0 -1.71 (-3.92 t0 0.5) 0.1297 0.6485
é Arterial hypertension, n (%) 9 (42.9%) 14 (30.4%) 0 0.66 (-0.49 to 1.81) 0.2586 0.7542
8 Traumatic Brain Injury, n (%) 5 (23.8%) 6 (13.0%) 0 0.82 (-0.55t02.2) 0.2385 0.7542

We used regression models (linear and logistic). Data are given as mean and standard deviation (SD)
for continuous clinical outcomes and as percentage for binary clinical outcomes. Models adjusted for
sex, age at assessment, and disease duration. Beta () regression coefficient is given with the 95%
CI. Statistically significant results highlighted in bold with (*) sign and red (p-value < 0.05).
Abbreviation : p-value, unadjusted p-value; adj p-value, corrected for multiple comparisons using
FDR adjustment; AAQO, age at onset; H&Y, Hoehn & Yahr; MDS-UPDRS, Movement Disorders
Society - Unified Parkinson’s Disease Rating Scale; FOG, freezing of gait; BDI, Beck Depression
Inventory; PDSS, Parkinson’s Disease Sleep Scale; SCOPA-AUT, Scales for Outcomes in
Parkinson’s Disease-Autonomic questionnaire; SAS, Starkstein apathy scale; MoCA, Montreal
Cognitive Assessment; ICD, impulse control disorder; RBDSQ, REM Sleep Behavior Disorder
Screening Questionnaire; LEDD, L-dopa equivalent daily dose (mg/day); PDQ-39, Parkinson’s

Disease quality of life Questionnaire; DBS, Presence of treatment by Deep Brain Stimulation.
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FIGURE

1568 participants

(760 patients / 808 HC)
660 PD, 60 PSP, 25 DLB,14 MSA, 1 FTDP

| —

. Identifies GBA1 1410 participants
comparison study variants (735 patients / 675 HC)
637 PD, 59 PSP, 24 DLB,14 MSA, 1 FTOP

! !

Investigate the VUS's calculating the frequency of
pathogenicity GBA1 variants
select only PD samples

P + exclude VUS PDgga, carriers (n=12)
« exclude synonymous PDgg,; carriers (n=4)

exclude 158 samples

« related indivuduals (n=64)

* CNV carriers (n=4)

« ethnic outliers (n=6)

« carrier of PD-causing variants (n=10)

« HC with 1%t degree PD relatives & < 60 AAA (n=74)

[ 621 PD ]
[ Genotype-phenotype ]
correlations

4 3

[ 67 PD.gsar ] [ 554 PD.ggar ]
z 1 N

Crome) () (o)

Figure 1: Description of the study dataset and methodology.

HC Healthy controls, PD Parkinson’s Disease and Parkinson’s Disease with Dementia, PSP Progressive
Supranuclear Palsy, DLB Dementia with Lewy Body, MSA Multiple System Atrophy, FTDP Fronto-
temporal dementia with parkinsonism, GBA1 glucocerebrosidase gene, VUS Variants of unknown
significance, PD+GBA1 PD patients with GBA1 pathogenic variant, PD-GBA1 PD patients without
GBA1 pathogenic variant, CNV copy number variants, AAA age at assessment.
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GBA1

Sample

variants count PacBio WGS WGS + Gauchian NeuroChip
p.E365K 3 3TP 3TP 3TP -
p.T408M 1 TP TP TP TP
p.N409S 1 TP TP TP -
p.N431S 1 - . = EFP
pA21 5D 1 - - = FP
a RecNil* 1 TP - TP N
I 1568 Luxembourgish samples ‘
l 72 Luxembourgish samples l
A \ 4
I GBA1-targeted PacBio ‘ | WGS I I NeuroChip array l
GATK Best
GATK Best Practices pipeline
Practices pipeline +
Gauchian
y A v E
6 GBA1 5 GBA1 6 GBA1 3 GBA1

carriers detected

carriers detected

carriers detected

carriers detected

Sanger validation
A

Sanger validation
A

J Sanger validation
y

Sanger validation
y

|

6 true positives (100%) ‘

b

5 true positives (83.3%)
1 false negative (16.6%)

| 6true positives (100%) |

1 true positive (16.6%)
7 false negatives (83.3%)
2 false positive (66.6%)

Figure 2. Comparison of variant calls from PacBio, WGS and NeuroChip genotyping data
using 72 matched samples for the GBAI gene and validated by Sanger sequencing.

A)*RecNcil (p.L483P; p.A495P; p.V499V); Sanger sequencing results : TP, true positive ; FP, false positive.
Sample count gives total number of samples carrying the variant found by each method.

B) Comparative study of GBA [ variants detection by the GBA I-targeted PacBio and NeuroChip array
methods in the Luxembourg Parkinson’s study. Due to overrepresented variants with the NeuroChip
array, we applied for the detected variants a study-wide threshold of 1% in our cohort.
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1568 Luxembourgish samples
! Y
1568 screened by GBA7-targeted PacBio 1568 screened by NeuroChip array
! !
135 GBA1 variants detected 36705 GBA1 variants detected (47 selected)

1 Sanger validation

1 Sanger validation

36 true positives (26.7%)
135 true positives (100%) 99 false negatives (73.3%)
11 false positives (23.4%)

Figure 3: Comparative study of GBAI variants detection by the GBA1-targeted PacBio and
NeuroChip array methods in the Luxembourg Parkinson’s study.
Due to overrepresented variants with the NeuroChip array, we applied for the detected variants a

study-wide threshold of 1% in our cohort.
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severe

A97G

L213P + A215D : severe

A495P : risk
R534C

: mild

R434C

benign risk severe
@severe @mild Qrisk O benign @ VUS
A g I Domain Il | ’ Domain IlI ‘
Subjects tei leotid ClinV: HGMD GnomAD
Predicti protein | nucleotide | 4 sNp | Haglinger et al. Llinvar ClinVar | HGMD| ~ |ReVEL [capp| ®"O™ 3D |domain
PD (AAO)| HC(AAA) change| change Significance interpretation NFE

risk Q|2 0i66) | 3 (37138i86) [ K13R cA38G | rs150466109 VUS Benign GD DM GD T T | ultra-rare / /
severe @] 1(38) Y61H | cT181C [ rs1266341749 T T | ultra-rare | coitoop [ 1
risk O 2 (56/58) R78C ¢.C232T rs146774384 DM PD susceptibility T D ultra-rare | B-sheet [}
benign (O 1(60) A97G | ¢.C290G T T coil-bend | 1I
severe @] 1(56) L213P | c.T638C VUS DM PD D D B-sheet [ 1l
severe (@] 1(68) A215D | c.C644A DM GD D D B-sheet [ 1l
risk O 1(65) 1(70) E427K ¢.G1279A rs149171124 VUS Uncertain significance | Parkinsonism DM Reduced activity T T ultra-rare | coil-turn |
severe @] 1(62) R434C | ¢.C1300T | rs747284798 DM GD1 D D coiloop | 1
risk O 1(60) 2 (38/61) A495P ¢.G1483C rs368060 Benign GD DM T T ultra-rare | B-sheet [}
mid @] 107 H529R | c.A1586G vus DM PD T T p-sheet | Il
mild . 1(78) R534C ¢.C1600T rs146519305 T T ultra-rare | coil-loop [}
risk Ol (61/64) 1(61) T408T | c.G1224A | rs138498426 VUS Uncertain significance GD DM PD ultra-rare r‘;‘;’z‘: n

Figure 4. Sub-classification of VUS found in the Luxembourg Parkinson’s study.

A) GBAI missense and stop gain variants mapped onto the three-dimensional structure of GCase.
Domain 1 is shown in dark yellow, domain 2 in blue, and domain 3 in pink. Variants classified as
severe are colored red, mild are colored orange, risk in yellow and VUS are colored purple. The 3D
structure of GCase (PDB code logs) was generated using PYMOL (http://www.pymol.org). B)
Proposed sub-classification of identified VUSs with their score in a known database. GBAI,
glucocerebrosidase gene; GD, Gaucher’s disease; PD, Parkinson’s disease. HGMD, The Human
Gene Mutation Database; REVEL, Rare Exome Variant Ensemble Learner; CADD, Combined
Annotation Dependent Depletion; gnomAD, The Genome Aggregation Database. DM, Disease
causing mutation; D, Deleterious; T, Tolerate. Variants classified as severe are colored red, mild are
colored orange, risk in yellow and VUS are colored purple.
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1.3. Supplementary material

Supplementary. Clinical symptoms and scales

Clinical symptoms and scales Movement Disorder Society-Unified Parkinson’s disease Rating
Scale (MDS-UPDRS I-IV) and Scales for Outcomes in Parkinson’s Disease-Autonomic
questionnaire (SCOPA-AUT) are used under the license number (14017 ND). Probable REM
sleep behaviour disorder (pRBD) was based on the validated selfreporting questionnaire REM Sleep
Behaviour Disorder Screening Questionnaire (RBDSQ) where possible pRBD was defined as
RBDSQ >7'. Assessment of sleep quality was done via Parkinson’s Disease Sleep Scale (PDSS)>.
The calculation of levodopa equivalent daily dose (LEDD, reported in g/day) was based on
established conversion factors®. Definition of constipation corresponds to the diagnostic criteria
ROME III and information was acquired in a semi-structured interview”. The Hoehn and Yahr scale
(H&Y) corresponds to the modified version of the scale’. Quality of life was assessed via
Parkinson’s disease Questionnaire 39 (PDQ-39)°. Depression symptoms were reflected by Beck
Depression Inventory Version I (BDI)’. Olfactory function was examined with 16 items Sniffin’
Stick test®. Cognitive performance was assessed via Montreal Cognitive Assessment (MoCA)’.
Presence of recurrent orthostatic hypotension was assessed using a semi-structured interview
inquiring for the symptoms of orthostatic hypotension, i.e. faintness, dizziness, light-headedness,
vertigo, hearing disturbance, visual disturbance or syncope following the tilting, standing up or
after a long standing relieved by sitting down or laying down. Symptoms included in the analysis
(gait disorder, falls, freezing of gait (FOG), dyskinesia, motor fluctuations, excessive daily
sleepiness, insomnia, dysphagia, urinary incontinence (corresponding to any type of urinary
incontinence, i.e. stress, urge, overflow or mixed urinary incontinence), hallucinations and impulse
control disorder (ICD)) were assessed during a semi-structured interview of the participant and/or
the participant’s proxy with a study physician and refer to the current motor and non-motor
symptoms at the time of assessment. DBS, Presence of treatment by Deep Brain Stimulation.
Restless leg syndrome corresponds to history or presence of rest less leg syndrome based on the

accurate anamnestic description corresponding to the diagnostic features/criteria.
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Supplementary Table 1. Comparison between AAO, AAA and Gender for the

Luxembourgish cohort before and after the exclusion criteria.

Before After
Cases Controls Cases Controls
Features
(n =760) (n = 808) (n="735) (n = 675)
AAA 67.6 (£10.5) 59.3 (£12.2) 67.9 (£10.4) 61 (£11.5)
AAOQO, mean (SD) 63 (£11.5) - 63.2 (£11.3) -
Sex, Male % (n) 505 (66.4%) 426 (52.7%) 489 (66.5%) 368 (54.5%)

We applied a t-test for AAA and AAO features and a Fisher test for the gender features. Exclusion
criteria : the first-degree family members interrelated in the cohort, the healthy controls of young
age of assessment (< 60 AAA) with first-degree PD relatives, the CNV carriers, carrier of PD-
causing variants and the ethnic outliers.
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Supplementary Table 2. PCR primers

PCR Primers targeted GBAI gene (Stone et al. 2000)

Chapter 1

exon |Forward reverse length
1-5 |CCTAAAGTTGTCACCCATAC AGCAGACCTACCCTACAGTTT 2972
5-7 | GACCTCAAATGATATACCTG AGTTTGGGAGCCAGTCATTT 2049
8- | TGTGTGCAAGGTCCAGGATCAG ACCACCTAGAGGGGAAAGTG 1682
11

Nested Sequencing Primers targeted GBAI gene (partly Stone et al.2000)
exon | Forward Reverse Length
1 CCTAAAGTTGTCACCCATAC aaattccagtgccaggattc 392
2 GAGAGTAGTTGAGGGGTGGA CAAAGGACTATGAGGCAGAA 210
3 ATGTGTCCATTCTCCATGTC GGTGATCACTGACACCATTT 323
4 GGTGTCAGTGATCACCATGG ACGAAAAGTTTCAATGGCTCT 263
5 GCAAGTGATAAGCAGAGTCC AGCAGACCTACCCTACAGTTT 280
6 CTCTGGGTGCTTCTCTCTTC ACAGATCAGCATGGCTAAAT 271
7 TTGGCCGGATCATTCATGAC AGTTTGGGAGCCAGTCATTT 342
8 TGTGTGCAAGGTCCAGGATCAG TTTGCAGGAAGGGAGACTGG 294
9 CACAGGGCTGACCTACCCAC GCTCCCTCGTGGTGTAGAGT 307
10 | CAGGAGTTATGGGGTGGGTC GAGGCACATCCTTAGAGGAG 329
11 GTGGGCTGAAGACAGCGTTGG ACCACCTAGAGGGGAAAGTG 342

The first step is a long-range PCR which ensures that the pseudogene of GBA/ is not amplified.
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Supplementary Table 3. Exonic and splice-site GBA variants found in the Luxembourg Parkinson’s study.

. . rotein : : Py
Subclassification ch[; nge cNh‘ﬁ;‘;"de dbSNP X;Z‘a“t g“ffmger ClinVar Significance ClinVar HGMD REVEL CADD lg\I"F"ﬁ“AD 3D domain
- c.115+1G>A 15104886460 splicing severe Pathogenic PD/GD/DLB DM - D rare / /
p.P161S c.C481T rs121908299  missense - Pathogenic GD DM D D - B-sheet  III
p.G234W  ¢.G700T - missense severe - - DM D D - coil-loop  1II
p.G241R c.G721A rs409652 missense severe Pathogenic GD DM D T rare coil-turn  IIT
p.F2521 c.T754A rs381737 missense severe Pathogenic GD DM D T rare o-helix  III
covere p.-H294Q ¢.T882G rs367968666  missense severe Pathogenic GD DM T T o-helix  III
p-R398* c.C1192T rs121908309  nonsense severe Pathogenic GD DM - D - o-helix  III
p.G416S c.G1246A rs121908311 missense severe Pathogenic GD DM D T rare B-sheet I
p.L483P*  ¢.T1448C rs421016 missense severe Pathogenic Conflicting GD DM D T rare B-sheet I
interpretations of
pR502H  ¢.G1505A 1580356772 missense severe pathogenicity GD DM D D rare coil-loop il
mild p.N409S  c.A1226G 1576763715 missense mild Pathogenic PD/GD/DLB DM T T rare o-helix III
p-E365K c.G1093A 152230288 missense risk Benign GD DM T T 1.4% o-helix III
risk . . . Conﬂict‘ing buried
p.-T408M ¢.C1223T 1575548401 missense risk interpretations of PD/GD DM T T 1.1% . I
pathogenicity Tesidue
p.K13R c.A38G rs150466109  missense VUS Benign GD DM T T rare / /
p.Y61H c¢.T181C rs1266341749  missense - - - - T T rare coil-loop 1
p-R78C ¢.C232T rs146774384  missense - - - DM T D rare B-sheet 11
p-A97G ¢.C290G - missense - - - - T T - coil-bend 11
p.L213P ¢.T638C - missense VUS - - DM D D - B-sheet  III
VUS p.A215D  c.C644A - missense - - - DM D D - B-sheet I
p.E427K c.G1279A rs149171124  missense VUS Uncertain significance Parkinsonism DM T T rare coil-turn 1
p-R434C ¢.C1300T 15747284798 missense - - - DM D D - coil-loop 1
p.A495P* ¢.G1483C rs368060 missense - Benign GD DM T T rare B-sheet 11
p-H529R c.A1586G - missense VUS - - DM T T - B-sheet  II
p-R534C ¢.C1600T rs146519305 missense - - - - T T rare coil-loop 11
p.TA08T  c.G1224A rs138498426  synonymous VUS Uncertain significance GD DM - - rare r';‘;f;i‘i il

Abbreviations: GBA1, glucocerebrosidase gene; GD, Gaucher’s disease; PD, Parkinson’s disease; DLB, Dementia with Lewy Bodies. HGMD, The Human
Gene Mutation Database; REVEL, Rare Exome Variant Ensemble Learner; CADD, Combined Dependent Depletion; gnomAD, The Genome Aggregation
Database. DM, Disease causing mutation; D, Deleterious; T, Tolerate; VUS, Variants of unknown significan; *RecNcil (p.L483P; p.A495P; p.V499V).

73



Chapter 1

Supplementary Table 4. Exonic synonymous GBAI variants in the Luxembourg Parkinson’s

study.
Subjects nucleotide protein dbSNP Exon 3D gnomAD  ClinVar ClinVar HGMD
change change NFE Significance
PD HC
5 3 ¢.G1497C p.V499V* rs1135675 11 B-sheet rare - - -
1 c.C1473A p.P491P rs149257166 11 coil-turn - - - -
1 c.A1455G p-A485A rs199928507 11 B-sheet rare - - -
1 c.C228T p.F76F 1s75954905 4 B-sheet rare - - -
2 1 c.G1224A p.-T408T rs138498426 9 buried rare GD Uncertain PD
residue significance
1 ¢.T1029C p.Y343Y 9 coil-turn - - - -
2 c.C630T p.P210P 15201615998 7 coil- rare - - -
loop
1 c.C585G p.L195L rs1157873928 6 n-helix - - - -
1 c.GI105A p.S35S rs148001886 3 - rare - - -

All variants were identified in the heterozygous state.

Abbreviations: GBAI, glucocerebrosidase gene; GD, Gaucher’s disease; PD, Parkinson’s
disease; HC, Healthy controls; HGMD, The Human Gene Mutation Database ; gnomAD,
The Genome Aggregation Database; *RecNcil (p.L483P; p.A495P; p.V499V).
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Luxembourg Parkinson’s study by PacBio sequencing method.
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Ne POS REF ALT Region Transcript Ncuhc;:z‘ot:sie GIEJ;_“I?D avsnp150 ClinVar ClinVar Significance PD HC
1 155204345 C T UTR3 NM_001005742 c.*441G>A 1 0
2 155204541 G A UTR3 NM_001005743 ¢.*245C>T 0.0002 0 1
3 155204621 A G UTR3 NM_001005744 c.*165T>C 0.0393 18375776699 81 79
4 155204684 A G UTR3 NM_001005745 ¢.*¥102T>C 0.0007 1rs368275143 17 21
5 155204694 C T UTR3 NM_001005746 ¢.*92G>A 0.0025 13708606 GD/DLB Likely_benign 18 23
6 155204701 C T UTR3 NM_001005747 c.*85G>A 0 1
7 155205200 G T intronic 0.0018 rs183510604 0 2
8 155205203 G A intronic 0.0003 13426516 4 1
9 155205300 G A intronic 3 1
10 155205359 G A intronic 0 1
11 155205378 C T intronic 0.0139 rs12752133 30 16
12 155205646 G C intronic 6.668e-05 1 0
13 155205669 G T intronic 0.9992 rs3115534 GD Benign 752 806
14 155205709 A G intronic 0.0007 1rs548435731 0 1
15 155205748 G A intronic 6.681e-05 1003268223 1 1
16 155205801 A G intronic 1 0
17 155205964 C T intronic 0 1
18 155206430 G A intronic 6.688e-05 15767239225 0 1
19 155206542 TTGTGTGTGTA T intronic 1rs998227221 0 1
20 155206578 G GTA intronic 0.0003 15200655080 1 3
21 155206580 A G intronic 6.711e-05 15146697312 1 0
22 155206863 C G intronic 6.704e-05 131026559493 1 0
23 155206981 C T intronic 1 0
24 155207030 G A intronic 0.0233 1572704130 36 52
25 155207050 G A intronic 15749925127 1 0
26 155207387 A T intronic 0.015 15140335079 PD/GD/DLB Benign 14 27
27 155207449 C T intronic 31006437355 2 0
28 155207550 G T intronic 0.0001 0 2
29 155207674 C CAG intronic 1 0
30 155207733 C T intronic 0.0396 1528678003 82 79
31 155207846 T C intronic 0.0002 15145066479 3 1
32 155207848 G T intronic 0.0043 rs183540501 4 2
33 155207866 A T intronic 15529870563 1 2
34 155208167 G A intronic 15566671462 0 2
35 155208495 G A intronic 0.0003 1s567935648 0 1
36 155208519 CT C intronic 6.673e-05 1 2
37 155208611 A G intronic 0.0003 1s569282073 2 1
38 155208624 A G intronic 0.0129 rs188328778 15 17
39 155208644 C T intronic 6.675e-05 0 1
40 155208647 T C intronic 0.7089 57416991 687 734
41 155208647 T G intronic 0.2911 57416991 316 349
42 155208647 T G intronic 0.2911 rs7416991 65 72
43 155208805 C T intronic 0.0 1 0
44 155208851 T C intronic 6.774e-05 15149120852 0 1
45 155209078 C T intronic 0.0 131005434278 1 0
46 155209079 G A intronic 0.0001 rs114452199 3 2
47 155209082 A G intronic 15899199374 1 2
48 155209251 G A intronic 15991547343 1 0
49 155209297 C T intronic 0.0011 rs183903019 4 3
50 155209298 G A intronic 0.0002 15776425625 0 2
51 155209594 G A intronic 0.0001 1377315750 1 0
52 155209913 T G intronic 0.0005 1199565854 0 2
53 155209938 G A intronic 0.0003 1s559516544 5 5
54 155209962 C T intronic 0.0115 5114217696 14 12
55 155210030 G A intronic 0.0001 rs151028758 3 2
56 155210070 C CA intronic 0 1
57 155210146 C T intronic 0.0001 2 1
58 155210156 G C intronic 0 1
59 155210170 G A intronic 0.0002 1rs962460364 0 1
60 155210570 T C intronic 0.001 152361534 0 2
61 155210613 C T intronic 1 1
62 155210641 A C intronic 0.0002 152070679 3 3
63 155210723 C T intronic 1 0
64 155210739 C T intronic 1 0
65 155210918 T C UTRS5 NM_001005742 c.-15A>G 0.0013 1541264927 3 2
66 155211027 C T UTR5 NM_000157 c.-124G>A 0 1
67 155211089 C T intronic 1 0
68 155211101 G A intronic 0.0 rs1007847984 0 1
69 155211106 T C intronic 0.0116 rs188978150 Uncertain_significance 30 27

Abbreviations: GD, Gaucher’s disease; PD, Parkinson’s disease; DLB, Dementia with
Lewy Bodies.; gnomAD, The Genome Aggregation Database. DM, Disease causing
mutation; FP, in vitro or in vivo functional polymorphism.
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Supplementary Table 6.
Typ PD missing adi p-
eof  Clinical characteristics and scales . values B (95%) p-value 1p
data GBAI carrier (%) value
Yes (n=67) No (N=554)
H&Y, mean (SD) 2.2 (£0.8) 2.2 (+0.8) 3(0.5%) 0.1 (-0.07 t0 0.27) 0.2700 0.9635
2 MDS-UPDRS II, mean (SD) 11.4 (£7.3) 11.4 (+8.3) @ 1130 %) 0.34 (-1.53 t0 2.21) 0.7219 0.9701
— . 0
<
k4 MDS-UPDRS I, mean (SD) 33.1 (£16.5) 34.6 (£16.2) @ 1450 %) -0.69 (-4.61 10 3.22) 0.7294 0.9701
E . 0
s MDS-UPDRS IV, mean (SD) 1.6 (+3.2) 1.6 (+3.3) 7(1.1%) -0.03 (-0.79 t0 0.72) 0.9296 0.9701
g Dyskinesias, n (% 9 (13.4% 64 (11.6% 0 0.23 (-0.58 to 1.05 0.5747 0.9701
g Y
E’ Falls, n (%) 12 (17.9%) 93 (16.8%) 0 0.19 (-0.51 t0 0.9) 0.5950 0.9701
£ Gait Disorder, n (%) 37 (55.2%) 307 (55.4%) 0 0.07 (-0.46 to 0.59) 0.8063 0.9701
= FOG, n (%) 15 (22.4%) 123 (22.2%) 0 0.07 (-0.6 t0 0.74) 0.8402 0.9701
Restless leg syndrome, n (%) 10 (14.9%) 46 (8.3%) 0 0.63 (-0.11 to 1.37) 0.0969 0.8721
Motor fluctuation, n (%) 10 (14.9%) 93 (16.8%) 0 -0.17 (-0.95 t0 0.6) 0.6628 0.9701
BDI, mean (SD) 9.4 (£5.8) 9.9 (&7.1) ( 438?) %) -0.52 (-2.27 to 1.23) 0.5614 0.9701
. 0
MDS-UPDRS Part I, mean (SD) 11.1 (£6.8) 10.5 (£7.0) @ 1450 %) 0.65 (-1.04 t0 2.33) 0.4550 0.9635
" 0
PDSS, mean (SD)  103.0 (£22.8) 105.0 (+24.6) (7260 %) -2.06 (-8.23 t0 4.11) 0.5126 0.9701
B 0
SCOPA-AUT, mean (SD) 14.9 (+£7.8) 14.9 (+8.1) ( 53330 %) 0.15 (-1.82 t0 2.12) 0.8789 0.9701
. 0
% Sniffin’s stick test, mean (SD) 7.0 (£3.7) 7.8 (£3.6) 8 (1.3%) -1.03 (-1.91 to -0.15) 0.0210% 0.7470
3
é SAS, mean (SD) 13.9 (£5.8) 14.1 (+5.7) ( 53650 %) 0.03 (-1.42 to 1.49) 0.9649 0.9701
. 0
=
= MoCA, mean (SD) 24.7 (+4.2) 24.4 (+4.5) @ 1;) %) -0.09 (-1.14 0 0.96) 0.8686 0.9701
. 0
= Constipation, n (%) 29 (43.3%) 246 (44.4%) 0 -0.01 (-0.54 10 0.51) 0.9577 0.9701
g Dysphagia, n (%) 15 (22.4%) 145 (26.2%) 0 0.2 (-0.81 to 0.41) 0.5282 0.9701
E Insomnia, n (%) 17 (25.4%) 151 (27.3%) 0 -0.13 (-0.72 to 0.45) 0.6549 0.9701
g Orthostatism, n (%) 24 (35.8%) 163 (29.4%) 0 0.32 (-0.22 to 0.85) 0.249 0.9635
~ Urinary incontinence, n (%) 25 (37.3%) 168 (30.3%) 0 0.38 (-0.16 t0 0.92) 0.1718 0.8835
Hallucinations, n (%) 16 (23.9%) 83 (15.0%) 0 0.65 (0.03 to 1.28) 0.0415% 0.7470
Excessive daytime Sleepm“(sg/‘; 23 (34.3%) 170 (30.7%) 0 0.22 (-0.33 10 0.77) 0.4302 0.9635
0
ICD, n (%) 6 (9.0%) 53 (9.6%) 0 -0.05 (-0.96 to 0.86) 0.9154 0.9701
Syncope, n (%) 6 (9.0%) 26 (4.7%) 0 0.81 (-0.14 to 1.77) 0.0933 0.8721
RBDSQ, n (%) 25 (37.3%) 165 (29.8%) (74250 %) 0.43 (-0.14 to 1.0) 0.1401 0.8835
. 0
I, LEDD (mg/day), mean (SD)  543.4 (+442.6) 3135 21 35.55(-54.38 10 125.49)  0.4385 0.9635
Eg ’ : : (£404.9) (3.4%) : : : . :
@ Qo
5 £ PDQ-39, mean (SD) 39.5 (+27.3) 39.3 (£26.7) (85210 %) -0.12 (-6.49 0 6.24) 0.9701 0.9701
s ° e
S DBS, n (%) 4 (6.0%) 24 (4.3%) 0 0.63 (-0.64 to 1.9) 0.3285 0.9635
2 Diabetes, n (%) 8 (11.9%) 55 (9.9%) 0 0.34 (-0.47 to 1.15) 0.4080 0.9635
=
bl Hypercholesterolemia, n (%) 25 (37.3%) 226 (40.8%) 0 -0.11 (-0.64 to 0.43) 0.6959 0.9701
= Cardiovascular disease, n (%) 10 (14.9%) 116 (20.9%) 0 -0.29 (-1.02 to 0.44) 0.4303 0.9635
£ Arterial hypertension, n (%) 23 (34.3%) 248 (44.8%) 0 -0.38 (-0.93 10 0.16) 0.1697 0.8835
S Traumatic Brain Injury, n (%) 11 (16.4%) 122 (22.0%) 0 -0.36 (-1.04 t0 0.32) 0.2995 0.9635

We consider severe, mild, and risk GBAI variants as pathogenic mutations. We used regression
models (linear and logistic). Data are given as mean and standard deviation (SD) for continuous
clinical outcomes and as percentage for binary clinical outcomes. Models adjusted for sex, age at
assessment, and disease duration. Beta (B) regression coefficient is given with the 95% CI.
Statistically significant results highlighted in bold with (*) sign and red (p-value < 0.05).
Abbreviation : p-value, unadjusted p-value; adj p-value, corrected for multiple comparisons using
FDR adjustment; AAQO, age at onset; H&Y, Hoehn & Yahr; MDS-UPDRS, Movement Disorders
Society - Unified Parkinson’s Disease Rating Scale; FOG, freezing of gait; BDI, Beck Depression
Inventory; PDSS, Parkinson’s Disease Sleep Scale; SCOPA-AUT, Scales for Outcomes in
Parkinson’s Disease-Autonomic questionnaire; SAS, Starkstein apathy scale; MoCA, Montreal
Cognitive Assessment; ICD, impulse control disorder; RBDSQ, REM Sleep Behavior Disorder
Screening Questionnaire; LEDD, L-dopa equivalent daily dose (mg/day); PDQ-39, Parkinson’s
Disease quality of life Questionnaire; DBS, Presence of treatment by Deep Brain Stimulation.
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Supplementary Table 7. Comparison of clinical scores between known severe variant carriers
and four probably severe VUS carriers

Severe PDggai
carrier

Probably severe VUS GBA carriers

score (Z-score)

Type Clinical characteristics and mean (SD)
of data scales n=21 p.Y61H p.L213P p-A215D p-R434C
AAO 58.6 (+13.1) 38 (-1.5)* 56 (-0.2) 68 (0.7) 62 (0.26)
DD 6.4 (+4.7) 5(-0.3) 17 (2.2)* 1 (-1.1)* 11 (0.9)
k3 H&Y 2.4 (£0.8) 2 (-0.5) 4 (2)* 2 (-0.5) 3(0.75)
]
Q
g
E MDS-UPDRS II 12.6 (+4.4) 14 (0.32) 26 (3.05)* 6 (-1.5)* 17 (1)*
[
B
§> MDS-UPDRS III 34.8 (£15.7) 35(0.01) 81 (2.94)* 14 (-1.32)* 44 (0.59)
1
S
g MDS-UPDRS IV 3.0 (x4.5) 10 (1.56)* 9 (1.33)* 1 (-0.44) 0 (-0.67)
BDI 12.4 (£5.7) 9 (-0.6) 7 (-0.95) 16 (0.63)
% MDS-UPDRS Part I 15.0 (£6.5) 9 (-0.92) 26 (1.69)* 17 (0.31) 6 (-1.38)*
Q
«»
g PDSS 98.3 (£20.9) 95 (-0.16) 82 (-0.78) 65 (-1.59)*
S
=
g SCOPA-AUT 17.1 (£8.0) 8 (-1.14)* 12 (-0.64) 27 (1.24)*
g
g Sniffin’s stick test 6.4 (£3.6) 6 (-0.11) 7(0.17) 8(0.44) 3 (-0.94)
=
2 SAS 15.8 (£5.2) 14 (-0.35) 17 (0.23) 19 (0.62)
MoCA 24.0 (£4.7) 26 (0.43) 18 (-1.28)* 20 (-0.85) 18 (-1.28)*
=
E g LEDD (mg/day) 690.5 (£457.9) 1378 (1.5)* 675 (-0.03) 675 (-0.03) 975 (0.62)
e
- S
% 2 PDQ-39 52.0 (£26.3) 42 (-0.38) 14 (-1.44)* 48 (-0.15)
=)

We compared the clinical scores obtained from known severe variants carriers with the four carriers
of probably severe VUS (p.Y61H, p.L213P, p.A215D, and p.R434C). To calculate the z-score, we
use the formula, z=(X — p)/o; X is the clinical outcome value, p is the mean and ¢ is the standard
deviation. The z-score indicates the number of standard deviations from the mean. z-score deviated
from the mean with more or less than 1 SD were highlighted in bold with (*) sign and red.
Abbreviation: AAO, age at onset; H&Y, Hoehn & Yahr; MDS-UPDRS, Movement Disorders
Society - Unified Parkinson’s Disease Rating Scale; BDI, Beck Depression Inventory; PDSS,
Parkinson’s Disease Sleep Scale; SCOPA-AUT, Scales for Outcomes in Parkinson’s Disease-
Autonomic questionnaire; SAS, Starkstein apathy scale; MoCA, Montreal Cognitive Assessment;
PDQ-39, Parkinson’s Disease quality of life Questionnaire.
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Supplementary Table 8. Frequency of GBA1 variant in European Parkinson's disease population
that performed full GBAI gene sequencing.

PD GBAI carrier
Population Screening method E365K | T408M | L483P | N409S | RecNcil | Other
(n) frequency (%)
Ashkenazi
735 Targeted NGS 18 1.6 0 0.3 11.8 0 42
Jews!!
Netherland" | 3402 Long-range PCR 15 6.7 2.5 0.6 0.9 0 43
Complete exon Sanger
Italy" 874 . 14.3 1.7 0.6 2.3 33 0.8 5.3
sequencing
Luxembourg
644 PacBio 12 3.6 2.6 1.7 1.1 0.6 3
(this cohort)
High-resolution
Southern
532 melting analysis 11.7 3 0.9 2.4 0.9 0 43
Spain®
(HRM)
PCR amplicon +
New Zealand" | 229 9.2 4.8 3.1 0 0.4 0 1.3
nanopore
Complete exon Sanger
Ireland"s 314 ) 8.3 4.1 1.9 0 0.9 0.9 0.5
sequencing
Portugal' 230 X 8.3 0.9 0.9 1.3 22 0 0.9
Greece’ 172 X 6.4 0.6 0 1.2 0 0 4.6
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Supplementary Figure 1: Lolliplot graphics showing all GBA! variants found in the Luxembourg Parkinson’s study through the whole protein sequences.
Each lollipop represents a GBA 1 variant identified in this the Luxembourgish cohort (upper part) and known GBA! variants in ClinVar or literatures (bottom
part). Variants classified as severe are colored red, mild are colored orange, risk in yellow and VUS are colored purple.
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Domain Il
catalytic domain

Domain |l

(http://www.pymol.org). Domain I is shown in dark yellow with the antiparallel  sheet (residues 1—
27 and 383—414), Domain II in blue with the immunoglobulin-like domain (residues 30—75 and 431—
497), and Domain III in pink is the catalytic domain with the (b/a)8 (TIM) barrel structure (residues
76381 and 416—430). The active site residues Glu274 and Glu379 are shown in red.
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Project description

For the first time, we investigated the genetic aspects of PD in a substantial case-control cohort of
Parkinsonism patients from Luxembourg. Our primary objective was to create a comprehensive
genetic profile of the cohort by examining rare SNVs and CNVs, and the impact of SNPs using
Polygenic risk scores analysis (PRS).
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2.1. Introduction

Over the last two decades, our understanding of PD genetics has seen remarkable advancements,
representing a breakthrough in PD research. The identification of mutations in the genes such as
PARKN, DJI/PARK7, PINKI, LRRK2, VPS35 and SNCA has been the major success in
understanding and increasing the knowledge of the genetic monogenic causes of PD (Billingsley et
al., 2018). Although PD has been associated with mutations in 15 genes responsible for monogenic
forms of PD, these monogenic forms account for only approximately 30% of all PD cases

(Billingsley et al., 2018).

The number of mutation carriers has increased considerably in recent years, mainly due to
technological advancements, particularly next-generation sequencing methods, which make genetic

testing more accessible.

PD patients are commonly stratified based on their age of onset (early or late onset, with a cut-off of
50 years of age), family history (familial or sporadic PD), and the presence of pathogenic variants
(monogenic or idiopathic PD). These stratification factors, combined with identified genetic causes,

facilitate a more personalized and targeted approach to understanding and managing the disease.

A combined effect of more than 90 loci with low-risk factors may affect a disease's susceptibility.
These loci, which include genes like SNCA and LRRK2, have been discovered by GWAs
(Blauwendraat et al., 2020a; Nalls et al., 2019b). While CNVs have received comparatively less
focus than the more prevalent SNVs, their presence has also been detected. In genes associated with
PD, deletions and duplications were identified using a targeting method for candidate genes (La
Cognata et al., 2017; Pankratz et al., 2011; Toft and Ross, 2010), such as PRKN, SNCA, PINK]1,
PARK?7 and ATP13A42, or genome-wide burden analysis (Liu et al., 2013; Sarihan et al., 2021).

Even with ongoing worldwide efforts in genetic analysis, further development is required in the areas
of early diagnosis and prognosis, causative treatments and innovative therapeutic approaches.
Therefore, it is important to produce reliable evidence on the genetic etiology and epidemiology of
PD.

In this study, we carried out a comprehensive and detailed genetic analysis of participants in the
Luxembourg Parkinson's study, who underwent in-depth phenotyping. Our investigation focused on

the identification of rare SNVs and CNVs and the effects of common SNPs using PRS.
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ABSTRACT

Objectives: To explore the genetic architecture of PD in the Luxembourg Parkinson’s Study
including cohorts of healthy people and patients with Parkinson’s disease (PD) and atypical
parkinsonism (AP).

Methods: 809 healthy controls, 680 PD and 103 AP were genotyped using the Neurochip array. We
screened and validated rare single nucleotide variants (SNVs) and copy number variants (CNVs)
within seven PD-causing genes (LRRK2, SNCA, VPS35, PRKN, PARK7, PINKI and ATP13A2)).
Polygenic risk scores (PRSs) were generated using the latest genome-wide association study for PD.

We then estimated the role of common variants in PD risk by applying gene-set-specific PRSs.

Results: We identified 60 rare SN'Vs in seven PD-causing genes, nine of which were pathogenic in
LRRK?2, PINKI and PRKN. Eleven rare CNVs were detected in PRKN including seven duplications
and four deletions. The majority of PRKN SNVs and CNVs carriers were heterozygous and not
differentially distributed between cases and controls. We identified new digenetic variants in genes
associated with PD. The PRSs were significantly associated with PD and identified specific

molecular pathways related to protein metabolism and signal transduction as drivers of PD risk.

Conclusion: We performed a comprehensive genetic characterization of the deep-phenotyped
individuals of the Luxembourgish Parkinson’s Study. Heterozygous SNVs and CNVs in PRKN were
not associated with higher PD risk. In particular, we reported novel digenic variants in PD related
genes and rare LRRK2 SNVs in AP patients. Our findings will help future studies to unravel the
genetic complexity of PD.
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INTRODUCTION

Parkinson’s disease (PD) is the fastest growing neurodegenerative disorder, affecting more than 8.5
million people (Dorsey and Bloem, 2018). The main pathological hallmarks of PD include loss of
dopaminergic neurons in the substantia nigra and the presence of intraneural Lewy bodies, with motor
and non-motor symptoms (Bloem et al., 2021). The etiology of sporadic PD is complex and
influenced by both environmental and genetic factors. Familial monogenic forms defined by rare and
pathogenic variants in autosomal dominant (e.g., SNCA, LRRK2, VPS35) or recessive (PRKN,
PINK1, PARK7) PD-related genes, account for less than 10% of Mendelian cases (Lesage and Brice,
2009). The contribution of genetics in the remaining patients with sporadic forms of PD is not yet
well defined. Moreover, the presence of heterozygous variants in the GBAI gene has emerged as a
common risk factor for PD, estimated to occur in about 4-12% of PD patients (Peiris et al., 2023).
Disease susceptibility may be influenced by a combined effect of more than 90 common low-risk
genetic loci defined by large genome-wide association studies (Blauwendraat et al., 2020; Nalls et
al., 2019), including those in the SNCA and LRRK?2 genes. Although less explored than common
single-nucleotide variants (SNVs), copy number variants (CNVs) have been reported, especially in
PD-associated genes where pathogenic deletions and duplications have been identified using either a
gene candidate approach (PRKN, SNCA, PINKI, PARK7 and ATP1342) (La Cognata et al., 2017,
Pankratz et al., 2011; Toft and Ross, 2010) or genome-wide burden analysis (Liu et al., 2013; Sarihan
et al., 2021).

Despite ongoing global scientific efforts in genetic analysis, improvements are still needed in terms
of early diagnosis and prognosis, causative treatments and new therapeutic approaches. As the
population ages, the number of PD patients will increase dramatically. It is therefore important to
generate reliable evidence on the epidemiology and genetic etiology of PD to enable precision
medicine and prevention for neurodegeneration in PD. In particular, three genetic discoveries that
have led to new therapeutic approaches (targeting a-synuclein, glucocerebrosidase and LRRK2

pathway) are now in clinical development (Sardi et al., 2018).

We had previously performed a comprehensive screening of GBA1 gene variants (Peiris et al.,
2023).

Here, we sought to genetically characterize patients with PD or atypical parkinsonism (AP) in the
Luxembourg Parkinson’s Study screening for rare SNVs, CNVs, and estimated the effect of common

SNVs using polygenic risk scores (PRS).

91



Chapter 2

MATERIALS AND METHODS

Cohort characteristics

A total of 1592 individuals (783 cases and 809 neurologically healthy controls) were recruited from
March 2015 to December 2022 as part of the Luxembourg Parkinson's Study, a large longitudinal
monocentric study within the framework of the NCER-PD (National Centre for Excellence in
Research in PD (Hipp et al., 2018; Pavelka et al., 2022)). The most up-to-date diagnostic status of
the participants was used at the time of export (July 2023). Assignment of diagnosis was based on
the following diagnostic criteria: for PD UKPDSBB (Litvan et al., 2003); for progressive
supranuclear palsy (PSP) Institute of Neurological Disorders and Stroke/Society criteria (Litvan et
al., 1996); for frontotemporal dementia with parkinsonism (FTD-P) (Neary et al., 1998); for multiple
system atrophy (MSA) (Gilman et al., 2008); for dementia with Lewy bodies (DLB) (McKeith et al.,
2005). Of these individuals, 680 fulfilled the criteria for PD and 103 for AP (52 for PSP, 26 for DLB,
14 for MSA, 10 for corticobasal syndrome (CBS), and one for FTD-P). All subjects gave written
informed consent. The study was approved by the National Research Ethics Committee (CNER Ref:
201407/13).

Genotyping and quality controls

Samples were genotyped with the customized NeuroChip array, which was designed to contain
tagging rare and common variants associated with neurodegenerative diseases (v.1.0 and vl1.1;
[llumina, San Diego, CA, (Blauwendraat et al., 2017)). These disease-targeted variants include loci
from the largest completed meta-analysis of PD cases and controls, which identified many of the
known PD mutations and additional rare high-risk variants. Using PLINK v1.9 (Chang et al., 2015),
we performed two rounds of quality control (QC). The first round included the following steps:
samples with call rates < 95%, missingness rates > 5%, Hardy-Weinberg equilibrium P-value < le-
6 and whose genetically determined sex deviated from the sex reported in clinical data were excluded
from the analysis. We also removed samples exhibiting excess heterozygosity (F statistic > 0.2).
After these steps, the remaining samples were used for rare variant screening and validation process.
Next, we performed a second round of QC steps where the filtered variants were checked for
relatedness (using KING (Manichaikul et al., 2010)) and samples with first-degree relatedness were
excluded. To determine the genetic ancestry, we calculated the first ten principal components (PCs)
using PLINK and merged our data with the 1000 genomes dataset. We selected only samples of
European ancestrys, excluding those with a value > 3SD based on the first and the second PCs.
Samples passing QC were then imputed using the Haplotype Reference Consortium rl.1 2016 on a
local instance of the Michigan Imputation Server (Das et al., 2016) and filtered for imputation quality

(R2>0.3).
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Variant annotation and rare variant screening

We annotated the variants with ANNOVAR (v 2020-06-08, (Wang et al., 2010)). We searched for
variants within a list of “PD genes” including the major causal genes according to MDS gene
classification (https://www.mdsgene.org) (1. Dominant forms of classical parkinsonism: LRRK?2,
SNCA, VPS35; 2. Recessive forms of early-onset parkinsonism: PRKN, PARK?7, and PINKI; 3.
Atypical parkinsonism: ATP1342). We then selected rare nonsynonymous and splicing (+/-2bp) rare
variants based on the minor alleles frequency (MAF) <1% in the Genome Aggregation Database
(gnomAD 2.1 (Karczewski et al., 2020)) exomes and genomes for the non-Finnish European (NFE)
population. We performed Sanger sequencing to confirm all rare variants within these PD genes. The
pathogenicity of the validated rare variants was assigned based on ClinVar (Landrum et al., 2014),
the MDSgenes pathogenicity score (https:/www.mdsgene.org), the Combined Annotation
Dependent Depletion (CADD (Rentzsch et al., 2019)) and the Rare Exome Variant Ensemble Learner
REVEL scores (loannidis et al., 2016). CADD provides ranking scores that predict the
deleteriousness of variants, considering conservation and functional information, and variants with
scores equal to or greater than a CADD score of 20 are in the 1% most deleterious. REVEL is an
ensemble method for predicting the pathogenicity of missense variants by integrating multiple scores.
Scores range from 0 to 1 and variants with higher scores are more likely to be pathogenic. Scores
greater than 0.5 are predicted to be ‘likely disease causing’, as 75.4% of known disease mutations

but only 10.9% of neutral variants have a score greater than 0.5 (Ioannidis et al., 2016).

Copy number variant calling

We generated a custom population B-allele frequency (BAF) and GC wave-adjusted log R ratio
(LRR) intensity file using GenomeStudio (v2.0.5 Illumina) for all the samples that passed genotyping
QC steps and used PennCNV (v1.0.5, (Wang et al., 2007)) to detect CNVs. Only autosomal CNV
were targeted for CNV calling, as calls from sex chromosomes are often of poor quality. Adjacent
CNV calls were merged into one single call if the number of overlapping markers between them was
less than 20% of the total number when the two segments were combined. We conducted an intensity-
based QC to exclude samples with low-quality data. After intensity-based QC, all samples had an
LRR standard deviation < 0.25, an absolute value of the waviness factor < 0.05 and a BAF drift <
0.01. Spurious CNV calls in known problematic genomic regions (provided by PennCNV) were also
removed prior the analysis. We excluded additional samples with a total number of CNVs calls
greater than 80 (this threshold corresponds to the median + 3 SDs of the total number of CNVs per
sample). Called CNVs were removed from the dataset if they spanned < 20 SNPs, were < 20
kilobases (kb) in length and had a SNP density < 0.0001 (number of markers/length of CNVs).
Additionally, SNV density was not considered for CNVs spanning > 20 SNPs and >1 Mb in length.
CNVs were then annotated for gene content using refGene including gene name and the

corresponding exonic coordinates in the hg19 assembly using ANNOVAR (v 2020-06-08). We then
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searched for CNVs in the same list of “PD genes” used to screen for rare SNVs. We assessed the
frequency of CNVs based on complete overlap with CNVs of the same copy number reported in
gnomAD-SV (Collins et al., 2020) and in the Database of Genomic Variants (DGV (MacDonald et
al., 2014)). We evaluated the clinical impact of the detected CNVs using the CNV-ClinViewer
(Macnee et al., 2023), which integrates clinical interpretation of CNVs according to the ACMG
guideline and the ClassifyCNYV scores. Selected CNVs were validated using the multiplex ligation-
dependent probe amplification (MLPA) assay.

Polygenic risk score calculation

PRSs were calculated for healthy controls and PD cases using the R package PRSice2 (Choi and
O’Reilly, 2019) with default parameters. PRSs for each sample were generated using the imputed
genotyping data from the Luxembourg Parkinson's Study and the summary statistics of 90
genomewide significant SNVs that were previously reported to be associated with PD risk in the
largest PD genome-wide association study (GWAS) statistics to date (Nalls et al., 2019). PRSice2
implements the clumping and thresholding method. The criteria for linkage disequilibrium (LD)
clumping of SNPs were pairwise LD 12 < 0.1 within a 250 kb window. PRSs were computed at
different GWAS P-value thresholds (from 5e-08 to 5e-01). PRSice2 identified the best P-value
threshold for selecting variants that explained the maximum variance in the target sample. The
predictive accuracy of the PRS model was determined by two methods: by the observed phenotypic
variance (PRS model fit, R2) calculated by PRSice2 and by the area under the receiver operating
curve (AUC, pROC R package). The phenotypic variance R2 was adjusted for a PD prevalence of
0.005 (Bandres-Ciga et al., 2020). The PRS distributions between healthy controls and PD cases were
compared using the Wilcoxon ranksum test. PRSs for curated gene-sets were generated using the
msigdb function implemented in PRSice2, based on a collection of 3090 canonical pathways from
the molecular signature database (MSigDB, https://www.gsea-msigdb.org/,
“c2.cp.v2023.1.Hs.symbols.gmt”) with an MAF threshold of 0.01. The summary statistics of PD
GWAS from Nalls et al.2019 (excluding 23&me data) were used as the base dataset. The mapping
file “Homo_sapiens.GRCh37.87.gtf” was used as the universal background for gene-set analysis.
Resulting gene-sets with a p-value less than 0.05, corrected for Bonferroni multiple testing, were
considered significant. In order to understand which biological processes were associated with PD
after excluding known risk factors, we performed the same analysis after removing the 90 PD GWAS
hits (Nalls et al., 2019) and additional SNV that were located 1 Mb upstream and downstream. We
used a logistic regression model to calculate the odds ratio (OR) to assess whether PRS could predict

PD risk. Age, sex and the first five PCs were included as covariates.
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RESULTS

Cohort description

After the quality control procedure, the final dataset for the Luxembourg Parkinson’s study comprised
1490 individuals (667 PD cases, 99 atypical PD cases and 724 healthy controls). Detailed
demographic data are summarized in Table 1. The control group had a mean age at assessment of
65.8 + 11.6 years. The PD patients had a mean age of onset (AAO) of 62.3 + 11.8 years. To illustrate
the ethnic composition of our cohort, we performed PCA using 1000 Genome populations as a
reference (The 1000 Genomes Project Consortium, 2012) and showed that all our samples clustered

strongly with the European ancestry (supplementary figure 1).

Rare variants in PD-related genes

We screened for rare (gnomAD NFE MAF < 1%) exonic and splice region variants in seven PD
causal genes and validated these findings by Sanger sequencing. We identified 60 rare variants (59
missense and one frameshift) in all PD-related genes except for SNCA (Table 2), in 119 individuals
including 52 controls, 57 PD and 10 AP patients, representing 7.9% of the total cohort (Table 3). All
carriers were heterozygous, except two PD patients that were homozygous for LRRK2 p.1723V and
PINK]1 p.L369P, respectively.

Among the 29 rare variants identified in LRRK?2, five variants have a CADD score > 20 and REVEL
score > 0.5 (p.R1325Q, p.R1441S, p.R1441C, p.M1869T, and p.G2019S) showing high evidence for
pathogenicity. Three of these variants were classified as pathogenic for PD in ClinVar (Table 2) and
were present in nine individuals representing 0.60% of the total cohort (Table 3). Among these
variants, five PD patients carried the extensively studied pathogenic variant p.G2019S while two PD
patients carried the pathogenic p.R1441C and p.R1441S variant.

Two control individuals with family history of PD (Table 3) had rare LRRK?2 variants. One control
individual carried the variant p.G2019S (38 years old) and has a high probability of developing PD
(Healy et al., 2008). Another control individual (77 years old) carried the p.R1441C, although this
variant is described as highly penetrant (more than 90% of carriers had PD by the age of 75
(Haugarvoll and Wszolek, 2009)).

In the autosomal recessive PD-causing genes (PRKN, PARK7, PINK1, and ATP13A42), we identified
28 heterozygous rare variant carriers and only one homozygous rare variant carrier (PINKI p.L369P,
Table 2). The distribution of these variants was similar between cases and controls (27 PD, six AP
and 29 controls, p-value = 0.39, Table 3). Four controls and ten patients had a first-degree family-
history of PD. The age of the control individuals carrying these heterozygous variants ranged from
52 to 85 years (mean = 67.8 years). The AAO of the PD patients carrying these heterozygous variants
ranged from 39 to 87 (mean = 65.5). One PD patients was younger than 40 years (carrying PINK]
p-A383T), all the others were older than 50 years.
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According to ClinVar, two pathogenic PRKN variants (p.R275W and p.Q34fs) were found in three
PD patients, one PSP patient and three controls (all heterozygous, representing 0.46% of the total
cohort, Table 3). Three PRKN variants (p.M192L, p.R256C and p.R275W) were predicted to be
likely pathogenic with CADD and REVEL scores above the selected threshold. However, we noted
the occurence of heterozygous p.R256C in three controls (age 80, 81 and 85years) and one PD patient
(AAO = 52 years), which is classified as ‘probably pathogenic’ according to the MDSgenes
pathogenicity score. For PINKI we found no pathogenic variant classified in ClinVar. However,
p-R279H, p.A339T and p.L369P are ‘probably pathogenic’ according to the MDSgene pathogenicity
scores, but only when homozygous. Two of these variants (p.R279H, p.L369P) and p.M318L were
classified as ‘likely pathogenic’ based on CADD and REVEL scores. In addition, the PARK7
p-A104S and ATP1342 p.R172H, p.S277C, p.P358L, p.R924H and p.R980H heterozygous variants
had higher CADD and REVEL scores but were not reported to be pathogenic for PD in ClinVar or
MDSgene. Overall, we described nine pathogenic variants from databases of clinical interest in
LRRK?2, PRKN and PINK]1 in a total of 26 samples (13 PD, 1 PSP and 12 controls, all heterozygous)
representing 1.7% of the total cohort (Table 3). Given the zygosity of the variants, only variants in
LRRK?2 can be responsible for the disease. AP patients were heterozygous carriers of probably benign
variants in LRRK2 and PINK] and a pathogenic variant in PRKN.

An extensive screening of GBA! variants was previously performed by our team (Peiris et al., 2023)
using GBA I-targeted PacBio sequencing in individuals from the Luxembourg Parkinson’s study (660
PD patients, 100 patients with other forms of parkinsonism and 808 controls). We identified 21 rare
GBA1 variants (20 missense and one splice site) in 37 PD patients and 16 controls (representing 5.6%
of PD patients and 1.9% controls), which were validated by Sanger sequencing. Eleven rare variants
were classified as pathogenic while the others were classified as variants of unknown significance
(VUS). For the samples that were both genotyped and screened by targeted GBA I-sequencing, we
found that none of carriers of rare variants in the studied PD-causing genes, identified within the

NeuroChip, harboured an additional pathogenic GBA/ variant.

Rare copy number variants in PD-related genes

We initially detected 25299 CNVs, including 13862 duplications and 11437 deletions in 728 controls
and 757 PD cases. After all QC and filtering steps, the final number of CNVs was 1079 CNVs,
including 737 duplications and 342 deletions in 373 controls and 366 cases. CNV analysis showed
that almost half of the samples (49.7%) carried at least one QC-passed CNV. The length of the CNVs
in the entire cohort ranged from 20 kb to 3.0 megabases (Mb) with a median size of 160 kb. The
characteristics of our CNV analysis are shown in Table 4.

We then explored CNVs overlapping known PD genes and identified 15 CNVs in 18 samples (six
controls and 12 PD cases) that were exclusively in the PRKN gene (Table 5). None of the PRKN
CNV carriers had a rare variant in the same gene. We tested the presence of five CNVs by MLPA.
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As MLPA only covers exonic regions of PRKN, three MLPA results were consistent with PennCNV
results (Table 5). One duplication was located in exon 2 rather than in a nearby intronic region and
one duplication was found to be homozygous covering exon1 rather than heterozygous covering exon
2 (Table 5). After MLPA validation, of the 15 PRKN CNVs, eight were single copy deletions, six
were single copy duplications and only one was a probably pathogenic homozygous duplication in a
late-onset PD patient (AAO = 69 years). Among the PD cases, three PRKN heterozygous CNV
carriers had an AAO < 50 years (including one patient diagnosed with a juvenile form of PD at the
age of 18). One CNV was detected in four samples, while the others were detected in only a single
sample (Table 5). Eleven CNVs were considered as rare, since they were not reported in DGV and
were spanning structural variants reported in European descent gnomAD SV dataset with a
frequency of less than 1% (Table 5). No clear clinical impact was observed for all the PRKN CNVs

(uncertain significance in CNVClinViewer).

Rare digenic variants

Eight individuals (five PD cases, one with PSP and two controls) carried two variants in two different
PD-related genes (Table 3). The AAO of the patients ranged from 52 to 71 (mean = 64.3). In
particular, in autosomal recessive PD genes, pathogenic PRKN p.R256C and PINKI p.A339T (in
heterozygous state) were detected in the same individual with another probably benign variant. One
PD patient (AAO = 62 years) carried the heterozygous PRKN deletion (chr6:162279763-162406957)
and also the benign LRRK?2 variant p.R1514Q. Moreover, two controls were carriers of two variants

in PRKN-ATP13A2 (81 years old) and in PRKN-PINK1 (70 years old) respectively (Table 3).

Combining rare single nucleotide and copy number variants in PRKN

The number of heterozygous rare pathogenic PRKN SNVs (p.Q34fs, p.R256C and p.R275W) was
not significantly different between controls (n=6, 0.82%) and PD cases (n=4, 0.5%, p-value = 0.6).
If we consider all the rare heterozygous CNV deletions as pathogenic loss-of-function variations
together with the homozygous duplication, we counted seven PD cases each carrying one rare
pathogenic deletion. Overall, the number of heterozygous pathogenic SNVs and CNVs was slightly
higher in PD (n=11, 1.64%) than in controls (n=6, 0.82%), but the difference is still not significant
(p-value = 0.16).

The sample size is too small to examine a significant burden of these rare variants on PD risk.

Polygenic risk scores

Using significant common SNVs from the largest PD GWAS summary statistics (Nalls et al., 2019),
we calculated the PRS in the Luxembourg Parkinson’s study for 724 controls and 667 PD patients.
The PRS model was calculated based on 75 clumped SNPs that showed the best prediction at the
GWAS p-value threshold of 5e-08 and an observed phenotypic variance R2 of 5.3% (1.9% after
adjustment for PD prevalence of 5e-03, empirical p-value=9.9¢-05) with an AUC of 62.8%. We
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found a significant association of PRS with higher PD risk (OR= 1.70[1.50-1.93], p=5.9¢-17). The
distribution of PRS scores in PD cases and healthy controls was significantly different (Wilcoxon
test p-value < 2.2e-16, Figure 1.A). Individuals with the 5% and 10% of highest PRS values had a
9.5-fold [3.9-26.3] (p=1.4e08) and 5.6-fold [3.3-9.7] (p=1.8e-12) increased risk, respectively,
compared to individuals with the lowest 5% and 10% PRS values (Figure 1.A). Out of the 3090
canonical pathways gene-sets representing the most important biological processes and diseases, 17
gene-sets were significantly associated with PD risk (Bonferroni adjusted p-value < 0.05, Figure 1.B,
Supplementary Table 1). Among the enriched pathways, the majority were associated with PD
(showing the highest R2 values, Figure 1.B) and PD pathogenesis (a-synuclein, Parkin and
ubiquitination related pathways), Alzheimer disease (AD), signal transduction and metabolism of
proteins. No gene-set remained significant after excluding the 90 PD GWAS hits region (1Mb
upstream and downstream each locus), indicating the absence of other risk loci acting independently

of the known ones.

DISCUSSION

The current report is a comprehensive genetic description of participants recruited within the
monocentric case-control Luxembourg Parkinson’s study, including patients with PD and atypical
parkinsonism, with previously described recruitment design and clinical characteristics (Hipp et al.,
2018; Pavelka et al., 2022). Previous long-read sequencing of GBA1 gene in our cohort revealed that
12.1% of PD patients carried GBAI variants (Peiris et al., 2023). Analysing now the complete
Neurochip genotyping data, we investigated the potential effect of rare variants, common low-risk
variants and CNVs on the PD pathogenesis. Our findings are consistent with those previously
reported in European ancestry datasets.

In the LRRK?2 gene, two well-established pathogenic SNVs were found in five PD patients and two
controls with a frequency similar to previous European ancestry datasets (Correia Guedes et al., 2010;
Shu et al., 2019). Pathogenic and probably pathogenic variants in the ATP1342, PARK7, PRKN and
PINK1 genes associated with autosomal recessive PD were found in the heterozygous state, except
in one PD patient. The latter carried a homozygous pathogenic PINKI variant (p.L369P) and had an
AAO of 32 years (Arena and Valente, 2017) reported a similar finding, where homozygous variants
in PINK1 associated with early-onset PD (EOPD) were present in the patient before the age of 45
years. In our study, the number of heterozygous SNVs in the recessive PARK7, ATP1342, PRKN and
PINK]I genes was not significantly different between PD cases and controls. Controls carrying these
variants were over 50 years of age. The majority had no family history of PD and most of PD patients

were not of young onset (AAO > 50 years). Patients with AP carried probably benign heterozygous
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variants, mainly in LRRK2 and PINKI. Pathogenic LRRK?2 variants have been described in patients
with primary tauopathies, although at a low frequency (Sanchez-Contreras et al., 2017; Wen et al.,
2021). In particular, LRRK?2 has recently emerged as a genetic risk factor associated with PSP
progression (Jabbari et al., 2021).

We called CNVs from the genotyping data of individuals in the Luxembourg Parkinson’s study and
after a stringent quality control and filtering steps, we screened for CNVs overlapping PD causal
genes. We identified 12 PD patients who carried CNVs exclusively in the PRKN gene, of which three
CNVs were validated by MLPA and were reported in patients having a disease AAO of 50 years.
Especially, we described a heterozygous exonl-4 duplication in a patient with EOPD (AAO of 18
years) who did not present any rare variant in the PD-related genes studied here. Moreover, we
validated by MLPA a homozygous duplication of PRKN exonl in another PD patient with a late
disease-onset (69 years). Duplications of PRKN exons were previously reported as ‘likely
pathogenic’ (Schiile et al., 2015). Indeed, both homozygous and compound heterozygous PRKN
deletions and duplications have previously been associated with early-onset and familial forms of PD
(Ahmad et al., 2023; Elfferich et al., 2011; Huttenlocher et al., 2015; Kim et al., 2012). This was
recently reproduced in a large CNV study of 4800 clinical exome sequencing reports (Pennings et
al., 2023). In a Latin American PD cohort, CNVs in PRKN were significantly associated with disease
progression, with a prevalence of 5.6% in EOPD cases (Sarihan et al., 2021).

We found that six PD cases and one PSP case carried digenic variants in two different PD-related
genes (LRRK2-PRKN, LRRK2-PINK1, PINK1-ATP1342) with AAO greater than 50 years. Hitherto,
only a few studies have identified digenic variants of PD-related genes (LRRK2-PRKN (Dichsel et
al., 2006), PINKI1-PARK?7 (Tang et al., 2006) or PRKN-PINK1 (Hayashida et al., 2021)). A detailed
familial and clinical study could be carried for every individual, to confirm that the combination of
these heterozygous variants, in the context of a digenic inheritance, may point out the phenotype
observed in PD and PSP cases.

In our study, we did not find a significant overrepresentation of rare heterozygous SNVs and CNVs
in PRKN. In particular, heterozygous pathogenic PRKN variants were not significantly more frequent
in controls than in PD cases. Homozygous or compound heterozygous variants in this gene are the
most common cause of EOPD, (Kilarski et al., 2012)), while heterozygous loss of PRKN function
may be a potential risk factor for developing PD (Castelo Rueda et al., 2021; Huttenlocher et al.,
2015; Klein et al., 2007; Lubbe et al., 2021) and therefore identifying individuals at increased risk
might be useful in the prodromal phase. However, this role of heterozygous PRKN is still under
debate, as previous reports suggested a lack of association with PD (Kay et al., 2010). Recently, in a
larger association study, Yu and colleagues fully sequenced PRKN in a PD cases/controls cohort from
European ancestry, including 1965 late-onset and 553 early-onset, and concluded that heterozygous
SNVs or CNVs in PRKN are not associated with EOPD (Yu et al., 2021). They reported that 1.52%
of PD and 1.8% of controls were carriers. Here, using a SNP array based on CNVs and SNPs
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screening, we showed similar percentages (1.64% of PD and 0.82% of controls) with non-significant
differences between controls and mainly late-onset PD cases excluding a role of heterozygous Parkin
mutations in late-onset PD.

Potential neuroprotective PD therapies and clinical trials are now targeting specific PD subtypes
based on genetic markers causing or increasing the disease risk, such as therapies targeting LRRK2,
GBAI and alpha-synuclein (Sardi et al., 2018). Parkin-proved disease is characterized by a slow
motor progression, preserved cognition and a limited increase in dopaminergic medication over time
(Menon et al., 2023). Moreover, severe loss of dopaminergic neurons was observed in homozygous
PRKN carriers without Lewy bodies formation, which is one of the major markers of idiopathic PD
(Mata, 2004). Confirming the potential role of heterozygous PRKN variants in the pathogenesis of
PD will be crucial, despite the lack of data describing PD conversion of individuals carrying these
genetic risk factors.

Beyond the effects of rare variants, we estimated the total cumulative contribution of common low
risk SNVs by calculating the PRS. Our PRS model of disease risk showed an expected trend similar
to previous reports showing that PRS discriminates PD cases from unaffected individuals (Dehestani
et al., 2021). Several polygenic analyses have become standard tools for assessing the risk for
complex disorders and an accurate method for predicting disease status and identifying high-risk
individuals (Lewis and Vassos, 2020). Next, we looked up at how thousands of biological pathways
might contribute to the risk of developing PD. In addition to pathways already associated with PD
and AD, molecular processes underlying proteins metabolism, signal transduction and post-
translational protein modification were among the most important contributors to PD risk. The
metabolic dysfunction, energy failure and redox imbalance observed in PD were considered obvious
features to qualify PD as a complex metabolic disorder (Anandhan et al., 2017). In addition,
disruption of any stage in the protein life cycle could engender PD pathology (Langston and Cookson,
2020). Comparing our results with a previous large-scale gene set-specific PRS studies that reported
the involvement of multiple processes in the aetiology of PD (Bandres-Ciga et al., 2020), similar
molecular processes were found here. However, other processes such as immune response, synaptic
transmission and endosomal-lysosomal dysfunction were not highlighted which may be due to the
smaller sample size in our dataset. Pathway PRSs are expected to provide important insights into the
complex heterogeneity of PD and how patients respond to treatment, by generating biologically
traceable therapeutic targets from polygenic signals (Choi et al., 2023).We are aware that our study
has several limitations: (1) the sample size was not large enough to have sufficient statistical power
to perform further analysis, such as GWAS for PD risk or AAO, genome-wide CNV burden or human
leukocyte antigen (HLA) association; (2) not all known variants associated with PD can be accurately
assessed by the NeuroChip and we might have missed some mutated alleles, even though we

confirmed all the identified variants by Sanger sequencing; and (3) we used best practices to call
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CNVs from genotyping data (Sarihan et al., 2021), and thus we will always miss small CNVs that
are systematically filtered out. Moreover, we could validate only few of the called CNVs with MLPA.

CONCLUSION

In conclusion, our study has successfully performed a comprehensive genetic baseline
characterization of the Luxembourgish PD case-control cohort, investigating rare variants, CNV's and
PRSs. Our findings do not support an association between PD risk and rare heterozygous PRKN
variants. We also described a possible role of LRRK2 in AP and new possible digenic inheritance
patterns in PD. Together with other studies in different European populations, our findings will
advance the understanding of PD pathogenesis and genetics and could redefine the development of

future therapeutic targets and therapies.
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Figures

Figure 1: A. Distribution of the polygenic risk score (PRS) between Parkinson’s disease (PD) patients and controls. B. Forest plots showing PRS odds ratio (OR) and 95%
confidence interval for the significant canonical pathways associated with PD risk (left panel) and the estimation of variance explained by PRS (right panel).
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Table 1: Demographic data of cases and healthy controls from the Luxembourg Parkinson’s study.
Counts, means and percentage were calculated after genotyping data quality controls. PD (Parkinson’s
disease),PSP (progressive supranuclear palsy), LBD (Lewy body dementia), MSA (Multiple System Atrophy),
CBS (corticobasal syndrome) and FTD-P (Fronto-temporal dementia with parkinsonism).

Family

N Sex (% male) assessmglgtilfltean:tSD) ?Iiee:ltld(:g]s)e)t l;]s)t(;;yl(:tf
degree

relative, %)

Controls 724 54.2 65.8+11.6 132 (18.2%)

PD 667 68.0 73.0+11.0 62.3£11.8 97 (14.5%)
PSP 50 62.0 76.4+6.7 67.6£7.4 5(10%)
LBD 25 68.0 77.8+9.8 70.5£9.4 3 (12%)
MSA 13 69.2 75.2+7.7 65.8+8.4 1 (7.7%)
CBS 10 30.0 77.1+£7.8 69.2+8.6 1 (10%)
FTD-P 1 0 69 58 0 (0%)
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Table2: Rare single nucleotide variants in PD related genes in the Luxembourg Parkinson’s study. Rare single nucleotide variants (SNVs) were screened from
Neurochip array and validated by Sanger sequencing. We included CliVvar prediction only for Parkinson’s disease (benign includes both ‘benign’ and ‘likely benign’
prediction, Pathogenic includes both ‘pathogenic’ and ‘likely pathogenic’ prediction). CADD (Combined Annotation Dependent Depletion). REVEL (Rare Exome Variant

Ensemble Learner).

Gene c¢.DNA Protein CADD REVEL ClinVar prediction for PD MDSgene pathogenicity rsid

c.C35T p-T12M 21.9 0.497 rs151117874
c.C3170T p-A1057V 25.8 0.07 15201610681
c.G515A p-R172H 31 0.781 15776601823
c.C746T p-A249V 10.24 0.473 15145515028
c.A829T p.-S277C 242 0.729 15538497077
c.C1073T p-P358L 23 0.555 15757503427
ATPI342 c.G1229A p-R410Q 23 0.312 15190746040
c.C1294G p.L432V 14.16 0.24 15149372969
c.G2771A p-R924H 32 0.967 15564643512
c.A2836T p.1946F 22.5 0.292 rs55708915
c.G2939A p-R980OH 21.2 0.63 15150748722
c.A3361T p.-T1121S 10.04 0.149 rs41273151
c.A382G p-S128G 20.4 0.044 Uncertain significance 15187299177
c.A784G p-M262V 0.001 0.013 Uncertain significance 15182233369
c.C856G p-L286V 23 0.173 Uncertain significance 15200437744
c.G1000A p-E334K 224 0.194 Conflicting interpretations of pathogenicity rs78501232
c.A1004G p-N335S 10.47 0.053 15989570613
c.G1108A p-A370T 25.7 0.186 15200189771
c.A2167G p.1723V 12.73 0.045 Benign rs10878307
c.G2291A p-S764N 8.77 0.01 15774818561
c.G2378T p-R793M 23.5 0.305 Conflicting interpretations of pathogenicity rs35173587
c.C2594T p-S865F 23.1 0.149 Benign 15142700458
LRRK2 ¢.G2769C p-Q923H 14.21 0.262 Conflicting interpretations of pathogenicity rs58559150
c.G2918A p-S973N 234 0.13 rs75148313
c.G3451A p-A1151T 20.4 0.029 Uncertain significance rs74985840
c.T3477G p.S1159R 20.7 0.165 15200965490
c.G3683C p-S1228T 16.12 0.307 Uncertain significance rs60185966
c.G3974A p-R1325Q 32 0.553 Conflicting interpretations of pathogenicity 1572546338
c.C4321T p.R1441C 233 0.727 Pathogenic pathogenic rs33939927
c.C4321A p-R14418S 22.6 0.66 Pathogenic rs33939927
c.G4541A p-R1514Q 223 0.1 Benign rs35507033
c.T4939A p-S1647T 13.97 0.086 Benign rs11564148
¢.T5606C p-M1869T 22.8 0.514 Conflicting interpretations of pathogenicity 1rs35602796
c.G5822A p-R1941H 23 0.24 Uncertain significance rs77428810
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c.G6055A p-G2019S 31 0.97 Pathogenic pathogenic rs34637584
c.G6688A p-E2230K 20.7 0.049 Uncertain significance 15201317931
c.C7067T p-T23561 19.59 0.154 Conflicting interpretations of pathogenicity rs113511708
c.T7169C p-V2390A 14.66 0.165 Uncertain significance 15376230626
c.G7183A p-E2395K 23.1 0.168 rs78964014
c.G7224A p-M24081 14.27 0.055 rs60545352
c.G7483A p-V24951 16.34 0.022 Benign 15150062967
PARK? c.G310T p-A104S 25.7 0.72 15774005786
c.G535A p-A179T 16.87 0.127 Uncertain significance 1s71653622
c.A377G p-Q126R 14.44 0.353 15775809722
c.G836A p-R279H 26 0.522 Uncertain significance Possibly pathogenic rs74315358
c.A952T p-M318L 23.9 0.596 Uncertain significance 15139226733
c.G1015A p-A339T 23.5 0.386 Conflicting interpretations of pathogenicity Probably pathogenic rs55831733
PINK1 c.T1106C p-L369P 26.5 0.83 Probably pathogenic rs1195888869
c.G1147A p-A383T 13.23 0.405 Conflicting interpretations of pathogenicity rs45515602
c.GI231A p-G411S 20.7 0.429 Conflicting interpretations of pathogenicity rs45478900
c.G1426A p-E476K 14.31 0.127 Benign Benign 15115477764
c.G1609A p-A537T 24.1 0.297 Uncertain significance 15771032673
c.101 102del p-Q34fs Pathogenic
c.C245A p-A82E 0.765 0.559 Conflicting interpretations of pathogenicity rs55774500
PRKN c.G500A p-S167N 15.67 0.164 Benign rs1801474
c.A574C p-M192L 22.5 0.519 Benign 159456735
c.C766T p-R256C 32 0.811 Uncertain significance Probably pathogenic 15150562946
c.C823T p-R275W 29.5 0.747 Pathogenic Definitely pathogenic rs34424986
VPS35 c.A110G p-N37S 21.1 0.054 Uncertain significance 15777006799
c.GIS1A p.G51S 22.6 0.236 Benign 15193077277
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Table 3: Number and phenotypes of rare variant carriers in PD related genes. (* homozygous carriers,

One PD patient was homozygous for LRRK?2 p.1723V and one for PINK! p.L369P)

n PD | n atypical parkinsonism | n Controls LRRK2 VPS35 | PRKN | PINKI | PARK7 | ATPI3A2
2 0 0 pALISIT
0 1 PSP 0 p.A370T
0 0 1 p.E2230K
0 0 2 p.E334K
1 0 0 p.G2019S p.AS2E
3 0 1 p.G2019S
1 0 0 p.G2019S, p.Q923H
4 1CBS 1 p.I723V*
1 0 0 p.L286V
0 0 2 p.MI869T
0 0 2 p.E2395K
1 0 0 p.M24081 p.R256C
0 1 PSP 0 p.M262V p.A383T
1 0 0 p.N3358
1 0 2 p.R1325Q
1 0 1 p.R1441C
1 0 0 p.R14418S p.S167N
1 0 0 pR1514Q p.N37S
5 1 CBS 2 p.R1514Q
1 0 1 p.R1941H
0 0 1 p.R793M
1 0 0 p.S1159R
0 0 1 p.S1228T
0 0 1 p.S128G
3 0 0 p.S1647T
1 0 0 p.S764N
1 0 0 D.S865F
1 0 0 p.S973N
0 1DLB 3 p.T23561
1 0 0 P.V2390A
0 0 1 D.V2495T
0 0 1 p.R256C p.R172H
1 0 0 p.A1057V
1 0 2 p.A249V
2 0 2 p.1946F
1 0 2 p.L432V
0 0 1 p.P358L
1 0 0 p.R410Q
1 0 0 p.R924H
0 0 1 p.R980H
0 0 1 p.8277C
1 0 0 p.A339T p.T1121S
0 0 2 p.T12M
1 0 1 p.A104S
1 0 1 p.ALT9T
1 0 2 p.A339T
2 0 1 p.A383T
1 1 DLB 0 p.AS37T
1 0 0 p.E476K
0 1PSP/1DLB 0 p.G411S
1 0 0 p.L369P*
0 0 1 p.AS2E | p.M3ISL
1 1DLB 2 p.M318L
1 0 0 p.QI26R
0 0 1 p.R279H
0 0 2 p.R256C
3 0 1 p.AS2E
0 0 1 p.MI192L
1 0 1 p.Q34fs
2 1 PSP 2 pR275W
0 0 1 p.S167N
1 0 1 p.G51S
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Table 4: Summary of CNV calls from the Luxembourg Parkinson’s study. Details of CNVs called following QC steps in cases and controls. CNV (Copy number
variants), PD (Parkinson’s disease), PSP (progressive supranuclear palsy), LBD (Lewy body dementia), MSA (Multiple System Atrophy), CBS (corticobasal syndrome) and
FTDP (Fronto-temporal dementia with parkinsonism), Kb (Kilobases).

Controls PD PSP LBD MSAP CBS FTDP
Number of samples 728 656 51 27 13 9 1
CNV carriers (n, %) | 373 (51.2 %) 322 (49.0 %) 21 (41.1 %) 15 (55.5 %) 4(30.8 %) 4(44.4 %) 0(0 %)
Number of CNVs 544 480 25 18 7 5 0
Duplication 377 323 17 12 6 2 0
Deletions 167 157 8 6 1 3 0
CNVs per sample |, ¢ g, 1.8 (0.9) 1.2 (0.4) 13(0.7) 2.1(0.9) 1.4 (0.5) 0
(Mean, SD)
Mean size of lcwl\g;(g]')’) 284 (343) 283 (335) 338 (435) 307 (326) 225 (143) 260 (348) 0
N“‘(‘:‘;‘;f ‘Z;fgﬁsgl‘;; 51.8 (61.6) 55.2(118) 51.8 (61.6) 55.6 (57.6) 32.3(12.8) 36.8 (15.6) 0
filtered out CNVs 11875 10598 1069 350 230 95 3
filtered out duplication 6472 5896 462 95 136 62 2
filtered out deletions 5403 4702 607 255 94 33 1
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Table 5: CNVs detected in any of the PD genes in the Luxembourg Parkinson’s study. CN: Copy Number, CN=1 (one copy deletion) and CN=3 (one copy duplication).
DGV frequency: the number of individuals carrying overlapping CNVs in DGV (Database of Genomic Variants). N spanning gnomAD SV: number of samples carrying
complete overlapping CNVs with the same copy number in gnomAD-SV (the genome aggregation database-structural variants). gnomAD SV Freq: the highest frequency
of the complete overlapping CNVs. AAA (Age at assessment for healthy controls) AAO (Age at Onset for PD. cases). MLPA Multiplex ligation-dependent probe
amplification.

n
N R I Y o IV e [PV VA e
sV
Control 60 no
chroJ PR Bume | 30 3 | PRKN (exoril“;i“é;om) 0 2 9.20E-05 4 gﬁﬁiﬁ 2(3) o
m | v | e | cemew
Chrféllg;g%ﬁgé' 80663 | 30 3 | PREN exon 12 0 0 0 1 Control 69 no
o e | eres49 | 153 | 1| PRRN exon 2-7 0 73 0.14 1 PD 61 no
Chrfélzf‘%g);“' 127195 37 1 PRKN exon 6 0 4 0.01 1 PD 62 no
Chr‘;’élz%ﬁ%iioz' 368691 | 90 1 | PRKN exon 4-6 0 2 0.14 1 Control 35 no
Chrfélzgzé‘;%%“l' 68026 | 21 1 | PRKN exon 5 0 2 0.006 1 PD 63 no
Chrléélzgzsf)ilzé%' 208720 | 55 1 | PRKN exon 3-4 0 23 0.14 1 PD 65 no
Chr%%%g‘;%i”' 360502 91 3 PRKN exon 2-3 0 10 0.001 1 PD 66 no
Chr%%zzng;og' 375488 | 60 3 | PREN exon 2-3 0 1 0.001 1 PD 18 yes exogj};;‘i:;fofl"py
Chrfé;%%féim' 86062 | 29 1 | PRKN exon 3 0 9 0.008 1 PD 56 no
Chrléélzzég%‘”' 165728 | 57 1 | PRKN exon 2 0 27 0.008 1 PD 75 no
Chrfég%égff 6- 317957 58 3 PRKN exon 2 0 10 0.001 1 Control 64 1o
Chrfglzgzlz“;‘;? > 170051 52 3 PRKN exon 2 0 4 0.001 1 PD 69 yes ex";lulpiﬁ‘;ﬁcgfies
Chrfélzzzséfzin' 107853 22 1 PRKN exon 2 0 15 0.001 1 PD 4 yes exo‘(ﬁ l‘éﬁzg"py
Chrfgg%%ﬁsf % 230612 29 3 }f fgg(’; exon 1 0 2 4.00E-04 1 PD 52 yes exggél?criif;py
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2.3. Supplementary material
Supplementary Figures:
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Supplementary Figure 1. PCAs of the Luxembourg Parkinson’s Study individuals (in purple) and the 1000 Genomes
population for comparison (color-coded by different populations).
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Supplementary Table 1: Canonical pathways significantly associated with PD risk in the Luxembourg Parkinson’s study. PRS R2: variance explained by polygenic
risk score, SE: standard error, P-value (after Bonferroni correction), N SNP: Number of SNPs included in each gene-set analysis

Gene set N genes Beta SE P-value | PRSR2 | N SNPs
PARKINSONS DISEASE PATHWAY (WP) 71 0.344278 | 0.060147 | 3.10E-05 | 0.025608 16
ALZHEIMERS DISEASE (KEGG) 166 0.316265 | 0.059383 | 3.10E-04 | 0.023056 11
PARKINSONS DISEASE (KEGG) 129 0.313221 | 0.059654 | 4.60E-04 | 0.026692 42
N GLYCAN TRIMMING IN THE ER AND CALNEXIN CALRETICULIN 34 0.286283 | 0.058815 | 3.40E-03 | 0.020331 356
CYCLE (REACTOME)

ECTODERM DIFFERENTIATION (WP) 139 0.285898 | 0.05872 | 3.40E-03 | 0.017453 5
MAPK SIGNALING PATHWAY (WP) 244 0.282071 | 0.058492 | 4.30E-03 | 0.015836 33
NAD BIOSYNTHETIC PATHWAYS (WP) 22 0.284523 | 0.059372 | 4.90E-03 | 0.012237

PTK6 PROMOTES HIF1A STABILIZATION (REACTOME) 6 0.280816 | 0.058907 | 5.90E-03 | 0.017434 7
ALPHA SYNUCLEIN PATHWAY (PID) 31 0.279482 | 0.05915 | 7.10E-03 | 0.017014 17
AMYLOID FIBER FORMATION (REACTOME) 105 0.269046 | 0.058621 | 1.40E-02 | 0.015743 4
PARKIN-UBIQUITIN PROTEASOMAL SYSTEM PATHWAY (WP) 71 0.269046 | 0.058621 | 1.40E-02 | 0.015743 4
SIGNALING BY PTK6 (REACTOME) 53 0.268987 | 0.058748 | 1.50E-02 | 0.016014 5
ALZHEIMERS DISEASE (WP) 261 0.268217 | 0.058881 | 1.60E-02 | 0.018947 7
ALZHEIMERS DISEASE AND MIRNA EFFECTS (WP) 320 0.268217 | 0.058881 | 1.60E-02 | 0.018947 7
POST TRANSLATIONAL PROTEIN MODIFICATION (REACTOME) 1419 0.26604 | 0.059004 | 2.00E-02 | 0.016832 66
PARKIN PATHWAY (BIOCARTA) 8 0.263226 | 0.058883 | 2.40E-02 | 0.016246 10
METABOLISM OF AMINO ACIDS AND DERIVATIVES (REACTOME) 366 0.252922 | 0.058534 | 4.90E-02 | 0.010947 6
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3.1. Introduction

In recent years, GWAS have led to the discovery of an increasing number of risk loci associated with
PD. Although each of these loci individually exerts only a small effect on disease risk, the PRS
combines the cumulative impact of multiple genetic variations to assess an individual's susceptibility
to a specific trait or disease. To determine a score that reflects an individual's overall genetic risk for
a given disease, thousands of genome-wide SNPs need to be analyzed (Nalls et al., 2019a). Recent
research has shown that PRS can provide important information about the genetic architecture of PD.
Higher PRS suggests a higher genetic susceptibility to the disease, while a lower score indicates a

lower genetic risk.

Recent studies have established a strong association between PD-PRS and PD risk. PD-PRS
correlated with Age at onset (AAO) (Ibanez et al., 2017), motor progression (Pihlstrem et al., 2016)

and cognitive symptoms (Iwaki et al., 2019).

GBA1 variants are the most frequent genetic risk factor for PD, which ranges from 10% to 30%, and
age is the penetrance factor (Anheim et al., 2012). Having previously established the classification
of GBA1I variants identified in the Luxembourg Parkinson's study, the present study aims to explore
the combined effect of PD specific PRS and the severity of pathogenic GBA variants in predicting
the risk of PD. In this study, we generated the PRS using 42 SNPs identified in a meta-analysis of
PD (Chang et al., 2017). A study was carried out with the GBA! carriers and the PRS, and it was
shown that GBAI penetrance and PRS are linked to common polymorphisms in the PD risk loci
SNCA and CTSB (Blauwendraat et al., 2020b). The identification of factors influencing the
penetrance of GBAI carriers could be used to stratify carriers and for personalized preventative

treatment.

PRSs are still an emerging field of research and their application in clinical settings is not yet
widespread. PRSs were exclusively developed and evaluated on populations with European ancestry
and they only consider the effects of common genetic variants, leaving out rare, CNVs or indels

variants, which remain unaccounted for.

Similar to many other complex diseases, PD results from a mix of genetic, environmental, and
lifestyle factors, and the predictive power of PRS is not yet complete. To employ PRSs to predict PD
risk and potentially guide personalized prevention and treatment strategies, further validation and

improvement through additional research are needed.
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Abstract

Background: It is well established that pathogenic variants in the GBA1, when present in a heterozygous
state, are a prevalent risk factor for Parkinson's Disease (PD). Despite this knowledge, the variables that
impact the manifestation of PD in these carriers remain unclear. Our study intends to assess the role of
polygenic risk scores (PRSs) in affecting the likelihood of PD onset among carriers of GBAI pathogenic
variants (GBA Irvs), spanning different degrees of pathogenicity.

Methods: PRSs for all participants in our study were determined using known genome-wide significant
loci and then categorized into three classes: "High", "Intermediate" and "Low" based on their tertiles. The
GBA Ivys were further classified into "severe", "mild" and "risk" categories according to their reported and
predicted severity. We then stratified each participant according to their PRS and GBA Ipy; carrier status to
investigate their influence on PD risk. We used logistic regression models to calculate odds ratios (OR).
Our analyses were conducted on data from the Luxembourgish Parkinson Study, which served as a

discovery cohort, and we subsequently confirmed our findings in a separate validation cohort.

Results: In the discovery cohort, we noted that carriers of severe, mild or risk GBAIpys who fell into the
highest PRS tertile showed a significantly higher OR (OR: 1.53; 95% CI, 1.43-1.63) for PD, when compared
to carriers within the lowest PRS tertile (OR: 1.14; 95% CI, 1.04-1.24). Intriguingly, non-carriers within
the discovery cohort possessing a high PRS demonstrated an OR of 1.22 (95% CI, 1.20-1.23), a risk level
equivalent to that of risk GBAlpvs carriers having an intermediate PRS (OR: 1.17; 95% CI, 0.97-1.34).

When we examined the replication cohort, we identified comparable trends.

Conclusions: Our results underscore the significant role that PRSs play in modulating PD risk among
carriers of risk GBAlIpvs. It appears that carriers with severe GBAIpys are generally at a higher risk of
developing PD, irrespective of their PRS status. However, it is crucial to mention that these findings

necessitate confirmation through further large-scale investigations.
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KEY MESSAGES
WHAT IS ALREADY KNOWN ON THIS TOPIC ?

e There's significant variability in the incidence of Parkinson's disease (PD) among individuals
carrying GBAI pathogenic variants (GBA Ipvs).
e Polygenic risk scores (PRSs) may be useful in stratifying PD risk, especially in individuals with

common GBA1 variants (p.E365K, p. T408M, or p.N409S).

WHAT THIS STUDY ADDS

e QOur research extends the current understanding by considering a wider range of GBAlpvs by
providing a focused analysis of the severity of GBAIpvs (risk, mild, severe) and including both
common and rare variants.

e  Our findings indicate that PRS may influence PD risk among GBA Ipys carriers, particularly for risk
and mild variants, whereas, severe variants consistently exhibit a higher PD risk (twofold or

greater), regardless of PRS status.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE, OR POLICY

The combined understanding of PRS and GBA Ipvs severity may improve the accuracy of predicting PD risk

in individuals carrying GBA Ipvs, thereby informing future research, clinical practice, and policy decisions.
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Introduction

Parkinson’s Disease (PD) is a complex disorder in which genetics plays a crucial role in the disease
etiology'. The presence of heterozygous variants in the GBAI gene, which encodes for a lysosomal enzyme
called glucocerebrosidase, has emerged as a prevalent risk factor for PD, with an estimated risk of
developing PD between 10% to 30% by the age of 80°. GBAI variant carriers are linked to an earlier onset
of symptoms and a more severe clinical outcome in PD patients’. Apart from the known pathogenic
mutations linked in the homozygous state to Gaucher's disease (GD), there are several "non-pathogenic"
variants of the GBAI gene that are not associated with GD but are observed at higher frequencies in
individuals with PD*. These include the commonly observed p.E365K and p.T408M missense variants,
classified as risk variants for PD °.

The effort to classify GBAI variants is beset with complexity, given the numerous existing classification
systems, each developed by separate research teams. This complexity is amplified by the classification
frameworks suggested by Hoglinger et al. in 2022a and the GBA1-PD disease browser®. The task is rendered
even more daunting due to the multitude of criteria and factors that these diverse systems utilize in their
categorization of GBAI variations.

Furthermore, the contribution of common genetic variants to the development of PD has been previously
highlighted . Genome-wide association studies (GWAS) have identified an increasing number of common
PD risk loci °. While each of these common variants alone has a relatively modest effect on overall disease
risk, they confer a significantly high disease risk when combined in polygenic risk scores (PRSs) '°. PRSs
are generated on an individual basis and, in particular, when individuals in the highest PRS percentile are
compared with the rest of the population, the effect can be similar to that of monogenic variants ''. Recently,
the PRS has gained importance as a risk stratification tool in many complex diseases '*'*. In PD, studies
have been conducted on PRS and its effect on the disease status 4, age of onset 15 and carrier status ‘.
The polygenic background has been found to modulate the risk of PD in carriers of GBAI variants (i.e.,
p.E365K, p.T408M or p.N409S) '7 and in carriers of the LRRK2 p.G2019S variant '°. PRS was found to be
significantly associated with increased penetrance of the LRRK2 p.G2019 variant, especially in young
carriers. It has been reported that common polymorphisms in the PD risk loci SNCA and CTSB are
associated with the penetrance of GBAI and PRS and may even modify the penetrance'®.

Building on previous research, our study extends the analysis of the effect of PRS on carriers of GBAI
pathogenic variants (GBA I pys) within the Luxembourg Parkinson’s Study. We subsequently validated our
findings using data from the UK Biobank cohort. Our investigation focused on understanding how the
synergistic effect of PRS and the severity of GBA I py; (risk, mild or severe) influences the risk of developing
PD. Crucially, this study also proposes a comprehensive framework for classifying GBA/ variants to

standardize interpretations and facilitate future research.
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Methods

The Luxembourg Parkinson's study

As a discovery cohort, we used the Luxembourg Parkinson's Study™>"

, a longitudinal population case-
control PD study from Luxembourg. Genotyping was performed using the NeuroChip platform'®, and
GBAI variants were identified using the GBAI-targeted PacBio method?'. To establish the diagnosis of PD,
the neurological examination was conducted based on the diagnostic guidelines of the United Kingdom
Parkinson's Disease Society Brain Bank?. Ethical approval for the Luxembourg Parkinson's study was
obtained from the National Ethics Board (CNER Ref: 201407/13 and 202304/03) and the Data Protection
Committee (CNPD Ref: 446/2017). Follow-up visits were performed regularly, with PD patients being

reassessed annually and healthy controls being reassessed every four years. The final diagnosis was

determined based on the last visit. Written informed consent was obtained from all participants.

To ensure the integrity of our study cohort, we implemented several exclusion criteria. First, individuals
with non-European ancestry, carriers of pathogenic variants or copy number variants (CNVs) in genes
associated with PD (based on the MDSGene® related gene list, excluding GBAI). We selected only
unrelated individuals, and within each family, we selected only one proband. Priority was given to the
patient with the earliest age of onset (AAO). In addition, HC with first-degree relatives with PD were
excluded. Then, we also excluded individuals who carried variants of uncertain significance (VUS) as

described below or synonymous variants in the GBAI gene.

The UK biobank cohort

As an independent replication cohort, we used the data from the UK Biobank (UKB). UKB is a long-term
prospective study recruiting volunteers mainly from England, Scotland, and Wales, with more than 500,000
participants aged between 40-69 years. The dataset is available for research purposes, and all participants
provided documented consent **. All participants were genotyped by using the UKB Axiom Array. Nearly
850,000 variants were genotyped and >90 million variants were imputed using the Haplotype Reference
Consortium and UKI10K + 1000 Genomes reference panels. Participants underwent whole exome
sequencing (WES) using the IDT xGen Exome Research Panel v1.0 *. PD diagnosis was based on
participant self-reported or the International Classification of Diseases (ICD-10) diagnosis codes. This
included individuals with self-reported code 1262 or ICD-10 code of G20 in hospital records. We only
included individuals with both WES and genotype data. We included only individuals who were identified
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as belonging to European ancestry by the UK Biobank. We excluded outliers with putative sex
chromosome aneuploidy (field 22019), high heterozygosity or missing genotype rates (field 22027), and
discordant reported versus genotypic sex (field 22001). The analysis was restricted to unrelated individuals
to the second degree. We excluded one from each pair of related individuals if the genetic relationship was
closer than the second degree, defined as kinship coefficient > 0.0884 as calculated by the UKB.

Characteristics of both discovery and replication cohorts are shown in Table 1.

Annotation

All the GBAI variants were annotated by ANNOVAR ?® using the RefSeq gene annotation, the dbNSFP?’
prediction and conservation scores, the genome-wide CADD scores®®, the REVEL score”, HGMD* and

ClinVar’'.

All the GBAI variants were numbered according to the current variant nomenclature guidelines
(http://varnomen.hgvs.org). The numbering system followed the guidelines based on the primary translation
product (NM_001005742), which includes the 39-residue signal peptide. This standardized approach to
variant annotation ensured consistency and facilitated accurate interpretation of the genetic variations

within the GBAI gene.

A framework to classify GBAI variants

We restricted our analyses to exonic and “splice-site” variants excluding synonymous variants. We further

I

subclassified the variants by their severity of increased risk into 'risk', 'mild’, and 'severe’ impact on PD:
1. 'severe' GBAIpys are defined as variants belonging to any of the following categories:
a. Loss-of-function (LoF) variants are defined as frameshift indels or “splice site (+/- 2 base
pair)” variants.
b. Missense variants annotated as ‘“Pathogenic/Likely Pathogenic” in ClinVar and disease-
causing mutation (DM) in HGMD with REVEL > 0.7 and CADD > 20.
2. 'mild' GBAIpvy; are defined as pathogenic or conflicting interpretations of pathogenicity in ClinVar
with DM in HGMD with REVEL > 0.7 or CADD > 20, and
3. 'risk' GBAlpys are common variants annotated as pathogenic or conflicting interpretations of
pathogenicity in ClinVar.

We considered severe, mild, and risk variants as GBA Ipvs.
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Polygenic risk score

To generate the PRS, we used the summary statistics from a list of 42 SNPs discovered from a previous
meta-analysis of PD *2. Common variants within the GBAI locus, along with the LRRK2 p.G2019, were
excluded for the PRS calculation.

There were no overlapping SNPs between the GBAIpys and the 42 GWAS SNPs. Hence, we proceeded
with the 42 SNPs for PRS calculation using PRsice2 **,taking into account allele-flipping and using the '—

no-regress' and —no-clumping’ options along with the default parameters.

Statistical analysis

To investigate the potential association between PRS, GBA Ipvs carrier status and disease risk, we conducted
logistic regression using disease occurrence as the outcome variable. Individuals were stratified based on
their PRS and GBA Ipy;s carrier status. First, individuals were divided into three groups according to the
distribution of their PRSs. Those with a PRS in the lower tertile were assigned to the 'low' PRS group, while
those with a PRS in the upper tertile were assigned to the 'high' PRS group. Those in the middle tertile were
assigned to the ‘intermediate’ PRS group.

For the two cohorts, the predicted odds ratios (ORs) were derived from a logistic regression model using
the formula below, conditioning on covariates such as sex, age, and the first four principal components,
similar to previous studies®*>°. To assess the combined effect of PRS and GBA Ipys carriers, we reclassified
the three PRS groups into six groups based on carrier status. Carriers were defined as positive (and encoded
as GBAIpvs+ Car = pos) or negative (encoded as GBA Ipvs)) whether the individual carried a GBA Ipys or
not. For example, individuals with high PRS and carrying a GBA Ipv; are encoded as PRShignGBA Ipvs+). We

then fitted the following logistic regression model:

logit(P(Y = 1)) = Bo + Bprs;0,,6BA1pys(+) PRS1owGBAlpys(4+) +

BPRS 0GB A1pys—) PRSIowGBALpys(—) + Bprs;n6Ba1pys_y PRSint GBAlpys(+) +
BrRsnignGBA1pys—) PRShignGBAlpys(—) + Bprsygn6Batpyss) PRShignGBAlpys(s) + Bsex s€X +

lgage age + Zizl ﬁPCk PCk

Then, we further categorized the GBAIpys carriers’ participants into three groups: (1) severe GBAIpys
carriers (2) mild GBA Ipy; carriers and 3) risk GBA Ipys carriers. This classification allowed to evaluate the
association between different levels of GBAIpv; severity and the risk of developing the disease of interest.
The reference category is then given by non-carriers with intermediate PRS. We used R v4.2.2 for all

statistical analyses.
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Results

For the discovery cohort, a total of 1142 individuals were selected, including 631 PD with a mean of AAO
of 62.6 years, and 511 HC with a mean of AAA of 71.5 years. For the validation cohort, we restricted our
analysis to the 179,095 individuals from the UKB for whom WES and genotyping data were available.
Overall, we identified 92 individuals carrying GBA Ipys (nPD=68 and nHC=24) in the discovery cohort
(Table 1 and Supplementary Table S.1).

Descriptive statistics of the study population after the filtering steps are shown in Table 1. In the replication
cohort, we identified 770 PD patients with a mean age at onset (AAQO) of 64.6 years. We considered 178,325
participants as controls with a mean age at assessment (AAA) of 64.1 years. We identified 8,544 carriers
of 33 GBAIpvs (nPD=63 and nHC=8481) in the replication cohort (Table 1 and Supplementary Table S.1).
A complete overview of the study framework is shown in Figure 1. A detailed classification of the variants
and their associated classification according to our study and previous studies have been provided in

Supplementary 2.

Stratification of participants according to the PD prevalence and GBAI carrier status

We calculated the PRS using a panel of 42 SNPs to investigate the influence of the genetic background on
PD risk in PD GBA Ipys carriers. Our analysis revealed that the PRS was significantly higher in PD patients
compared to healthy controls in both cohorts (P < 0.01).

We further investigated the association between PRS and rare GBA1 on the risk of developing PD. ORs
were calculated across PRS tertiles for both non-carriers and carriers in both cohorts.

In the Luxembourg Parkinson's Study which served as the discovery cohort, GBA Ipvs carriers in the highest
PRS tertile had a higher OR for getting PD (OR :1.54; 95% CI, 1.44-1.64), compared to carriers in the
lowest PRS tertile (OR :1.14; 95% CI, 1.04-1.24).

In the UKB cohort, we observed the same trend where GBA Ipys carriers in the highest PRS tertile had a
higher OR for getting PD (OR: 2.19; 95% CI, 1.91-2.51), compared to carriers in the lowest PRS tertile
(OR: 1.01; 95% CI, 0.85-1.20) (Figure 2).

To gain a deeper understanding of how disease severity is influenced, we further examined the combined
effect of PRS and the severity types of GBA/pvs, which were categorized into three groups: severe, mild,

and risk variants.

Among individuals carrying risk GBA Ipys variants, the risk of developing PD increased according to their

PRS tertile. In the Luxembourg Parkinson's Study, risk GBA Ipv carriers had ORs ranging from 0.97 (95%
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Cl, 0.77-1.17) to 1.45 (95% CI, 1.25 -1.65) depending on their PRS tertile. While mild GBA Ipy; carriers
had ORs ranging from 1.46 (95% CI, 0.68-2.25) to 1.76 (95% CI, 1.02 -2.55). Similar trends were observed
in the UKB cohort, with ORs ranging from 0.92 (95% CI, 0.82-1.17) to 2.05 (95% CI, 1.75-2.39) for risk
GBA Ipyscarriers, and ranging from 1.49 (95% CI, 0.75-2.94) to 2.90 (95% CI, 1.48-5.67) for mild GBA Ipvs

carriers.

PRS and GBAIpvs are independent risk factors for PD risk.

In both cohorts, we found an association between the severity of GBA Ipvs and a higher OR for PD (Figure
3). Carriers with severe GBA Ipys tended to have higher OR of PD (twofold or higher), regardless of their
PRS status. In the Luxembourg Parkinson's Study ORs ranged from 1.96 (95% CI, 1.51-2.06) to 2.15 (95%
CL, 1.96-2.12), while in the UKB cohort, ORs ranged from 2.28 (95% CI, 0.962-5.39) to 4.57 (95% CI,
1.94-10.70) for severe GBA Ipy; carriers (Figure 3).

Notably, in the Luxembourg Parkinson's Study, non-carriers with a high PRS had an OR of 1.22 (95% CI,
1.20-1.23), which was comparable to the risk observed in risk GBA Ipy; carriers with an intermediate PRS
(OR: 1.17; 95% CI, 0.97-1.34). Similarly, non-carriers with a high PRS in the UKB cohort had an OR of
1.40 (95% CI, 1.39-1.42), which was comparable to the risk observed in risk GBAIpys carriers with an
intermediate PRS (OR: 1.30; 95% CI, 1.10-1.50).

Discussion

We examined the effect of the PRS for the risk of developing PD in carriers of GBA Ipys within two different
cohorts. Our results suggest that the risk of developing PD conferred by GBA Ipvs may be influenced by the
PRS, which is thought to act by affecting multiple pathways associated with PD *. Our research confirms
that a combination of high PRS and GBAIpys may increase the risk of developing PD. Consistent with
previous studies, we found that carriers of common ‘risk” GBA variants (specifically, p.E365K, p.T408M,
or p.N409S) with a high PRS have a higher PD risk compared to those with a low PRS. Importantly, our
analysis extends to different types of rare GBAIpvs, further classified into severe, mild and risk. To

strengthen our conclusions, we confirmed our findings in an independent replication cohort.
The divergent criteria and factors that different systems use to categorize GBA! variants contribute to the

complexity and difficulty of the classification process. This represents a significant obstacle for researchers

in this field and requires further attention to standardize the classification of GBA variants. In response to
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these challenges, we have followed a systematic classification of GBAI variants based on their
pathogenicity and predicted severity, taking into account their frequency in PD patients and the general

population, their biochemical effect, and their association with Gaucher disease.

Our results highlight a noteworthy observation: the distinct effect of PRS on individuals carrying “risk”
versus “severe” and “mild” GBA Ipys. In individuals carrying risk GBA Ipvs, a high PRS shifts their OR to a
higher value, indicating an increased risk of PD (Figure 3). This emphasizes the role of polygenic risk in
regulating the likelihood of developing the disease in those carrying less severe pathogenic variants. While
carriers of severe GBAIpys have an increased risk of PD (twofold or more), even when they have a low
PRS, indicating the dominant effect of severe GBA Ipvs despite their high-risk polygenic background. These
findings emphasize the complexity of the combined effect of polygenic risk and GBA Ipvs, and the need to

consider both aspects in the genetic assessment of PD risk.

In the light of our findings, we echo previous recommendations to perform genetic analysis prior to clinical
trials to stratify patients based on PD-related genetic variants '"***°_ In addition, it may be useful to
systematically generate genotyping data together with whole exome sequencing or disease-specific targeted
gene sequencing data to be able to calculate the PRS as part of the initial diagnosis. This could contribute
to ongoing efforts to reduce healthcare costs and would increase the size of available cohorts. Furthermore,
it would also improve the feasibility of incorporating PRS information into standard clinical practice and
encourage the development of multifactorial models that integrate genetic and non-genetic risk factors,

similar to existing models such as the BOADICEA model in breast cancer %°.

It is important to consider that the results of PRS studies can be influenced by several factors, including the
study design and recruitment strategies employed *. In the context of this study, the observed results were
somewhat more pronounced in the replication cohort compared to the discovery cohort. This difference is
likely due to differences in study design and recruitment approaches between the two cohorts. The
replication cohort, the UKB cohort, is population-based and has yielded more clear-cut results, whereas the
discovery cohort, the Luxembourgish Parkinson’s Study, is a PD-specific case-control cohort and has
shown similar trends but to a lesser extent *>¢, Additionally, it is worth noting that there was a significant
discrepancy in family history between PD cases and controls within UKB, whereas no significant
association in family history was observed in the Luxembourgish Parkinson’s Study. This discrepancy
further emphasizes the influence of different study designs and recruitment strategies on the observed
results and highlights the importance of carefully considering these factors when interpreting the study

findings.
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This study has several limitations. It was conducted only among participants of European ancestry. The
current findings need to be validated in cohorts of different ethnicities to ensure generalizability. Population
bias is a major limitation of most genetic studies to date *’. In addition, UKB is not a PD-specific disease
cohort and does not control for age and sex between cases and controls, we have attempted to address this
by using age and sex as covariates during regression analysis. Furthermore, the sample size is limited in
certain PRS tertiles or GBA Ipys severity categories, which may lead to an overestimation of effect sizes and
should be considered carefully when interpreting the results.

Despite these limitations, this study provides a valuable contribution to our understanding of the genetic
factors influencing of GBA Ipvs and the risk of developing PD. Overall, the study of two independent cohorts
highlights the complexity of the combined effect between polygenic background and GBAI pathogenic
variants and moreover the severity of these variants in the development of PD. We find that the polygenic
risk can influence the risk of developing PD both in the general population and among carriers of mild
GBA1 pathogenic variants. While carriers of severe GBAI pathogenic variants tend to have a higher risk of
developing PD, regardless of their PRS. Additionally, the severity of GBAI pathogenic variants further
modulates this risk, highlighting the complex genetic architecture of PD. These findings support the

potential utility of incorporating polygenic risk scores into clinical risk stratification for PD.

Further, the use of the classification framework we developed as part of this study may streamline future
research by providing a more consistent description of the role of GBA variants in PD. This, in turn, will
facilitate easier comparison and integration of research findings across the international scientific

community.

Deepening our understanding of this complex genetic landscape, including the classification of variant
severity, can set the stage for more personalized therapeutic strategies and targeted preventive measures in
the future. As we continue to unravel the genetic intricacies of PD, we move closer to a future where
treatment is increasingly tailored to individual genetic profiles, optimizing outcomes and improving

patients' lives.
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Cohort | Luxembourg Parkinson's study UK Biobank
Diagnostic Cases Controls Cases Controls
Participants, n 631 511 770 178,325
Male, n (%) 426 (67.5) 272 (53.1) 463 (60.1) 80,259 (45.0)
Female, n (%) 205 (32.5) 239 (46.9) 307 (39.9) 89,066 (55.0)
Age at Onset, mean (SD) 62.6 (11.5) - 64.6 (8.6) -
Age at assessment, mean (SD) 73.2(10.7) 71.5(7.12) 62.8 (5.3) 64.1 (8.0)
Carriers, n (%) 68 (10.8) 24 (4.7) 63 (8.2) 8,481 (4.8)
Family history of PD, n (%) 161 (25.5) 117 (22.8) 90 (11.7) 7,596 (4.3)

Table 1: Characteristics of the Luxembourg Parkinson's study and the UK Biobank cohort
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Replication cohort

UK Biobank cohort
UKB Axiom Array
170095 Ctl + 770 PD

GBA variant Classification
Exonic or splice-site variants

Severe:
Lof (Indels, frameshift and nonsense)
OR pathogenic in ClinVar
AND disease-causing mutation (DM) in HGMD
AND REVEL > 0.7 AND CADD > 20

Mild:
Pathogenic OR conflicting interpretations of pathogenicity in ClinVar
AND DM in HGMD
AND REVEL > 0.7 OR CADD > 20

Risk:
Common variants (GnomAD NFE MAF > 0.01)
Pathogenic OR conflicting interpretations of pathogenicity in ClinVar

Figure 1: Overview of the study describing the framework for GBA1 variant classification, PRS stratification and statistical analysis.
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Figure 2: Parkinson's disease (PD) risk stratified by polygenic risks scores (PRS) tertiles and GBAI carrier

status.
Predicted odds ratio for PD were estimated from logistic models, while conditioning on the sex, age and the first

four ancestry principal components. Noncarriers with median PRS served as the reference group. Carriers and
noncarriers were categorized into tertiles based on their PRS.

145



Chapter 3

LuxPark

UK Biobank

High -

Intermediate -

PRS categories

Low -

carrier

e carrier
e noncarrier

?-a severity

= Severe

e Mild

: A Low

A, + noncarrier

O~

e
N -~

W

4 50 1 2 3 4 5
Odds ratio for PD

Figure 3: Parkinson's disease risk stratified by polygenic risk scores tertiles and the status and severity of
rare pathogenic GBA1 variants. X-axis limits are truncated between (0,5).
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GRUNEWALD ', Wei GU !, Gaél HAMMOT 2, Anne-Marie HANFF 2, Linda HANSEN !,3, Maxime HANSEN
13, Michael HENEKA !, Estelle HENRY 2, Sylvia HERBRINK ¢, Sascha HERZINGER !, Michacl HEYMANN 2,
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Quentin KLOPFENSTEIN !, Jochen KLUCKEN !, 2.3, Rejko KRUGER " 23, Pauline LAMBERT 2, Zied
LANDOULSI !, Roseline LENTZ 7, Inga LIEPELT !!, Robert LISZKA !4, Laura LONGHINO 3, Victoria
LORENTZ 2, Paula Cristina LUPU 2, Clare MACKAY '°, Walter MAETZLER !°, Katrin MARCUS '3, Guilherme
MARQUES 2, TainA M MARQUES !, Patricia MARTINS CONDE !, Patrick MAY !, Deborah MCINTYRE 2,
Chouaib MEDIOUNI 2 Francoise MEISCH !, Myriam MENSTER 2, Maura MINELLI 2, Michel
MITTELBRONN ! Brit MOLLENHAUER 2 Friedrich MUHLSCHLEGEL *, Romain NATI 3, UfNEHRBASS
2, Sarah NICKELS ', Beatrice NICOLAI 3, Jean-Paul NICOLAY '°, Marek OSTASZEWSKI !, Clarissa P. da C.
GOMES !, Sinthuja PACHCHEK !, Claire PAULY !, Laure PAULY !, Lukas PAVELKA !, Magali PERQUIN
2, Rosalina RAMOS LIMA 2, Armin RAUSCHENBERGER !, Rajesh RAWAL !, Dheeraj REDDY BOBBILI !,
Kirsten ROOMP !, Eduardo ROSALES 2, Isabel ROSETY !, Estelle SANDT 2, Stefano SAPIENZA !, Venkata
SATAGOPAM !, Margaux SCHMITT 2, Sabine SCHMITZ !, Reinhard SCHNEIDER !, Jens SCHWAMBORN !,
Jean-Edouard SCHWEITZER !, Amir SHARIFY 2, Ekaterina SOBOLEVA !, Kate SOKOLOWSKA 2, Olivier
TERWINDT !,3, Hermann THIEN 2, Elodie THIRY *, Rebecca TING JIIN LOO !, Joana TORRE 2, Christophe
TREFOIS !, Johanna TROUET 2, Olena TSURKALENKO 2, Michel VAILLANT 2, Mesele VALENTI 2, Carlos
VEGA ', Liliana VILAS BOAS 3, Maharshi VYAS !, Richard WADE-MARTINS !, Paul WILMES !, Evi
WOLLSCHEID-LENGELING !, Gelani ZELIMKHANOV 3

"Luxembourg Centre for Systems Biomedicine, University of Luxembourg, Esch-sur-Alzette, Luxembourg

?Luxembourg Institute of Health, Strassen, Luxembourg

3 Centre Hospitalier de Luxembourg, Strassen, Luxembourg

4 Laboratoire National de Santé, Dudelange, Luxembourg

5 Centre Hospitalier Emile Mayrisch, Esch-sur-Alzette, Luxembourg
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7 Parkinson Luxembourg Association, Leudelange, Luxembourg

8 Oxford Parkinson's Disease Centre, Nuffield Department of Clinical Neurosciences, University of Oxford, Oxford, UK

9 Oxford Parkinson's Disease Centre, Department of Physiology, Anatomy and Genetics, University of Oxford, Oxford, UK
10 Oxford Centre for Human Brain Activity, Wellcome Centre for Integrative Neuroimaging, Department of Psychiatry,
University of Oxford, Oxford, UK

11 Center of Neurology and Hertie Institute for Clinical Brain Research, Department of Neurodegenerative Diseases, University
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Number of carriers
Subclassification  protein change  Nucleotide change = Luxembourg Parkinson's study | UK Biobank dbSNP
PD HC PD HC
- c.115+1G>A 1 rs104886460
p-R159Q c.G476A 3 1579653797
p.P161S c.C481T 2 rs121908299
p.R170C c.C508T 3 rs398123530
p.R202X c.C604T 1 rs1009850780
p.S212X c.C635G 4 rs1671872221
p.N227S c.A680G 6 1s364897
p.G234E c.G701A 1 1574462743
p.G234W ¢.G700T 1 -
p.G241R c.G721A 2 3 rs409652
p.F2521 c.T754A 1 rs381737
severe p.-H294Q c.T882G 1 1 17 1s367968666
p-R296Q c.G887A 20 rs140955685
p.P305L c.C914T 6 -
p.-R398X c.C1192T 1 4 rs121908309
p.G416S c.G1246A 1 7 rs121908311
p.D419N c.GI255A 1 -
p.D448H c.G1342C 7 rs1064651
p.L483P c.T1448C 10%* rs421016
p.-N501K ¢.C1503G 2 -
p.R502C c.C1504T 65 1580356771
p.R502H c.GI505A 1 1 1580356772
p-L29Afs*18 c.84dupG 1 -
p.F255Y c.T764A 5 1574500255
p.S310G ¢.A928G 1 rs1057942
p.R316C c.Co946T 1 rs1264734195
mild p.T3621 c.C1085T 3 1576539814
p.R368C c.C1102T 2 1s374306700
p-N409S c.A1226G 6 2 6 291 1576763715
p-R535H c.G1604A 1 1575822236
risk p.E365K c.G1093A 24 13 33 2114 12230288
p.-T408M c.C1223T 16 9 19 1114 1575548401

Supplementary Table S.1: Pathogenic GBAI variants used in this study.
*include RecNcil (p.L483P; p.A495P; p.V499V); Abbreviations: PD, Parkinson’s disease; HC, healthy
controls.
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Project description

To unravel the complex genetic landscape underlying idiopathic PD. In this study, we used high-
resolution WGS to explore potential candidate genes associated with PD in a cohort of 67 patients

with familial PD. The results of this study are therefore primarily exploratory.

Contributions

As part of this preliminary investigation, I performed a comprehensive genetic analysis and

subsequent interpretation in collaboration with Dr. Zied Landoulsi and Dr. Dheeraj Reddy Bobbili.
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Abstract

Introduction: Several loci associated with increased risk of Parkinson's disease (PD) have been
identified by GWAS. However, it is essential to conduct further investigations to explore the
potential involvement of rare variants within these loci, which could describe the full picture of the

interaction between common risk and deleterious rare variants.

Methods: We used the Whole Genomic Sequencing method to study the rare variants in 607 PD-
related genes identified by NCBI and ParkinsonsUK-UCL. We analyzed the genome of 67 patients
with familial PD in the Luxembourg Parkinson's Study. We have filtered out rare variants where the
frequency of the minor allele is less than 1%. Rare variants were classified into four groups: loss-of-
function, non-synonymous, splice-site, and non-coding variants. We retained only variants with
REVEL and mvPPT scores above 0.7 or MISTIC annotated as damaging. We used the SpliceAl tool
to analyze splice site variants and retained only variants with a score higher than 0.5. The intronic

variants were checked for enrichment in Deoxyribonuclease (DNase) [ hypersensitive regions.

Results: We identified one loss-of-function, 141 nonsynonymous and eight rare copy number

variants.

Conclusion: Our research suggests that some of the effects of PD risk loci may be due to rare variants
that could potentially contribute to PD pathogenicity. Further analysis and confirmation of the

identified variants in a larger cohort are needed, as this is an exploratory study.
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4.1. Introduction

PD is a multifaceted polygenic disorder influenced by a combination of genetic and environmental
factors. Familial cases account for 30% of PD cases, while the vast majority, 90%, are sporadic
(Papapetropoulos et al., 2007). Recent research has identified numerous genetic loci associated with
both the onset and progression of PD (Blauwendraat et al., 2020a). Notably, more than 90 risk loci,
including those in the SNCA and LRRK?2 genes, have been identified as prevalent genetic contributors
to PD (Nalls et al., 2014). Further investigations are required to determine the existence of rare

variants that contribute to PD risk.

Recognizing the importance of genetics in unraveling the complexity of PD, in the previous chapters
we mainly analyzed genotyping and GBAI target sequencing data. We were able to identify and
confirm with high resolution the GBAI variants and some rare variants already tagged in the
NeuroChip. Although these techniques offer advantages in terms of time and cost efficiency, they
could not explain the genetic risk in certain idiopathic PD patients attributed to other genetic factors.
Only WGS could provide a comprehensive overview to unravel the genetic complexity of Parkinson's

disease.

To this aim, we present a comprehensive analysis of 67 patients with familial PD, screened by the
high-resolution WGS, recruited as part of the Luxembourg Parkinson's study (Hipp et al., 2018;
Pachchek, 2023).

4.2. Materials and Methods

4.2.1. Samples selection
As part of the National Center for Excellence in Research on Parkinson's disease program (NCER-
PD), 67 patients with familial PD from the Luxembourg Parkinson's Disease Study underwent a
short-read WGS data. Patients got thorough clinical and neuropsychological profiling (Pavelka et al.,
2022). Following the requirements of the institutional review board, all patients gave their written
consent. The study has been approved by the National Research Ethics Committee (CNER Ref:
201407/13).

4.2.2. Whole genome sequencing and quality control
The library preparations and sequencing method are detailed in the article from Pachchek et al., 2023.
SNVs and CNVs detection were carried out using Illumina’s Dragen DNA pipeline from the Bio-IT
[llumina Dynamic Read Analysis for GENomics platform (DRAGEN; v3.8; Illumina) with the
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standard parameters. The reads were aligned to the human reference genome (GRCh37, hg19 build).
We selected only variants tagged as "PASS" by the Dragen DNA pipeline. To produce the final
multisample Variant Call Format (VCF), all gVCFs were pooled using the parameter “--enable-joint-
genotyping true” in Dragen. To select high-quality variants, the resulting VCF file was then filtered
using the American College of Medical Genetics and Genomics (ACMG) guidelines and GATK best
practices QC (Richards et al., 2015). Selected variants were annotated using Annotate Variation tool
(Annovar) (Wang et al., 2010) by integrating several clinical and functional genome annotations,
including those from the Single Nucleotide Polymorphism database (dbSNP) (Sherry et al., 2001),
ClinVar (Landrum et al., 2014), gnomAD (Gudmundsson et al., 2021), the MISsense
deleTeriousness predICtor (MISTIC) (Chennen et al., 2020), REVEL (loannidis et al., 2016) and the
Pathogenicity Prediction Tool for missense variants (mvPPT) (Tong et al., 2022). We removed
common variant blocks and defective genes from our analysis. Additionally, we excluded all SNVs
and CNVs that overlapped with telomeres, centromeres, segmental duplications, immunoglobulin

regions and T-cell receptor loci.

4.2.3. Classification of rare SNVs based on the variant type

We excluded common variants with Minor Allele Frequencies (MAF) above 1% in gnomAD in the
Non-Finnish European (NFE) population. Rare variants in exonic and splicing regions (+/- 2 bp) of
PD causal genes (LRRK2, SNCA, VPS35, GBAI, PRKN, PINKI, PARK7, ATP1342) were selected
and confirmed by Sanger sequencing. Based on the rare variant's positions within a gene region and
their predicted effect on transcript and protein, the rare variants were classified into five groups: 1)
Loss-of-Function (LoF) (stop gain/loss of codons, splicing and frameshift variants), 2) non-
synonymous, 3) splice-site analysis variants (synonymous and intronic variants), and 4) non-coding
variants (intergenic, down/upstream, UTRs). Only variants with a REVEL or mvPPT score above
0.7 or MISTIC equal to “D” for Deleterious were retained.

We investigated 607 susceptibility PD-related genes identified by the National Center for
Biotechnology Information (NCBI) (https://www.ncbi.nlm.nih.gov/gene) and ParkinsonsUK-UCL
(https://www.ebi.ac.uk/QuickGO/targetset/ParkinsonsUK-UCL).

4.2.4. Splicing site alteration analysis
SpliceAl (Jaganathan et al., 2019) was used to process rare intronic and synonymous variants to
predict the splicing consequences based on the genomic sequence and to identify an alternative donor
and acceptor site within 50 bp of the variant. SpliceAl was based on the transcript sequences of the
GENCODE reference (Cotto et al., 2023). It provides four delta scores for each type of splicing
abnormality (donor loss/gain, acceptor loss/gain). A variant was considered to have a significant

impact on splicing if it had at least one score higher than 0.5 (Jaganathan et al., 2019).
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4.2.5. Non-coding variants

To assess whether intronic variants are enriched in DNase | hypersensitive sites, which represent
open chromatin regions accessible to transcription factors, we downloaded the
wgEncodeRegDnaseClustered table from the DNAse Clusters (V3), containing DNasel
Hypersensitive Sites in ENCODE
(http://hgdownload.cse.ucsc.edu/goldenpath/hg19/encodeDCC/wgEncodeRegDnaseClustered) and
the wgEncodeRegTtbsClustered table from TFBS clusters (V3) from ENCODE data
(https://hgdownload.cse.ucsc.edu/goldenpath/hg19/encodeDCC/wgEncodeRegTfbsClustered/).

4.2.6. Calling CNVs

CNVs were called using Dragen (see section 4.1.2). CNVs in autosomes were further filtered based
on 50% or more overlap with CNVs reported in the Genome Aggregation Database Structural
Variants (gnomAD-SV) (Collins et al.,, 2020) and the Database of Genomic Variants (DGV)
(MacDonald et al., 2014). We applied the following criteria to characterize common structural
variants in gnomAD-SV and DGV: CNV length greater than 50 bp (Conrad et al., 2010; MacDonald
et al., 2014), variants occurring in at least 100 individuals, allele frequency > 0.01. Common CNVs
were eliminated using BEDTools (Quinlan and Hall, 2010). Suspected CNVs were evaluated visually
using the Integrative Genomics Viewer (IGV) (Thorvaldsdoéttir et al., 2013).

4.3. Results

We carried out WGS in 67 individuals to find potential genes in familial PD patients (Figure 4.1).

We used rare variant categorization to find and rank the variant in PD-related genes.
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[ WGS data from 67 patients with familial PD ]

| |
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Figure 4. 1 : Analysis workflow for SNVs and CNVs analysis.
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4.3.1. Demographic data
Among the familial PD patients, 65% (n = 44) were male with a mean AAO of 60 + 12.8 years
(range, 45-98) and a mean DD at the first visit of 5 + 5.6 years. The mean of AAA is 72 £ 11.8 years
(Table 4. 1). The average AAO is 59.6 years (range, 33—88).
Of the participants, 34 had a first-degree relative with PD, while 33 had a second-degree relative
affected. Two siblings were present in this cohort (subjects 8 and 9), with AAO of 55 and 46 years
respectively (Table 4. 1).

4.1.1. Identification of rare variants in candidate PD genes
We performed WGS on familial PD patients to identify potential candidate genes and variants. A
total of 4197 rare variants, predicted to be deleterious or damaging, by in silico prediction tools, were
selected after QC filtered with REVEL, MISTIC and mvPPT. After selecting the variants present in
the 607 PD-related genes, identified by NCBI and ParkinsonsUK-UCL, a total of 150 variants
remained. The following groups of variants were assessed: 1) loss-of-function (n=1), 2)
nonsynonymous (n=141), 3) non-coding variants (n=4) and 4) splice site analysis variants (n=4).
We observed that the p.I11T variant of the DERLI gene, which is annotated as damaging by MISTIC
and has a high score for REVEL and mvpptvl, is carried by eight PD patients. One of them also
carries the pathogenic GBA! variant RecNcil.
With only six patients carrying GBA! variants together with another rare variant in a PD-related
gene, this study is underpowered to evaluate digenic pathogenicity, but we believed that a descriptive
and exploratory analysis was necessary for these carriers. We identified six pathogenic GBAI
variants carriers, including four risk variants carriers (nrs0sm = 3; nesssk = 3), one severe RecNcil
complex recombination variant carrier and one mild variants carrier (N409S) (Table 4. 1). Carriers
of severe and mild pathogenic variants (p.N409S and RecNcil) of GBA! also carry a rare deleterious
variant in PD-related genes in DERLI, PANK2, MCIR, LINGO1 and PDESB. Carriers of risk GBA 1
variants also carried rare deleterious variants in OCA2, ESR2, LRRK1, CYPIA2, TPCN2, SCNS8A,
DRD3, VEGFA, NCL, SREBFI (Table 4.2).
None of the individuals were related to each other, except for the one set of siblings reported in this
study. Both siblings carry a synonymous variant in the GBA! gene (p.P201P (het)). The siblings do
not carry similar rare deleterious variants in PD-related genes.
For the splice site analysis, we identified four variants to be evaluated with the SpliceAl tool, but
none of them have a score above 0.5 nor are classified as having a significant impact on the splicing.
For the non-coding intronic variants, we checked whether the four variants found by our analyses
were enriched in DNase I hypersensitive sites (DHS) and TFBS. None of them are enriched in DHS
or TFBS. One patient (subject 1) had a PRKN gene CNV duplication, which was described in Chapter
2.
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Table 4. 1 : Demographic and genetic data of the 67 familial Parkinson’s disease cases

Subject | Gender | AAO :,\133 VZ& Pathogenic variants carriers Family History of PD PD relatives information

1 M 39 61 22 pathogenic CNV PRKN exon 2 duplication het 2nd Grandfather

2 M 77 80 2 severe pathogenic GBAI RecNcil 2nd Cousin

3 M 45 48 3 mild pathogenic GBAI p.N409S (het) 2nd Cousin

4 F 58 60 2 risk pathogenic GBAI p.E365K (het) 2nd Aunt

5 5 49 54 5 risk pathogenic GBA1 p.E365K (het) 2nd Uncle

6 M 63 64 1 risk pathogenic GBAI p.E365K (het) 2nd Aunt & Grandfather
7 M 65 76 11 risk pathogenic GBA1 p.T408M (het) 2nd Grandfather

8 F 55 57 2 synonymous GBAI p.P210P (het) 1st (sibling) Brother

9 M 46 53 8 synonymous GBAI p.P210P (het) 1st (sibling) Sister

10 F 66 69 3 1st Brother

11 E 64 65 0 1st Father

12 F 52 58 7 1st Father

13 F 64 68 4 1st Father

14 F 51 53 2 1st Father

15 5 57 63 6 1st Great-Grandfather & Sister
16 F 69 69 0 1st Mother

17 I 78 80 2 1st Mother

18 F 45 53 8 1st Mother

19 E 47 65 18 1st Mother

20 F 40 43 3 Ist Mother & Cousin
21 5 67 73 6 1st Sister & Brother
22 F 60 68 8 2nd Aunt
23 5 75 87 12 2nd Aunt & Aunt's daughter
24 F 57 72 15 2nd Cousin
25 F 74 78 4 2nd Cousin

26 F 48 70 22 2nd Cousin
27 5 51 70 19 2nd Nephew & Grandmother & aunt
28 F 52 55 3 2nd Uncle
29 E 80 81 1 2nd Uncle & Aunt & Cousin
30 M 53 58 5 Ist Brother
31 M 82 83 1 1st Brother
32 M 68 70 2 1st Brother & cousin
33 M 88 91 4 1st Brother & Cousin
34 M 56 58 2 1st Father

35 M 57 63 6 1st Father

36 M 64 77 13 1st Father

37 M 67 67 0 1st Father & Aunt

38 M 79 82 3 1st Father & twin Brother
39 M 59 70 11 1st Mother

40 M 33 58 25 1st Mother

41 M 58 69 11 1st Mother

42 M 66 78 12 1st Mother

43 M 56 60 4 1st Mother

44 M 76 76 1 1st Mother

45 M 64 68 4 1st Mother

46 M 84 86 2 Ist Mother & Sister
47 M 69 70 0 1st Sister

48 M 68 68 0 1st Sister

49 M 57 59 2 1st Sister

50 M 69 72 3 2nd 2 grandfathers

51 M 48 50 2 2nd Aunt

52 M 37 53 16 2nd Aunt

53 M 56 62 6 2nd Aunt & Uncle

54 M 66 68 2 2nd Cousin

55 M 60 64 3 2nd Grandfather

56 M 51 56 5 2nd Grandfather

57 M 49 53 3 2nd Grandmother

58 M 52 54 2 2nd Grandmother

59 M 51 52 1 2nd Grandmother

60 M 57 61 4 2nd Grandmother

61 M 62 62 0 2nd Great-Grandfather
62 M 64 67 3 2nd Half sister

63 M 59 60 1 2nd maternal Grandmother & Uncle
64 M 37 38 1 2nd Uncle

65 M 57 63 6 2nd Uncle

66 M 46 48 1 2nd Uncle

67 M 78 88 9 2nd Uncle
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Subject 9 | Subject 8
AAO : 46 AAO : 55
Year of birth : 1962 O Year of birth : 1959
Parkinson's disease Parkinson's disease
GBA1 : p.P210P (het)

GBA1 : p.P210P (het)

Figure 4. 2 : Sibling pedigree
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Table 4. 2 : Identified rare variants in candidate Parkinson’s disease genes
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Gene Protein rsID REVEL mvpptv MISTIC Groups Samples Pathogenic carriers Subject n°®
changes 1 counts
DERL1 pI1IT 0,60 0,66 D nonsynonymous 8 Subject n°2 severe pathogenic GBA! 225//93/1 1/2462;:/2
ATF6B p.H598L 15147955878 0,69 0,00 D Nonsynonymous 3 19/45/59
PANK2 p.D46V 15148036492 0,16 0,00 D NoONSynonymous 2 Subject n°3 mild pathogenic GBA 3/10
OCA2 p.V4191 rs121918166 0,75 0,02 D NnoNsynonymous 2 Subject n°4 risk pathogenic GBAI 4/49
MCIR p.R142H 1511547464 0,76 D NoNsynonymous 2 Subject n°2 severe pathogenic GBAI 2/26
FZD6 p.A182T 15147788385 0,50 0,01 D Nonsynonymous 2 10 /45
NOTCH2 p.F1209V 5147223770 0.85 0,01 D nonsynonymous 2 36/62
WNT1 p.G252R 15200151492 0,58 0,02 D Nonsynonymous 2 32/42
WES1 p.E776V 1s56002719 0,98 0,02 D nonsynonymous 2 67/34
PRDX3 p.G173C 1511554923 0,64 0,01 D Nonsynonymous 2 20/23
COLI13A1 p-A130T 15144774788 0,31 0,00 D nonsynonymous 2 39 /49
RNF19A p.K61Q 15149891168 0,45 0,01 D Nonsynonymous 2 50/ 65
WES1 p.R818C 1s35932623 0,76 0,01 D NoNsynonymous 2 28 / 60
WNT7A p.D168G 0,95 0,61 D NnoNsynonymous 1 Subject n°1 pathogenic CNV PRKN 1
EDEM1 p.H582R 15939309875 0,93 0,90 D NoONSynonymous 1 Subject n°1 pathogenic CNV PRKN 1
HMOX1 p.R183L 0,77 0,91 B NnoNsynonymous 1 Subject n°1 pathogenic CNV PRKN 1
SNCB p.-P109H rs104893937 0,59 0,01 D nonsynonymous 1 Subject n°1 pathogenic CNV PRKN 1
SETDIA p.R1288C 15147948503 0,36 0,01 D Nnonsynonymous 1 Subject n°1 pathogenic CNV PRKN 1
LINGO1 p.T197M 151014789586 0,53 0,09 D NoONSynonymous 1 Subject n°3 mild pathogenic GBA 3
PDESB p-M1? 0,53 LoF 1 Subject n°3 mild pathogenic GBAI 3
ESR2 p.-W348C rs113652563 0,77 0,05 D nonsynonymous 1 Subject n°4 risk pathogenic GBAI 4
SCNSA p.T6681 15758253791 0,72 0,11 D NONSynonymous 1 Subject n°4 risk pathogenic GBAI 4
TPCN2 p.V179M rs371461781 0,23 0,01 D NoONSynonymous 1 Subject n°4 risk pathogenic GBAI 4
CYP1A2 p.R431W 1528399424 0,93 0,02 D NONSynonymous 1 Subject n°5 risk pathogenic GBAI 5
LRRK1 p.V6971 rs141102052 0,33 0,00 D noNsynonymous 1 Subject n°5 risk pathogenic GBAI 5
VEGFA p.E236K 0,83 D NoNsynonymous 1 Subject n°6 risk pathogenic GBAI 6
DRD3 p.C181Y 0,66 0,94 D noNsynonymous 1 Subject n°6 risk pathogenic GBAI 6
SREBF1 p.R1019W 15755965677 0,29 0,05 D NONSynonymous 1 Subject n°7 risk pathogenic GBAI 7
NCL 15148967659 0,03 D noncoding 1 Subject n°7 risk pathogenic GBAI 7
GAK p.H428R 0,88 0,36 D nonsynonymous 1 10
RET p.R590L 155947360 0,84 0,49 D nonsynonymous 1 10
POLG p.R562W 15756952607 0,79 0,08 D nonsynonymous 1 36
STXBP1 p.A177T 0,73 0,76 D nonsynonymous 1 36
PRKAG3 p.D485N 15149508864 0,32 D nonsynonymous 1 36
USP24 p.L2267F 0,22 0,76 B 1noNsynonymous 1 36
TH p.E153K 15754247629 0,46 0,12 D nonsynonymous 1 32
POLG p.G268A 1561752784 0,97 0,02 D nonsynonymous 1 41
MFN2 p.D499H 0,61 0,52 B nonsynonymous 1 41
CELSR3 p.S2832G 0,42 0,21 D nonsynonymous 1 46
NEDD9 p.P136Q 1534265420 0,33 0,01 D NONSynonymous 1 46
UNC13C p.R171H rs137929834 0,60 0,00 D nonsynonymous 1 50
TLR2 p.F217S 1139227237 0,53 0,00 B nonsynonymous 1 50
UNC13B 15546244395 D splice site 1 50
PLCG2 p.S110C 1s1018511099 0,59 0,76 D NONSynonymous 1 53
SNX2 p.D24V 15143461530 0,51 0,02 B NoNsynonymous 1 53
SCNSA p.V1148M 15536452913 0,57 0,03 D NONSynonymous 1 31
AMBRA1 p.R505H 15145466300 0,56 0,01 B NoNsynonymous 1 31
ESR2 p.R221G 178851986 0,79 0,04 D nonsynonymous 1 67
LINGO1 p-P135L 0.43 0,59 D nonsynonymous 1 67
CSMD1 p.L2851V 0,27 0,07 D nonsynonymous 1 67
LINC01195 15146444255 D noncoding 1 67
NCL 15757546451 0,01 D noncoding 1 23
BMP2 p.P76T 0,92 0,95 D NoNsynonymous 1 56
SIPAIL2 p.R1690Q 1534461614 0,32 0,00 D Nonsynonymous 1 56
OPA1 p.1346M rs143319805 0,94 0,03 D NoONSynonymous 1 49
TBC1D24 p.R242C 15398122965 0,86 B Nonsynonymous 1 49
POLG p-DI1219G 15776506626 0.85 0,22 D NoNsynonymous 1 49
ABCA1 p.P85L 15145183203 0,84 0,01 D Nonsynonymous 1 24
EP300 p-P899T rs148884710 0,29 0,00 D nonsynonymous 1 24
MEFN1 p-R460Q 15145789238 0,79 0,22 D Nonsynonymous 1 55
UNC13C p.T1095N 0,62 0,19 D nonsynonymous 1 55
CP p.T841R 1s56033670 0,60 0,00 D Nonsynonymous 1 55
SMPD1 p.E473V rs142787001 0,82 0,03 D NoNSynonymous 1 63
AAK1 p.N279K 0,32 0,73 D NoNsynonymous 1 63
MTA1 p.E115G 0.83 0,87 D nonsynonymous 1 27
ARHGEF7 p.L9R 15144138131 0,38 0,01 D Nonsynonymous 1 27
ITIH4 p.G418S rs141154056 0,94 0,02 D nonsynonymous 1 45
FLOT1 p.M94T 0,86 0,80 D NoNsynonymous 1 45
PRODH p.L333P 152904551 0,73 0,01 D NoONsynonymous 1 45
HP p.QI5R 0,68 0,09 D Nonsynonymous 1 45
TRIM32 p.T526S 0,29 0,48 D NoNsynonymous 1 45
ABCAS5 p.V2411 15544106230 0,45 0,01 D nonsynonymous 1 65
COLI13A1 p-P165L 0,33 0,07 D nonsynonymous 1 65
PIAS4 15551647074 0,11 D noncodin; 1 65
GRIN2A p.T663A 0,10 0,71 D nonsynonymous 1 65
PRSS23 p.M2611 15139206479 0,68 0,01 D NONSynonymous 1 47
NFATC1 p-AIV rs146472413 0,50 0,02 D nonsynonymous 1 47
LCN2 p.L6P 15139418967 0,48 0,01 D nonsynonymous 1 47
PCLO p.N608I 15754954951 0,64 0,44 D nonsynonymous 1 22
ACE p.R109Q 15149412997 0,66 0,06 D nonsynonymous 1 66
MFEN2 p.V7051 15142271930 0,17 0,00 D noNsynonymous 1 66
UNC13C p.R303T 0,55 0,12 D NONSynonymous 1 9
GBA2 p.S740R 1rs200894732 0,64 0,01 B nonsynonymous 1 44
TRIB3 p.R181C 15149447454 0,47 0,04 D NONSynonymous 1 44
PVALB p.G35S 15571435563 0,79 0,55 D nonsynonymous 1 19
TF p.G544E 15121918677 0,39 0,06 D nonsynonymous 1 19
WES1 p.R685C 15112967046 0,80 0,06 D nonsynonymous 1 21
USP25 p.D276V 0,68 0,68 D nonsynonymous 1 21
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CASPY p.H237P 15146054764 0,60 0,12 D noNsynonymous 1 21
ABCA1 p.R1839S 0,49 0,17 D NONSynonymous 1 21
LRRK1 p.V854M rs368404584 0,46 0,01 D nonsynonymous 1 21
HP p.D338H 1189115161 0,42 0,01 D nonsynonymous 1 21
COLI13A1 p.A30E 0,24 0,05 D nonsynonymous 1 21
NEDD9 p.G50S 15373441149 0,64 0,01 D NONSynonymous 1 12
UNC13B p-M1184T 15769161004 0,61 0,09 D nonsynonymous 1 12
GDNF p.RO3W 136119840 0,79 0,02 D nonsynonymous 1 59
WEFS1 p.C360Y rs147157374 0,16 0,21 D nonsynonymous 1 42
LRRK1 p.R1943Q 15376808685 0,08 0,01 D NONsynonymous 1 28
CREB3L3 p.V179M 15548714946 0,49 0,01 D nonsynonymous 1 62
PSEN1 p.S43N 0,04 0,18 D NONSynonymous 1 62
RHOTL 15754371798 | D splice site 1 62
MCCC1 p.S8ON 15774565207 0,85 0,36 D NONSynonymous 1 51
TPCN2 p.S218T 0,81 D nonsynonymous 1 51
CASP9 p.N168N 0,55 splice site 1 51
ACE p.T162M 153730043 0,22 D noNsynonymous 1 51
ATPSF1A p.D89G 15148515768 0,79 0,01 D NONsynonymous 1 17
APP p.L8P 0,62 0,67 D nonsynonymous 1 8
DNAJC13 p.T9SK 0,54 0,64 D nonsynonymous 1 8
ACE p.G2598 rs571848794 0,73 B nonsynonymous 1 26
CASP4 p.F374S 15140485344 0,51 0,01 B NONSynonymous 1 34
A2M p.L18R 201671036 0,26 0,01 D nonsynonymous 1 34
SMPD1 p.R291H rs1803161 0,75 0,09 D nonsynonymous 1 60
CYP2D6 p.Y304C 15202102799 0,51 0,00 D nonsynonymous 1 14
TPCN2 p.V163M 1579490424 0,32 0,00 D nonsynonymous 1 14
MTHFR p-R429C rs200138092 0,84 0,11 D nonsynonymous 1 64
WEFS1 p.D339H 0,83 0,95 D Nonsynonymous 1 64
ANG p-P136L rs121909543 0,73 0,15 D NoNSynonymous 1 64
SERPINA1 p.A84T 15111850950 0,66 0,01 D Nonsynonymous 1 64
MAP3K10 p.P168Q 1s36102209 0,59 0,00 D NoNsynonymous 1 64
ABCB1 p.QL107P 1555852620 0,44 0,00 D Nonsynonymous 1 64
SPR p.S103C rs748740519 0,54 0,02 B nonsynonymous 1 57
CSMD1 p.G2183R 15371824064 0,52 0,02 B Nonsynonymous 1 18
DNAJC6 p-R330Q rs375848137 0,64 0,03 D nonsynonymous 1 52
RET p.V450A 0,57 0,58 B Nonsynonymous 1 52
WNT7A p-R157H 15199592697 0,31 0,01 D nonsynonymous 1 52
MAP3K10 p.R304C 15574172025 0,56 0,01 D Nonsynonymous 1 15
RET p.L56M 15145633958 0,51 0,01 B NoNsynonymous 1 15
RET p.E369K 15377767402 0,45 0,04 D Nonsynonymous 1 33
NOD2 p-R284W rs104895427 0,63 0,02 B nonsynonymous 1 29
CELSR3 p.D2049N 15186494511 0,33 0,01 D Nnonsynonymous 1 29
TRIM32 p-R408C 153747835 0,52 0,01 D nonsynonymous 1 48
CP p.R793H 15115552500 0,34 0,00 D Nonsynonymous 1 48
EDEM1 p.R89R D splice site 1 48
CSMD1 p.G1226S 15745828621 0,61 0,02 D NONsynonymous 1 13
PANK2 p.E241D 0,50 0,41 D NONSynonymous 1 13
SEPTIN14 p.S200F 15190406908 0,31 0,01 D NONSynonymous 1 13
GDNF p.D150N 1576466003 0,25 0,01 D nonsynonymous 1 13
RIMS2 p.D60SA 1s61753731 0,77 0,00 D NONSynonymous 1 37
CREB3L3 p-E379K rs150431015 0,30 0,00 D NoONSynonymous 1 37
HTRA2 p.G399S 1572470545 0,79 0,01 D nonsynonymous 1 61
BRINP1 p-R607Q 15150796528 0,18 0,01 D nonsynonymous 1 11
TYR p.P406L 15104894313 0,92 0,01 D NONsynonymous 1 61
TRAP1 p.1200V 15113476582 0,77 0,01 B noNsynonymous 1 32
CSMD1 p.P2261A 15190894161 0,63 0,01 D NONSynonymous 1 67
APOA1 p.FO5Y rs138407155 0,58 0,01 D 1noNsynonymous 2 9/41
VTI1B p.R176H 1545548534 0,56 0,01 D NONsynonymous 2 23/16
SORL1 p.D2065V rs140327834 0,56 0,01 B nonsynonymous 1 34
CULY p.R2316W 15143984539 0,33 0,01 D NONSynonymous 1 10
PLCG2 p.N571S 1575472618 0,29 0,01 D nonsynonymous 2 30/ 33

The RecNcil combines three GBA! variants p.L483P, p.A495P, and p.V499V. D, Deleterious; B, Benign.
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4.1.2. CNVs analysis
We identified 64 rare CNVs in 105 genes, including eight CNVs in PD-related genes, two of which
carry the pathogenic risk GBAI variants. Three CNVs carriers (PRKN, CHRNA7 and HSPA6) have
earlier AAQ. The duplication in the PRKN gene observed in one patient was previously validated by
the MLPA technique and presented in the previous Chapter 2.

. TYPE Pathogenic . °
chr:start-end CNV Gene carriers AAO (mean) Actual age Subject n

6:162717494-162916407 DUP PRKN 39 68 1

15:32016461-32515085 DUP CHRNA7 47 71 19
1:161492664-161509871 DEL HSPAG6 49 61 5
10:135240915-135381133 DEL CYP2EL;SYCEL 58 76 41
7:151500618-151697683 DUP GALNTL5;LOC644090;:PRKAG2 66 84 42

15:32069982-32514085 DUP CHRNA7 78 94 67

9:28644821-28728423 DEL LINGO2 ik lz;agj’]gemc 58 67 4
12:112180652-112314835 DUP ACADI0;ALDH2;MAPKAPKS risk "Ga;l;f’femc 65 81 7

Table 4. 3 : Identified CNVs in Parkinson’s disease related genes

4.1. Discussion

Genome-wide association studies have revealed numerous loci associated with the risk of PD.
However, to fully understand the increased susceptibility, it is essential to further investigate the rare
variants present at these loci. Some of the recently identified GWAS loci and PD-related genes have
not yet been characterized at the molecular level to identify specific variants or causative genes
(Grenn et al., 2020b). We explored whether rare variants with possible functional significance are

also present in PD-related genes using WGS in the Luxembourg Parkinson’s study cohort.

We identified 141 nonsynonymous rare variants in PD-related genes carried by 62 patients, including
six individuals carrying pathogenic GBA1 variants. If we assume that the pathogenic GBA! variants
and the one PRKN CNVs are the cause of PD and explore only idiopathic PDs, then only 51
idiopathic PD patients carried 144 rare deleterious variants in PD-related genes. In the idiopathic
patients, we identified five probable pathogenic rare deleterious variants (STXBPI: p.A177T; MTAI:
p.E115G; FLOTI: p.M94T), that are annotated as deleterious in MISTIC and have high scores in
REVEL and mvpptv (> 0.7). These carriers have an AAO of 64, 51 and 64 respectively. There is no
additional information provided regarding the pathogenicity of these variants and these variants need

to be further investigated.

The patient carrying the LoF variant (PDESB: p.M1?) also carried the mild pathogenic GBA! variant
(p.N409S). Because this patient had an early AAO of 45, it is difficult to assess whether the

penetrance is due to GBAI or PDESB. Since the first methionine aa of the gene is mutated in the
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PDESB gene, this mutation likely leads to protein chain termination, which will have a more

deleterious effect compared to the mild GBA 1 mutation.

In our study, we present the identification of eight significant CN'Vs found in genes associated with
PD (PRKN, CHRNA7, HSPA6). The CNV in the PRKN gene has been successfully validated using
the MLPA technique, and existing research has highlighted the potential pathogenic influence of
these indels in the PD background (Lubbe et al., 2021).

Using AAO as a marker to assess the pathogenicity of indels, our results highlight a duplication of
the CHRNA?7 gene in a carrier with an AAO of 47 years and a deletion of the HSPA6 gene identified
in a carrier with an AAO of 49 years. These observations suggest an increased predisposition to PD
associated with these specific genetic irregularities. To fully understand the mechanisms behind these
associations and their implications for disease progression, further in-depth investigations are
essential. However, before any definitive conclusions can be drawn, it is imperative to determine the
presence or absence of these CNVs in control samples. Further studies to correlate these candidate
CNVs with underlying phenotypes remain essential. Unfortunately, there were no additional relatives

of PD patients who could be tested for co-segregation with the disease.

To clarify their potential impact on disease pathogenesis, larger follow-up studies of these variations,
evaluation of family segregation with PD, and functional studies are needed. The main limitation of
this study is its lack of power, mainly due to the inclusion of only 67 familial PD cases. Despite the
small sample size, previous similar studies have reported interesting results. For example, Trinh et
al. reported interesting variants in SPG7 based on a smaller exome sequencing study of 50 early-
onset PD patients (Trinh et al., 2019). Despite their limitations, smaller discovery cohorts may still
be helpful, although further replication in larger cohorts is needed. This study is particularly
interesting in terms of how low-frequency variants, which are more likely to have a negative

functional impact, may affect PD.
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Conclusions and Perspectives

At approximately 60 years of age, PD affects approximately 2 in 10,000 individuals, and the risk
increases as people get older. Aging is the most important risk factor for Parkinson's disease because
it correlates with the incidence of the disease (Dauer and Przedborski, 2003). There are treatments
available for PD symptoms. However, none of them can stop or slow down the progression of the
disease. The discovery of new therapeutic approaches is challenging due to the lack of a recognized
cause for the disease. Although some of the pathological mechanisms contributing to cellular
dysfunction in PD have been identified, such as the accumulation of toxic a-synuclein oligomers,
degeneration of dopaminergic cells in the SNpc, oxidative stress and inflammation, the exact cause
of the disease remains elusive. Most cases of PD are idiopathic, influenced by both environmental
and genetic factors that contribute to an individual's susceptibility to the disease, making

understanding the etiology of idiopathic PD a major challenge (Horowitz and Greenamyre, 2010).

The objective of this doctoral thesis was to investigate the genetic architecture of PD in the
Luxembourg population to identify known and novel genetic loci associated with this progressive
neurodegenerative disorder. The results describe the outcomes of the first genetic analysis of PD-
related genes performed in the Luxembourgish population.

Various methods have been used to detect rare variants and study their impact on PD patients, with
a particular focus on the GBAI gene, which has been identified as a significant genetic risk factor for

developing PD.

In Chapter 1, based on long-read sequencing technology, we demonstrated the high prevalence of
GBA1 variants in PD patients in Luxembourg (12.1%), reinforcing the idea that GBA! is a major
genetic risk factor for PD. We showed the effectiveness of targeted PacBio sequencing in detecting
known and novel GBA! variants with high sensitivity and specificity. We demonstrated that severe
variants are more likely to be associated with a higher risk of PD than risk variants, thereby justifying
the different levels of pathogenicity proposed in the GBA! variant classification. With our study, we
have also proposed a concept for categorizing variants of VUS in the GBAI gene, based on their
localization relative to known variants within the gene sequence and three-dimensional structure.
This classification approach has the potential to facilitate the identification of future targeted

therapies for patients carrying such VUS.

We then examined the impact of genotype-phenotype correlations on clinical outcomes to find an
association between variant carriers and their symptoms and to predict a prodromal phase that might
characterize GBAI carriers. We found that individuals with severe GBAI variants in PD had an
average AAO that was approximately four years younger than those without GBAI variants. We

observed that in severe GBAI carriers, non-motor symptoms such as depression and hallucinations,
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as well as motor symptoms such as gait disturbance, were associated with a more severe clinical

spectrum, highlighting the impact of different degrees of GBAI variant severity.

To unravel the precise mechanisms by which GBA variants contribute to the pathogenesis of PD, it
is essential to investigate their functional consequences. Understanding the impact on how these
variants impact glucocerebrosidase activity, lysosomal function, and a-synuclein aggregation will
reveal the fundamental biological processes involved in the development of PD. To this end, we can
use patient-derived iPSCs, differentiate them into neurons or macrophages and assess
glucocerebrosidase activity in these cells, providing a more relevant pathological context for
understanding the impact of the variant on GCase activity. Another approach is to model the GCase
protein. Using structural data derived from X-ray crystallography, we can build a model of the GCase
protein. This modeling allows us to make predictions regarding how specific variants might impact
critical aspects of the enzyme, such as the active site, substrate binding or protein stability. This will

help to assess the potential functional consequences resulting from the presence of GBA/ variants.

Furthermore, exploring intronic variants within the GBAI gene is crucial to gain a comprehensive
understanding of the full spectrum of genetic variants in this gene. These intronic variants, located
in non-coding regions of the gene, are traditionally considered non-functional. Recent research
suggested that the non-coding regions may play significant roles (Beutler et al., 1992; Malekkou et
al., 2020). Intronic variants may alter numerous regulatory elements, such as enhancers or splicing
motifs, and affect the GCase synthesis and processing (Kuo et al., 2021; Ohnmacht et al., 2020).
Therefore, investigating intronic variants may reveal novel regulatory processes that affect GBAI
expression and eventually lead to PD susceptibility. Understanding the molecular mechanisms
underlying these intronic variants will be crucial to guide future research and to develop therapeutic

strategies that specifically target the GBA I-related molecular pathways.

The identification of GBA! variants as an important genetic risk factor for PD in the Luxembourg
Parkinson's disease study provides new possibilities for therapeutic development. We are
contributing to a clinical trial focusing on preventing dementia in individuals with GBA [-associated
PD, led by our collaborator, Dr Kathrin Brockman from the Hertie Institute for Clinical Brain
Research in Tiibingen, Germany. Notably, PD patients carrying a pathogenic variant in the GBA
gene experience a significantly faster development of cognitive impairment. This cognitive decline
is attributed to the abnormal aggregation of several proteins within neurons, in particular a-synuclein
proteins. Interestingly, individuals with a mutation in the GBA1 gene show a pronounced aggregation
of a-synuclein instead of the more typical B-amyloid and tau aggregates seen in other forms of the
disease with dementia. The clinical trial attempts to reduce cognitive decline in PD patients with a
GBAI mutation by using Prasinezumab, an antibody designed to block the propagation of a-

synuclein aggregates between neurons. This treatment approach holds promise for positively
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impacting the outlook for PD patients and offering hope for effective therapies targeting the cognitive

aspects of PD in carriers of GBAI variants.

An imperative next step for future research is to investigate how risk variants impact biology. In this
pursuit, the use of longitudinal cohorts in which biomaterials are repeatedly collected is of great
value. Ideally, such cohorts would be initiated at the prodromal stage of the disease and continue
until the patient's passing, with brain donation for further study. This approach has the potential to
provide valuable insights into biomarkers that accurately reflect the underlying pathological
mechanisms and serve as measurable indicators for assessing the effectiveness of targeted
interventions. In line with this, we also conducted a longitudinal study focusing on GBA! carrier and

non-carrier PD and attempted to categorize VUSs based on their clinical outcomes.

To obtain meaningful results in the future and to increase statistical power, the Luxembourgish
Parkinson’s study should enroll more patients and perform more extensive burden analyses at the

level of individual variants, genes and gene sets.

Moreover, collaborative efforts and data-sharing initiatives will be the key to accelerating progress
in genetic studies. By establishing large-scale international collaborations and harmonizing data sets,
we will ultimately achieve more robust and reproducible results, leading to a better understanding of

the complex genetics involved in this disease.

In Chapter 2, after identifying GBA I variants that might not be detected by the WGS and NeuroChip
array screening method, our focus shifted to identifying other genes responsible for PD in our cohort.
We carefully screened for the presence of pathogenic variants in genes associated with PD.
Specifically, we identified nine carriers with pathogenic variants in the LRRK2 gene and one carrier
with a pathogenic variant in the PINKI gene. We also identified one carrier of CNVs in the PRKN

gene.

Exploring the monogenic history of PD patients is crucial as it can reveal important details about the
underlying genetic causes of the condition. While PD is often considered to be a complex
multifactorial disorder influenced by a combination of genetic and environmental factors, an
important proportion of cases have a monogenic inheritance. By identifying monogenic cases,
clinicians can make more accurate diagnoses, enabling early, targeted interventions that can
potentially slow down disease progression or improve symptoms. To gain a comprehensive
understanding, it is essential to expand our investigation beyond the GBA/ gene and consider not
only the seven PD-causal genes but also explore additional PD-related genes and those involved in

lysosomal pathways, such as MAPT, SAPC and SCARB2.
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By expanding our investigation to include additional PD-related genes and exploring rare pathogenic
variants, we can improve our comprehension of the genetic complexity of the disease. By integrating
a broader genetic perspective, we can identify new genetic contributors and better understand the
molecular pathways and mechanisms underlying PD. Currently, the genotyping data from Neurochip
is insufficient to explore rare variants. Therefore, incorporating data from WES or WGS, which
provides a more comprehensive view of the genetic landscape, becomes imperative in identifying
and characterizing rare pathogenic variants and their potential relevance to PD. To achieve this, we
collaborated with the Global Parkinson's Genetics Program (GP2) as part of the Complex-Hub
initiative and used the new Neuro Booster array. We aimed to identify rare and common variants

associated with PD.

The search for rare risk variants faces limitations due to the feasibility of the employed techniques
and the sample size. In addition, rare risk variants may have consequences through altered expression
or alternative splicing rather than through changes in protein sequence, thus necessitating
investigation of the non-coding regions of these genes. Furthermore, although many common
variants have been identified in recent years through GWAs analysis, only variants in the SNCA and
MAPT genes have been consistently replicated (Grenn et al., 2020a; Pan et al., 2023). We are curious
to explore whether any loci emerge as more significant contributors in our cohort, once we get the

necessary samples to conduct a GWAS study.

In Chapter 3, we focused on investigating the impact of GBA/ variants and the PRS of each
individual on the susceptibility to develop PD. The PRS can be used to classify individuals into high-
and low-risk categories, which can then be used to perform stratified studies that use medications
that are successful for specific types of PD in proportion to genetic risk. Our analysis revealed that
the risk of developing PD in association with GBA I pathogenic variants might be influenced by the
PRS, which is thought to exert its effects by influencing multiple pathways associated with PD. We
found supportive evidence that the combined presence of a high PRS and GBA/ pathogenic variants
may significantly increase the risk of developing PD. Notably, among individuals carrying both
severe and mild GBAI pathogenic variants, the presence of a high PRS significantly increased their
risk, suggesting an increased susceptibility to PD. These findings underscore the role of polygenic
risk in modulating disease susceptibility, particularly in individuals carrying less severe pathogenic
variants. A similar study also showed the same trend: The higher PRS was also significantly

associated with GBA1 variant carriers (Blauwendraat et al., 2020b).

We wanted to further analyze how PRS relates to clinical features, such as cognitive decline. A

similar study had been conducted on the effect of PRS on clinical outcomes and showed an
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association between PD motor outcomes and PRS (Pihlstrem et al., 2016). The PRS was also found
to be significantly associated with earlier AAO. Significant correlations were found between

Levodopa-Induced Dyskinesia (LID) and higher PRS (Aradi and Hauser, 2020).

Another study evaluated the combination of PRS, environmental and lifestyle factors associated with
PD and showed an association between five factors (age, head injury, family history, depression, and
Body Mass Index (BMI)) (Chairta et al., 2021). Although an adequate number of participants is
needed for this study, it will probably help us to differentiate between high and low-risk PRS in terms

of clinical features.

In Chapter 4, we investigated potential PD candidate genes that may play a role in increased
susceptibility to PD. We focused on 67 familial PD cases screened by WGS. Through this analysis,
we identified a total of 142 rare variants in genes associated with PD, as well as eight CNVs that

could potentially contribute to the development of PD.

We are actively involved in the GP2 Monogenic-Hub program with over 200 PD samples. This
program recruits and studies PD patients with a potential monogenic factor, such as those with an
early onset (< 50 years), a positive family history or an atypical clinical presentation. Our
collaboration in this program aims to identify new genes or variants that may be linked to the risk of
PD. Through this collaboration effort, we have access to genetic data from samples belonging to the
same families, enabling us to conduct a de novo analysis. This approach allows us to investigate
novel genetic variants and their potential impact on PD, contributing to a deeper understanding of

the genetic factors that influence the risk and development of PD.

In conclusion, our comprehensive genetic analyses, including the exploration of rare variants, PRS,
and the interplay between clinical outcomes, have yielded significant progress in unraveling the
genetic landscape of PD in the Luxembourgish Parkinson’s disease study. The identification of
important genetic risk factors, such as the GBA gene, has underscored the complex genetic nature
of PD and highlighted the need for further research. Studying the genetics of common
neurodegenerative diseases such as PD is of paramount importance to fully understand the underlying
causes of the disease and to develop innovative therapies that may slow disease progression or even
provide a cure. While familial cases of PD caused by inherited gene variants may offer relatively
clear avenues for investigation, the challenge becomes greater when dealing with idiopathic cases,

where multiple factors are at play, making it difficult to pinpoint a single direct cause.

To date, numerous genes and loci identified by GWAS have been implicated in the development of

PD. Investigation of genetic risk factors must continue, along with a concerted and focused effort to
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understand the consequences of these findings at the molecular and biological levels. By combining
genetic insights with functional knowledge, we can lay the foundation for therapeutic strategies that
directly target the underlying causes of the disease, offering hope for more effective and personalized

treatments for individuals affected by PD.

Patient-derived cell models, particularly iPSCs with isogenic controls, provide a powerful framework
for analyzing and understanding the effects of specific genetic variables in a controlled experimental
setting. These models have important implications for drug discovery, understanding of disease

mechanisms, and personalized treatment.
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Idiopathic Parkinson’s disease is characterized by a progressive loss of dopaminergic neurons, but the exact disease
aetiology remains largely unknown. To date, Parkinson’s disease research has mainly focused on nigral dopamin-
ergic neurons, although recent studies suggest disease-related changes also in non-neuronal cells and in midbrain
regions beyond the substantia nigra. While there is some evidence for glial involvement in Parkinson’s disease,
the molecular mechanisms remain poorly understood. The aim of this study was to characterize the contribution
of all cell types of the midbrain to Parkinson’s disease pathology by single-nuclei RNA sequencing and to assess
the cell type-specific risk for Parkinson’s disease using the latest genome-wide association study.

We profiled >41000 single-nuclei transcriptomes of post-mortem midbrain from six idiopathic Parkinson’s disease
patients and five age-/sex-matched controls. To validate our findings in a spatial context, we utilized immunolabelling
of the same tissues. Moreover, we analysed Parkinson’s disease-associated risk enrichment in genes with cell type-
specific expression patterns. We discovered a neuronal cell cluster characterized by CADPS2 overexpression and
low TH levels, which was exclusively present in idiopathic Parkinson’s disease midbrains. Validation analyses in la-
ser-microdissected neurons suggest that this cluster represents dysfunctional dopaminergic neurons. With regard
to glial cells, we observed an increase in nigral microglia in Parkinson’s disease patients. Moreover, nigral idiopathic
Parkinson’s disease microglia were more amoeboid, indicating an activated state. We also discovered a reduction in
idiopathic Parkinson’s disease oligodendrocyte numbers with the remaining cells being characterized by a stress-in-
duced upregulation of S100B. Parkinson’s disease risk variants were associated with glia- and neuron-specific gene ex-
pression patterns in idiopathic Parkinson’s disease cases. Furthermore, astrocytes and microglia presented idiopathic
Parkinson’s disease-specific cell proliferation and dysregulation of genes related to unfolded protein response and
cytokine signalling. While reactive patient astrocytes showed CD44 overexpression, idiopathic Parkinson’s disease
microglia revealed a pro-inflammatory trajectory characterized by elevated levels of IL1B, GPNMB and HSP90AA1.
Taken together, we generated the first single-nuclei RNA sequencing dataset from the idiopathic Parkinson’s disease
midbrain, which highlights a disease-specific neuronal cell cluster as well as ‘pan-glial’ activation as a central mech-
anism in the pathology of the movement disorder. This finding warrants further research into inflammatory signalling
and immunomodulatory treatments in Parkinson’s disease.
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Introduction

Parkinson’s disease is a neurological disorder that is commonly
characterized by a progressive loss of neuromelanin-containing
dopaminergic neurons (DaNs) in the substantia nigra (SN).»? Age,
genetic and environmental factors contribute to Parkinson’s dis-
ease pathogenesis, but disease pathology and aetiology remain
mostly unknown.? Approximately 95% of Parkinson’s disease pa-
tients do not harbour an interpretable genetic cause; therefore,
they are classified as idiopathic Parkinson’s disease.*

So far Parkinson’s disease research has mainly focused on nigral
dopaminergic neurons. By contrast, recent studies suggest
disease-related changes also in non-neuronal cells and in brain re-
gions beyond the SN. For instance, PET of drug-naive Parkinson’s
disease patients revealed microglial activation of the entire brain.”
This finding is supported by histological analyses in post-mortem
Parkinson’s disease tissue, which indicate microglial activation in
the nigra but also in the putamen, hippocampus, and cortex.®
Reactive microglia can trigger the induction of neurotoxic reactive
astlrocytes,7 which, in turn, interfere with oligodendrocyte sur-
vival.® Accordingly, glial pathology is suspected to drive neuroin-
flammatory processes throughout the brain, which contribute to
neuronal demise in Parkinson’s disease.

The current understanding of neuron-glia cellular perturbations
in Parkinson’s disease relies largely on experimental models that
lack adequate representation of the disease complexity. For instance,
toxin-induced animal models capture neither the nature of the hu-
man brain nor the multifactorial aspect of the disease.® Also, induced
pluripotent stem cell (iPSC) models derived from idiopathic
Parkinson’s disease patients lack the complex cellular composition
and dynamics found in a human brain. Several transcriptomic studies
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using human post-mortem midbrain tissue have investigated the
transcriptional programs disrupted in idiopathic Parkinson’s disease.
However, these studies used either bulk RNA-seq approaches on mid-
brain tissue or on laser capture-microdissected dopaminergic neu-
rons, thereby failing to disentangle cell-type-specific contributions
to the disease pathology.’ The recent development of single-cell se-
quencing technologies offers the possibility to overcome these chal-
lenges. In particular, transcriptional profiling of single cells
(scRNA-seq) or nuclei (snRNA-seq) has proved itself to be an effective
strategy to obtain a global view of disease-associated changes at an
unprecedented resolution.'* Moreover, this single-cell approach can
be linked to known disease-specific genetic variants to reveal disease
trait association in specific cell types.

To address the above-described knowledge gaps and technical
limitations, we performed snRNA-seq of post-mortem adult hu-
man midbrain tissue of idiopathic Parkinson’s disease patients
and age-matched control subjects. Using this approach, we ob-
tained an unbiased and global view of the cell type composition
as well as the transcriptional programmes disrupted in idiopathic
Parkinson’s disease glia and neurons at single-cell resolution.

Materials and methods

Frozen human post-mortem midbrain tissue sections and the asso-
ciated clinical and neuropathological data were supplied by the
Parkinson’s UK Brain Bank and the Newcastle Brain Tissue
Resource. According to the neuropathological procedure, after re-
moving the brainstem and cerebellum, the brain hemispheres
were divided down the midline, with the hemi-midbrain associated
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with each hemisphere. The left hemi-midbrain was removed with a
transverse section by taking a line from just behind the mammillary
body through the superior colliculus. This midbrain block was then
snap-frozen at —120°C and cryosectioned at ~15 um thickness in the
transverse plane. The resulting sections were stored at —80°C.

Patients and control subjects gave written informed consent
with the brain banks, which, together with the ethics review panel
of the University of Luxembourg, approved the study.

Six to eight sections were combined from one individual for nuclei
isolation. Nuclei were isolated by adapting the published 10X
Genomics® protocol for ‘Isolation of Nuclei for Single Cell RNA
Sequencing’. In brief, the tissue was lysed in a chilled lysis buffer
(10 mM Tris-HCl, 10 mM NacCl, 3 mM MgCl,, 0,1% Nonidet™ P40).
Then, the suspension was filtered and nuclei were pelleted by cen-
trifugation. Nuclei-pellets were then washed in a ‘nuclei wash and
resuspension buffer’ [1x PBS (phosphate-buffered saline), 1% BSA
(bovine serum albumin), 0.2 U/ul RNase inhibitor], filtered, and pel-
leted again. Nuclei-pellets were suspended in the DAPI solution
(1.5 uM DAPI in 1x PBS) and incubated for 5 min prior to FACS sort-
ing. After dissociation, single DAPI-positive nuclei were filtered by
size and granularity using a FACSDiva Cell Sorter (BD Biosciences)
to minimize the amount of cell debris in the suspension. The result-
ing nuclei were inspected under the microscope. Only those that
appeared intact were considered when adjusting the nuclei con-
centration prior to loading of the sequencer.

Sorted nuclei were processed using the Chromium Next GEM Single
Cell 3’ Kit v3.1 to generate the cDNA libraries. The quality of cDNA
was assessed using the Agilent 2100 Bioanalyzer System.
Sequencing was performed on Illumina NovaSeq 6000-S2.

FASTQ files were generated from the raw base call (BCL) outputs
with the Cell Ranger (10x Genomics) mkfastq pipeline v.3.0. From
this, we obtained a gene-barcode UMI count matrix per sample
using the Cell Ranger (10x Genomics) count pipeline v.3.0 using de-
fault parameters. The Cell Ranger count pipeline only considers
exon-mapping reads during UMI-counting. Also, single-nuclei se-
quencing readouts are enriched in intronic regions. To account
for this, we used the Cell Ranger recommended variation of the hu-
man reference transcriptome (hg38), where introns are annotated
as exons. The CellRanger pipeline predicted 51929 barcodes to re-
present intact single nuclei across all samples, from which 10494
were filtered out. We retained barcodes with >1500 UMIs and
>1000 genes, as well as <10% of mitochondrial-encoded (mtDNA)
and <10% of ribosomal gene counts. We only kept genes that
were detected in at least three barcodes. Next, we removed riboso-
mal and mtDNA-encoded genes from the count matrix. We then
used Scrublet’ to identify potential multiplet-barcodes, and only
kept barcodes with an estimated doublet score <0.15 for down-
stream analysis.

To identify the major cell types comprising the human midbrain,
we combined the samples in a single embedding following the
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Seurat v3'® CCA integration workflow. First, each sample was nor-
malized using the SCTransform approach.'® Cell-cycle phase as-
signment was performed based on this normalized expression
matrix. We used the Seurat CellCycleScoring function and the
Seurat v3 reference genes for the S and G2/M cell-cycle phases. To
determine the inter-sample anchors for integration, we used the
FindIntegrationAnchors Seurat function with the top 4000 consistent
highly variable genes across the samples, identified with the
SelectIntegrationFeatures function. We then used the IntegrateData
Seurat function to obtain a combined and centred expression ma-
trix. Principal component analysis was carried out on this centred
expression matrix. The top 25 principal components were used to
build a shared nearest neighbour (SNN) cell graph, which was
then clustered using the Louvain algorithm (resolution = 1.5) imple-
mented in the Seurat FindClusters function. The top 25 principal
components were embedded onto two dimensions using the
Uniform Manifold Approximation and Projection (UMAP) algorithm
with the number of neighbours set to 30 and a minimum distance
set to 0.3 following Seurat3 default implementation.” We identified
marker genes for each cluster by using the ROC method of the
Seurat FindAllMarkers function. The top marker genes were used
to assign cell type annotations manually for each cell cluster. We
compared the cell types by correlating their pseudo bulk profiles.
The resulting gene-cell type matrix was normalized (transcript
per million) and log2 transformed. The Pearson correlation esti-
mates among the normalized cell type profiles were used as the in-
put distance matrix for hierarchical clustering.

To quantitatively validate the cell-cluster definition and annota-
tion, we implemented a stratified cross-validation machine learn-
ing approach. Briefly, we removed the sample effects on the
combined UMI count dataset using Harmony.*® For normalization,
we used the loess transform to fit a smooth curve between mean
and variance using the log-transformed data. We then scaled the
data with the fitted mean and standard deviation (SD). The identi-
fied marker genes (Supplementary Table 3) were selected as the fea-
tures of the model. We considered each cell type’s median cell type
to subsample the dataset as a few cell types (DaNs and CADPS2high)
were under-represented. To ensure similar label composition in the
training and test sets, we split the data using scikit-learn'®
StratifiedKFold with 70% of the data as training and 30% as test data-
set 5-fold cross-validation. We performed dimensionality reduc-
tion with truncatedSVD to 30 components. These 30 components
were classified based on scikit-multilearn’s ensemble classifica-
tion,*® which uses Louvain-based clustering’®?* and a random for-
est classification to account for the clustered and sparse nature of
the snRNA-seq data. The predicted cell types were then compared
to the manually curated cell label assignments using a confusion
matrix.

We estimated the differential cell type composition by comparing
the UMAP embeddings and the cell type proportions between the
idiopathic Parkinson’s disease and control samples. We considered
the two-dimensional kernel cell density of the idiopathic
Parkinson’s disease and control cells independently on the first
two UMAP components using the kde2d function (bins = 100) imple-
mented in the MASS R package.?? The idiopathic Parkinson’s
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disease log2 differential UMAP density was calculated. Also, for
each cell type, we compared the proportion of cells per sample be-
tween the idiopathic Parkinson’s disease patients and control indi-
viduals. We assessed this difference with the Student’s t-test
implemented in the ttest function of the R stats package.”
Furthermore, we used the beta-regression model to estimate the
contribution of the sample clinical features [e.g. condition, post-
mortem interval (PMI), age] on the cell proportion variation. We
modelled the cell type proportion using the betareg R package.”*

We subset cell-type-specific UMI raw counts. To identify the glial
subpopulations, we integrated cells from different samples follow-
ing the Seurat3 reciprocal principal component analysis based
protocol considering the top 1000 highly variable genes for astro-
cytes and oligodendrocytes and the top 500 highly variable genes
for microglia. Then we used the unsupervised and network-based
Louvain clustering approach based on the top 25 principal compo-
nents of the integrated datasets. Marker genes were defined as de-
scribed before. We reconstructed the cellular activation trajectories
following the monocle3 approach. Briefly, cells from different sam-
ples were integrated, and factor size normalized. The sample effect
was removed using the Mutual Nearest Neighbor method.?” Then
the highly variable genes defined before were embedded in the first
25 principal components used for dimensionality reduction and
trajectory inference using the DDR algorithm implemented in the
learn_graph function of the monocle3 R package.* Pseudotime order-
ing was done in a supervised manner by rooting the trajectory in
the graph node that maximizes the distance to the known activated
cell subpopulation. We identified cell type-specific perturbed genes
in idiopathic Parkinson'’s disease using the Quasi-Poisson general-
ized linear model implemented in the fit_models function of the
monocle3 R package.'’ Idiopathic Parkinson’s disease differential
expression coefficient with g < 0.05 were considered as differential-
ly expressed genes. Highly variable genes associated with the cell
trajectories were identified using the spatial correlation analysis
Moran’s I approach implemented in the graph_test function of the
monocle3 R package.'* Functional enrichment analysis of the differ-
entially perturbed genes was done using Enrichr.?®

Midbrain tissues on PEN slides were fixed in ice-cold 75% ethanol
for 3 min, then in 99% ethanol for 1 min and then air-dried for
5-10 min prior to dissection.?”” From the SN of each sample, 150
neuromelanin-positive neurons were captured with laser-
microdissection using the PALM Microbeam (Zeiss) in 20 ul
nuclease-free water with 0.2 U/pl RNase inhibitor (Roche). RNA
was extracted with the NucleoSpin RNA XS purification kit
(Macherey-Nagel) according to the manufacturer’s protocol. The
reverse-transcription into cDNA was performed with SuperScript
III Reverse Transcriptase (ThermoFisher).

The CADPS2 expression was quantified by means of digital PCR
(dPCR) using the QuantStudio™ 3D Digital PCR System (Applied
Biosystems). Samples were prepared following the manufacturer’s
instructions using SYBR™ Green (S5763, Life Technologies) and
QuantStudio™ 3D digital Master Mix v2 (A26359, Life
Technologies). Primer sequences for CADPS2 are: forward
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3'-AAACTCTGTGCCCTGGATGG-5 and reverse 3'-GACAACACGCC
TTCCAACAC-5'. Primer sequences for Actin are: forward 3'-CGA
GGACTTTGATTGCACATTGTT-5' and reverse 3-TGGGGTGGCTTTT
AGGATGG-5'. Samples were loaded on a QuantStudio™ 3D digital
PCR Chip v2 using the QuantStudio™ 3D Digital PCR Chip loader.
The PCR was then performed on the ProFlex™ 2X Flat PCR System
using the following parameters: 95°C for 5 min, 45 cycles of 95°C
for 10 s, and 60°C for 10 s, 72°C for 10 s. The chips were read using
the QuantStudio™ 3D Digital PCRinstrument and the data were ana-
lysed wusing the QuantStudio™ 3D AnalysisSuite, version
3.1.6-PRC-build18.

Paraffin-embedded PFA-fixed midbrain sections were deparaffi-
nized by incubation at 60°C for 30 min. This was followed by
washing with Histoclear (2 x 5min) and ethanol gradient series
(100%, 100%, 95%, 70% vol/vol, 5 min each), and finally in distilled
water for 10 min. Antigen retrieval was performed in 1 mM EDTA,
pH=38, in a pressure cooker for 40 min. Next, the slides were
washed in distilled water and 1% TBST and blocked with 10%
NGS in 1% TBST for 1h. The sections were then incubated in
the primary antibody (anti-tyrosine hydroxylase MAB318, 1:100,
Millipore; anti-myelin PLP, 1:100, Abcam; anti-IBA1 019-19741,
1:500, FUJIFILM Wako; anti-GFAP ab7260, 1:100, Abcam), diluted
to a working concentration in 1% NGS in 0.1% TBST, at 4°C over-
night. This was followed by washing 3 x 5 min in 1% TBST. Then,
the midbrain sections were incubated with a secondary antibody
(goat anti-mouse IgG1l Alexa Fluor 647, A21240; goat anti-mouse
IgG2a Alexa Fluor 546, A-21133; goat anti-rabbit IgG Alexa Fluor
488, A-27034), diluted to a working concentration of 1:100 in 1%
NGS in 0.1% TBST, for 1h. Sections were rewashed 3 x 5 min in
1% TBST and incubated in Sudan black solution for 2 min. This
was followed by three washes in 1% TBST and mounting in
ProLong Gold mounting medium.

Immunofluorescence images of human post-mortem midbrain
sections were acquired with Carl Zeiss Axio Observer Inverted
Microscope Z1 with 20x objective and analysed in MATLAB
(Version 2019B, Mathworks). Automated in-house developed image
analysis algorithms segmented the fluorescent cell areas (neurons,
astrocytes, microglia, oligodendrocyte) extracting features such as
area and perimeter. The segmentation of dopaminergic neurons
was computed by convolving the raw TH channel with a Gaussian
filter. TH-positive cell areas were detected by setting a pixel thresh-
old followed by bwareaopen to remove small connected components
to generate a TH area mask. The neuromelanin mask was com-
puted by identifying areas below the selected pixel threshold and
subtracting the small connected components with bwareaopen.
The segmentation of astrocytes and microglia was calculated by se-
lecting a pixel threshold, followed by an imfill filter to generate the
cell area masks for GFAP or IBA1, respectively. Further, the skeleton
of the IBA1 mask was generated with a thinning function to identify
the branching of the mask. Because of the massive oligodendrocyte
population, we generated the mask by selecting a pixel threshold to
identify all the PLP1 positive areas without segmentation. The
mean area of each individual was calculated, and the groups were
compared with an unpaired t-test. The results were visualized
with ggplot2 in R 4.0.0.
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DNA samples from all idiopathic Parkinson'’s disease cases under-
went genotyping at the Institute of Human Genetics at the
Helmholtz Zentrum Miinchen using the Illumina (San Diego, CA)
NeuroChip.?® Standard genotype data quality control (QC) steps
were carried out.? Single nucleotide polymorphism (SNP) imput-
ation was carried out on our NeuroChip data using the Michigan
Imputation Server® to produce a final list of common (minor allele
frequency >1%) variants for further analyses. Imputed SNP posi-
tions were based on Genome Reference Consortium Human 37/hu-
man genome version 19 (GRCh37/hg19). All cases were screened for
disease-associated variants in known major Parkinson’s disease
genes (SNCA, LRRK2, DJ-1, PRKN, GBA, PINK1, ATP13A2, VPS35,
MAPT, DCTN1, DNAJC6, SYNJ1, VPS13C and MAPT) covered by the
NeuroChip.

Association analysis of cell type-specific expressed genes with gen-
etic risk of Parkinson’s disease was performed using Multi-marker
Analysis of GenoMic Annotation (MAGMA) v1.08, to identify idio-
pathic Parkinson’s disease-relevant cell types in the midbrain.
MAGMA is a gene-set enrichment analysis method that tests the
joint association of all risk SNPs in a gene with the phenotype while
accounting for the linkage disequilibrium (LD) structure between
SNPs.?! In our study, the SNPs and their P-values were taken from
the summary statistics of the Parkinson’s disease genome-wide as-
sociation study (GWAS) from Nalls et al.* (excluding 23andMe). The
publicly available European subset of 1000 Genomes Phase 3 was
used as a reference panel to estimate LD between SNPs. MAGMA
analysis consists of three steps. First, the annotation step, where
SNPs were mapped to genes using the NCBI GRCh37 build (annota-
tion release 105). Gene boundaries were defined as the transcribed
region of each gene. An extended window of 35 kb upstream and
10 kb downstream of each gene was added to the gene boundar-
ies.* Second, the gene analysis step computes gene-wise
P-values based on SNP GWAS P-values. The third step is the
competitive gene-set analysis implemented as a linear regression
model on a gene-set data matrix. The gene-sets used here are the
differentially expressed genes in every cell type or the
cell-type-specific expressed genes [filtered for false discovery rate
(FDR)-corrected P-values <0.05, percentage of cells of the cluster
where the expression was detected >0.5, and logFC>0.25].
MAGMA gene-set analysis provides association results for every
gene-set and for every gene in the gene-sets. The association of a
gene with a cell type is quantified as a z-score. Z-scores will be close
to zero if a gene is not differentially expressed, while high positive
z-scores indicate most differentially expressed genes.

Raw snRNA-seq data for the 11 samples presented in this study are
available in the Gene Expression Omnibus (GEO) with accession
number GSE157783. Imaging data are available upon request.

Results

We sampled adult human post-mortem midbrain tissue from five
idiopathic Parkinson’s disease cases, for which pathology reports
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described a severe neuronal loss in the SN without a family history
of Parkinson’s disease (Supplementary Table 1). We confirmed the
idiopathic nature by SNP-Chip profiling of 179467 known variants
associated with neurological diseases, including Parkinson’s dis-
ease,* which did not reveal a genetic aetiology (Supplementary
Table 2). We sampled six control midbrains to match the idiopathic
Parkinson’s disease patient characteristics. The average age of idio-
pathic Parkinson’s disease patients and control individuals were
~77 [standard error of the mean (SEM = 3)] and ~81 (SEM =4) years,
respectively, and both groups had similar post-mortem intervals
(idiopathic Parkinson’s disease ~22 and controls ~16h)
(Supplementary Table 1).

We sequenced single nuclei from frozen ventral sections of hu-
man post-mortem midbrains (Fig. 1A) and obtained ~2000-6000
high-quality nuclei per sample with an average of ~7600 transcripts
and ~2700 genes per nucleus after filtering out poorly sequenced
nuclei and potential doublets (Fig. 1B). This dataset comprised 22
433 and 19002 single nuclei from control individuals and patients
with idiopathic Parkinson’s disease, respectively (Fig. 1C).

We embedded the 41435 nuclei transcriptomes into two dimen-
sions using the UMAP algorithm. We found that the overall cluster
structure was mostly driven by cell-type identity and inter-sample
variability (Supplementary Fig. 1A and B). Of note, patient and con-
trol cells gathered together within the major cell clusters
(Supplementary Fig. 1B). To account for this inter-individual vari-
ation during the cell-type identification, we followed the Seurat3
sample integration protocol (see ‘Materials and methods’ section)
(Fig. 1D). Using this corrected principal component analysis embed-
ding and the unsupervised, network-based Louvain clustering ap-
proach, we found that the human midbrain comprised 12 major
cell types (Fig. 1D and E and Supplementary Fig. 1C).

The studied human midbrain tissue was composed of glial,
neuronal, and vascular cells (Fig. 1D and E). We annotated most
cell clusters by manually comparing well-known marker genes in
the literature and the identified marker genes of each unsupervised
cell cluster (Supplementary Fig. 1C-I and Supplementary Table 3).
Oligodendrocytes, the most abundant cell type in the midbrain
(Fig. 1F), were characterized by the expression of MOBP.*®
Oligodendrocyte precursor cells (OPCs) highly express VCAN.*®
Expression of AQP4 was characteristic for astrocytes® and FOXJ1
for ependymal cells (Fig. 1E-G and Supplementary Fig. 1C-I).*®
Also, immune and vascular cells displayed a highly specific expres-
sion of well-known marker genes; CD74 in microglia,® CLDN5 in
endothelial cells,***! and GFRB in pericytes*’ (Fig. 1E-G and
Supplementary Fig. 1C). Regarding neuronal cells, we identified
four cell types: excitatory (SLC17A6),** inhibitory (GAD2),**
GABAergic (GAD2/GRIK1)**** and, dopaminergic neurons (TH)
(Fig. 1E-G and Supplementary Fig. 1C-I).*

A closer look at the number of profiled nuclei indicated that
DaNs only comprised 0.18% of the total cell count limiting the com-
parison between the idiopathic Parkinson’s disease and control
DaNs (Fig. 1F). Therefore, we performed quantitative immunofluor-
escence imaging analysis of TH- or neuromelanin-positive cells in
idiopathic Parkinson’s disease and control tissues and confirmed
a significant reduction in TH- or neuromelanin-positive nigral
DaNs in the idiopathic Parkinson’s disease midbrains compared
to controls (Supplementary Fig. 2A-D).

Interestingly, we also found a neuronal cluster of 120 cells,
which we could not annotate initially based on known marker
genes, that was characterized by high expression of CADPS2
(CADPS2ME" cells) (Fig. 1E-F and H-I and Supplementary Fig. 1C
and I). These cells almost exclusively originated from idiopathic
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Figure 1 Cell type composition of human midbrain. (A) The experimental approach to midbrain tissue processing and nuclei extraction. Nuclei sus-
pensions were processed with the 10x Genomics platform and sequenced with an Illumina sequencer. (B) Contribution of nuclei from idiopathic
Parkinson’s disease (IPD) patients or controls to each cell type. (C) The number of high-quality nuclei per sample. Overall, the population consists of
19002 nuclei from idiopathic Parkinson’s disease patients and 22433 nuclei from controls. (D) UMAP embedding of the 41435 human midbrain nuclei.
Cells are coloured by cell type. (E) Cell type transcriptome similarity and representative marker genes. CADPS2"" cells cluster together with the neur-
onal cells. (F) The number of profiled nuclei per cell type. (G) The proportion of idiopathic Parkinson’s disease and control profiled cells per cell type.
(H) CADPS2"" cell proportion per sample, (t-test P=0.02). (I) CADPS2"€" cells are neurons. They express MAP2, SCN2A, and TIAM1, but have low levels
of TH. (J) Digital PCR reveals significantly higher expression of CADPS2 in neuromelanin-positive nigral neurons (n = 150 per person) dissected from idio-

pathic Parkinson’s disease midbrain sections compared to those isolated from control tissue (t-test P=0.027).

Parkinson'’s disease patients (idiopathic Parkinson’s disease, 98.4%;
control, 1.6%) (Fig. 1G). Quantitative assessment of the cell annota-
tion  assignment validated our cell-type annotation
(Supplementary Fig. 1D). With regard to neuronal markers, these
cells show a similar profile to DaNs, except for low TH abundance
(Fig. 11I). Moreover, CADPS2"&" cells express even higher levels of
TIAM1 than DaNs (Fig. 1I). TIAM1 has been identified as a regulator
of the Wnt/Dvl/Rac1 pathway, which controls midbrain DaN differ-
entiation.*’*® Thus, we hypothesized that CADPS2"&" cells might
constitute degenerating DaNs.

In order to test this hypothesis, we applied laser-capture micro-
dissection (LCM) to frozen midbrain sections from additional idio-
pathic Parkinson’s disease patients and aged control subjects. Our
‘validation cohort’ included C1 and IPD4 from the original
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‘snRNA-seq cohort’ as well as sections from four previously unstud-
ied cases and four new controls (Supplementary Table 1). From
each individual, we isolated 150 neuromelanin-containing neurons
that were subjected to CADPS2 gene expression analysis by means
of digital PCR, whereby Beta-actin served as a house-keeping gene.
This experiment indicated significantly higher CADPS2:Beta-actin
ratios in idiopathic Parkinson’s disease compared to control DaNs
with neuromelanin deposits (Fig. 1J), suggesting that CADPS2Mieh
cells are indeed of dopaminergic origin.

Next, we aimed to reveal cell-type composition changes of the
midbrain associated with idiopathic Parkinson’s disease and fol-
lowed three approaches. We compared idiopathic Parkinson’s dis-
ease and control cell density distributions in the 2D UMAP
representation (Fig. 2A and B) and analysed the idiopathic
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Parkinson’s disease and control distributions of the cell type pro-
portions per sample. Altogether, these results revealed an increase
in the fraction of microglia and astrocytes and a decreased fraction
of oligodendrocytes in idiopathic Parkinson’s disease midbrains
compared to controls (Fig. 2C, Supplementary Fig. 3A and D and
Supplementary Table 6). To validate these results with an inde-
pendent approach, we examined paraformaldehyde-fixed
paraffin-embedded sections from the right hemi-midbrain of the
same 11 individuals by performing multi-labelling immunofluores-
cence analysis.*® First, we confirmed the increased fraction of
microglia in idiopathic Parkinson’s disease midbrains by labelling
it with an antibody against the marker protein IBA1 (Fig. 2D).
Automated image analysis demonstrated an increase in
IBA1-positive areas in idiopathic Parkinson’s disease midbrain tis-
sue compared to control samples (Fig. 2E and Supplementary
Table 7). This microglia increase was the most significant in the SN
compared to other midbrain regions (Fig. 2E and Supplementary
Table 7). Further image analysis of the microglia cellular shape in
the SN of age- and sex-matched idiopathic Parkinson'’s disease and
control cases (Fig. 2F) revealed an idiopathic Parkinson’s
disease-related decrease in microglial branching, indicating cellular
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activation (Fig. 2G and Supplementary Table 7).°° Second, we vali-
dated the increased fraction of astrocytes and a decreased fraction
of oligodendrocytes in idiopathic Parkinson’s disease midbrains.
We labelled astrocytes and oligodendrocytes with antibodies against
their marker proteins GFAP and PLP1, respectively (Supplementary
Fig. 3B and E). We observed a trend towards a higher abundance of
GFAP-positive areas throughout all the regions in idiopathic
Parkinson’s disease midbrain tissue compared to control subjects
(Supplementary Fig. 3C, Supplementary Table 7). Moreover, we
detected a reduction of PLP1-positive areas in the idiopathic
Parkinson’s disease midbrain sections compared to controls with
the highest significance in the SN (Supplementary Fig. 3F). In
contrast, the other midbrain cell types, OPCs, pericytes, ependymal,
excitatory, inhibitory, and GABAergic cells, did not display signifi-
cant deviations associated with idiopathic Parkinson’s disease
(Supplementary Fig. 4 and Supplementary Table 6).

We also investigated how other clinical characteristics, in add-
ition to the disease status (condition), affect the midbrain cellular
composition. For this, we modelled the percentage of each cell
type per sample as a function of age, post-mortem interval, and
condition. We used beta-regression modelling to estimate the
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Figure 3 Trajectory reconstruction reveals microglia differential activation in idiopathic Parkinson’s disease (IPD). (A) Microglia subpopulations la-
belled with a representative marker gene. (B) Expression of P2RY12, GPNMB, IL1B and HSP90AA1 along the ~4000 microglia cells. These genes are char-

acteristic of the major three microglia subpopulations. (C). Trajectory reconstruction and pseudotime representation based on the P2RY’

high
17Meh,

GPNMB"#", and HSP90AA1BM8" subpopulations. This reveals a two-branches activation trajectory. (D) Differential cell-density distribution along pseu-
dotime for idiopathic Parkinson’s disease and control samples. Also, the expression of 65 genes, whose expression is associated with the microglia
activation trajectory. Z-score normalized expression is presented for each gene over ~4000 microglia cells organized by their pseudotime. (E) Gene
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coefficients of these clinical features (Supplementary Fig. 5).
Condition (idiopathic Parkinson’s disease) appeared to be the sam-
ple characteristics with the highest impact on the midbrain cellular
composition. For instance, the most significant coefficients were
the loss of DaNs and the gain of CADPS2"" cells associated with
idiopathic Parkinson’s disease (Supplementary Fig. 5).

To reveal the transcriptional programmes and pathways asso-
ciated with the increased fraction of microglia and astrocytes in
idiopathic Parkinson’s disease, we subclustered these cell types to
identify glial subpopulations and reconstruct their activation tra-
jectories. We identified seven microglia subpopulations character-
ized by the expression of a few marker genes (Fig. 3A). The three
biggest subpopulations are defined by the high expression of
P2RY12, GPNMB, and HSP90AA1 (Fig. 3B). Given that these three sub-
populations conform to a continuum in the UMAP projection and
both GPNMB and HSP90AA1 are microglia activation markers, we
estimated a cell trajectory structure comprising these major subpo-
pulations (Fig. 3C). We then organized cells along this trajectory
(pseudotime), starting from the trajectory node that maximizes
the distance to the GPNMB and HSP70AA1 trajectory branch tips
(Fig. 3C). This microglia activation trajectory spans from
P2RY12"8b cells towards two activation branches, one containing
GPNMBM&" cells and another with cells highly expressing
HSP90AA1 or IL1B (Fig. 3C). Idiopathic Parkinson’s disease cells
differentially distribute along the microglia activation trajectory
being enriched towards the activated state compared
(Fig. 3D and Supplementary Fig. 6). While P2RY12 is highly abundant
in the resting microglia,” GPNMB,*?> HSP90,>* and IL-1¢>* are in-
volved in the inflammatory response and have previously been
linked to neurodegeneration®**>°¢ supporting the notion that the
idiopathic Parkinson’s disease-specific upregulation of GPNMB and
HSP90AA1 are markers of microglial activation. To further character-
ize the molecular phenotype of these two activated microglia states,
we identified genes whose expression was associated with the acti-
vation trajectory and functionally enriched them to gene-ontology
molecular functions (Fig. 3D and E). This analysis revealed that these
subpopulations are enriched in cytokine secretion and the stress re-
sponse to unfolded protein pathways (Fig. 3E). Next, we identified
the genes whose expression was differentially upregulated in idio-
pathic Parkinson’s disease microglia across the activation trajectory.
We intersected the upregulated genes in idiopathic Parkinson’s dis-
ease and the activation-trajectory associated genes in microglia and
identified 29 genes linked with the differential activation of the mid-
brain microglia in idiopathic Parkinson’s disease (Fig. 3F and
Supplementary Table 8), several of which have previously been asso-
ciated with idiopathic Parkinson’s disease.”’™°

We also characterized the astrocyte and oligodendrocyte subpo-
pulations, reconstructed their activation trajectories, and identified

Figure 4 Continued
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gene signatures associated with idiopathic Parkinson’s disease dif-
ferential activation (Fig. 4). First, we identified five astrocyte subpo-
pulations characterized by high expression of VAV3, LRRC4C,
ELMO1, ADGRV1 and CD44 (Fig. 4A and B). We recovered the astro-
cyte activation trajectory based on the main cell types comprising
VAV3PiER  LRRC4CMEM,  and CD44/S100A6ME"  subpopulations
(Fig. 4C). Given that CD44 expression implicates reactive astroglio-

is,° we ordered cells on the activation trajectory by setting the
root in the trajectory graph-node that maximizes the distance
from the CD44"€" branch end. These results implied an astrocyte
activation transition from LRRC4CMeP to CD44Me" subpopulations
(Fig. 4C). Indeed, idiopathic Parkinson’s disease astrocytes were
highly enriched at the end of the astrogliosis trajectory compared
to control astrocytes (Fig. 4D and Supplementary Fig. 6). We further
characterized the molecular phenotype of the CD44"8" astrocyte
activated state by enriching GO molecular functions to the highly
upregulated genes across the astrocytes activation trajectory
(Fig. 4D and E). The CD44"#" subpopulation was related to the un-
folded protein response (UPR) pathway, which has recently been
linked to a specific astrocyte reactivity state that is detrimental to
the survival of neurons (Fig. 4E).* Next, we calculated idiopathic
Parkinson’s disease-differentially upregulated genes, which were
also highly expressed towards the end of the astrogliosis trajectory
(Fig. 4F), and identified 34 genes associated with idiopathic
Parkinson’s disease differential astrogliosis (Fig. 4F and
Supplementary Table 8). These genes include several heat-shock
proteins that have previously been shown to co-localize with
a-synuclein deposits in the human brain.®? Similarly, we investi-
gated the oligodendrocyte diversity and reconstructed its differen-
tiation trajectory (Fig. 4G-L). We identified five subpopulations
characterized by the expression of ATP6V02, OPALIN, TRPM3,
ST6GAL1, and RBFOX1 (Fig. 4G and H). The inferred trajectory based
on subpopulations recovered differentiation trajectory spanning
from FRY/OPALIN"€" cells towards RBFOX1/S100BM" cells (Fig. 4H
and I). OPALIN (also denominated as Tmem) is a marker of myelinat-
ing oligodendrocytes,®® while S100B has been associated with glial
stress response in Parkinson’s disease post-mortem midbrain.®*
When comparing idiopathic Parkinson’s disease oligodendrocyte
density across this trajectory, we found a reduced fraction of
myelinating OPALIN™®" cells compared to controls (Fig. 4 and
Supplementary Fig. 6). An overlay of the idiopathic Parkinson'’s
disease-differentially expressed genes and of such genes defining
the oligodendrocyte trajectory identified 216 and 330 downregu-
lated and upregulated genes across the trajectory. Downregulated
genes are associated with neuronal maintaining pathways, while
upregulated genes are related to the response to unfolded protein
pathways (Fig. 4K and L and Supplementary Table 8). We also inves-
tigated the idiopathic Parkinson’s disease differential expression

(A) Astroglial subpopulations are named based on characteristic marker genes. (B) VAV3, LRRC4C, CD44, and S100A6 expression across the ~4700 astro-
cytes. (C) Inferred cell trajectory and pseudotime for the major astrocyte subpopulations, VAV3"#", LRRC4CPi8" and CD44Me" cells. (D) Idiopathic
Parkinson’s disease and control differential cell-density distribution over pseudotime and the expression of the 94 genes highly associated with the
astrogliosis trajectory in the ~4700 astrocytes organized by pseudotime. (E) GO molecular function pathway enrichment of the upregulated genes
in the CD44"€" activated branch. (F) The 34 intersected genes between the upregulated genes in idiopathic Parkinson’s disease and across the astrocyte
activation trajectory. (G) Oligodendrocyte subpopulations are named based on representative marker genes. (H) Expression of OPALIN, RBFOX1, FRY and
S100B in the ~21000 oligodendrocytes. (I) Inferred cell trajectory and pseudotime ordering of the major oligodendrocytes subpopulations, OPALIN"2,
ATP6VOD2M8" and S100BM" cells. (J) Idiopathic Parkinson’s disease and control differential cell density over pseudotime. Expression levels of 790 high-
ly variable genes across the oligodendrocyte trajectory. Expression is presented for ~21 000 oligodendrocytes organized by their pseudotime. (K and L)
The intersection of idiopathic Parkinson’s disease differentially expressed and trajectory-associated genes. Also, the GO molecular enrichment of the
intersected genes is presented. (K) Two hundred and sixteen idiopathic Parkinson’s disease downregulated genes across the trajectory are associated
with pathways important for neuron projection and synaptic transmission. (L) Three hundred and thirty genes are idiopathic Parkinson’s disease up-
regulated along the oligodendrocyte trajectory. These genes are mainly associated with the unfolded protein response.
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Figure 5 Idiopathic Parkinson’s disease (IPD)-associated genetic variants enriched in microglia and neuron-specific genes. (A) Forest plots of the odds
ratio (OR) and 95% confidence intervals for the association between the Parkinson’s disease-associated variants and the marker genes of the midbrain
cell types from idiopathic Parkinson’s disease patients, control subjects and both conditions. This approach describes the enrichment of Parkinson’s
disease risk variants, taken from the latest Parkinson’s disease GWAS, in genes with cell-type-specific patterns in order to identify idiopathic
Parkinson’s disease relevant cell types in the midbrain. Only significant association P-values were shown (*P <0.05). (B) Top five enriched genes in
six midbrain cell types. The association of a gene with a cell type is quantified and the most responsible genes for the genetic variant enrichment ob-
served in (A) were shown. The P-values of genes association are colour coded from light to dark blue and the size of circles is inversely proportional to
P-values. (C and D) Gene Ontology terms (GO) and molecular pathways (KEGG, Reactome) associated respectively with the DaNs and microglia marker

genes responsible for the Parkinson’s disease variant enrichment.

across all cell types in the human midbrain and evidenced that the
unfolded protein pathways are also upregulated in the OPCs, and
the vascular cells (Supplementary Table 8).

To gain cellular mechanistic insights into how the Parkinson’s
disease-associated genetic variants could affect the midbrain
physiology, we evaluated the enrichment of midbrain cell-type
marker genes with the Parkinson’s disease-associated genetic
variants. We found that Parkinson’s disease risk variants are sig-
nificantly associated with microglia, neurons, astrocytes, and
OPCs (Fig. SA and Supplementary Table 4). Having access to
both control and idiopathic Parkinson'’s disease tissue, we tested
whether these associations depend on the disease context. After
analysing each condition separately, we found that the
Parkinson’s disease risk variants associate differently with pa-
tients and controls (Fig. 5A). Considering idiopathic Parkinson'’s
disease samples alone, microglia and neurons remain significant-
ly associated with Parkinson’s disease risk variants (Fig. SA and
Supplementary Table 4). By contrast, in control subjects, disease
variants are associated with pericytes and OPCs (Fig. 5A and
Supplementary Table 4). These results show that the link be-
tween Parkinson’s disease genetic risk and cell type is highly in-
fluenced by the disease status. When analysing the samples
separately (Fig. 5A), the association of DaNs to risk variants is
weaker, presumably due to the low number of DaNs. Therefore,
we utilized the entire dataset (controls and idiopathic
Parkinson’s disease cases) for further analyses (Fig. 5B-D).

We prioritized the cell-type-specific and Parkinson’s disease
risk-associated genes based on their enrichment contribution for
each cell type (Fig. 5B). We found that LRRK2 showed the highest as-
sociation with microglia and OPCs, and SNCA was the most prom-
inent Parkinson’s disease-associated gene in DaNs (Fig. 5B and
Supplementary Table 5). These findings are in line with previous re-
ports of Parkinson’s disease-associated mutations in a-synuclein
promoting Lewy body formation in DaNs® and with studies sug-
gesting a role for LRRK2 mutations in the activation of microglia
in Parkinson’s disease.®® Lastly, we investigated which pathways
are associated with the Parkinson’s disease variant enrichment
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in DaNs and microglial differentially expressed genes (Fig. 5C
and D). Among the key hits from GO, KEGG, and Reactome, we iden-
tified terms such as ‘phosphorylation’ and ‘kinase activity’ in DaNs
and ‘NLRP3 inflammasome complex’ in microglia (Fig. 5D). In par-
ticular, the latter finding further supports a role for inflammatory
signalling in Parkinson’s disease.

Discussion

This study provides the first single-cell atlas of the human midbrain
from idiopathic Parkinson’s disease patients and age-matched con-
trol subjects to the best of our knowledge. Rather than exclusively
focusing on nigral DaNs, the most studied cell type in Parkinson’s
disease, we aimed to characterize cell- and disease-specific mo-
lecular signatures associated with idiopathic Parkinson’s disease
in the entire midbrain. In addition, we associated Parkinson’s dis-
ease risk variants to specific midbrain cell types in idiopathic
Parkinson’s disease patients and control subjects.

Our key observations include an incrementin the astrocytes and
microglia midbrain fractions, which coincided with a reduction of
oligodendrocyte fraction in the idiopathic Parkinson’s disease mid-
brain. Immunofluorescence analysis and pseudotime trajectory re-
constructions revealed glial activation in idiopathic Parkinson’s
disease—a finding that was further supported by Parkinson’s dis-
ease variant enrichment in the idiopathic Parkinson’s disease
microglia. Finally, we discovered a small CADPS2-positive neuronal
cell cluster in idiopathic Parkinson’s disease midbrain tissue, which
warrants further investigations in a larger sample set.

When assessing DaNs in our snRNA-seq data, we did not ob-
serve a significant loss in idiopathic Parkinson’s disease tissue.
The low abundance of DaNs likely hampered this compared to
other cell types in the midbrain. However, the automated image
analysis of immunofluorescence-labelled idiopathic Parkinson’s
disease and control midbrain sections confirmed a significant loss
of TH-positive DaNs and neuromelanin aggregates. This result
was in line with the neuropathological reports, which described
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severe DaN degeneration in all idiopathic Parkinson’s disease pa-
tient samples (cf. Supplementary Table 1). Thus, technical limita-
tions may have caused the under-representation of DaNs in the
transcriptomic data. First, we used 15-pm thick midbrain slices,
which are in the size range of the rather large DaN nuclei (10—
20 pM). Hence, a considerable proportion of nuclei may not have re-
mained intact during the sectioning process—a prerequisite for
high-quality snRNA-seq results. Second, rather than sampling
only SN cells, we extracted nuclei from the entire midbrain. This
may have led to an under-representation of nigral neurons in our
dataset. Despite these constraints, when combining the latest
GWAS*? with our snRNA-seq results from idiopathic Parkinson’s
disease and control midbrain sections, we observed an enrichment
of Parkinson’s disease variants in DaNs. Pathway analyses of differ-
entially expressed DaN marker genes with Parkinson’s disease vari-
ant enrichment identified processes such as ‘mitochondrial
function’ and ‘kinase activity’ that have previously been associated
with Parkinson’s disease.

In addition, we identified a disease-specific cell type, consisting
of only 120 cells, characterized by its transcriptional similarity to
midbrain DaNs but with low TH levels and high CADPS2 expression.
CADPS2 has previously been linked to catecholamine uptake and
genetic Parkinson’s disease.®”"*° In addition, elevated levels of
TIAM1, which is involved in Wnt/Dvl/Rac1 signalling,*’"*® made us
wonder whether CADPS2"&" cells constitute degenerating DaNs
that have lost their dopaminergic identity. Aberrant dopamine
function in metabolically impaired but viable neurons in the SN
has previously been observed in Parkinson’s disease post-mortem
tissue.”® Corroborating our hypothesis, CADPS2 quantification in
neuromelanin-positive DaNs isolated from midbrain tissue of two
scRNA-sequenced samples (C1 and IPD4) and four additional idio-
pathic Parkinson’s disease patients and four new control subjects
revealed higher levels of CADPS2 in the former cells. However, fur-
ther mechanistic studies beyond the scope of the manuscript will
be needed to uncover the physiological cause and consequence of
CADPS2 upregulation in DaNs.

In our dataset, glia made up ~80% of all sequenced cells, enab-
ling an in-depth analysis of their contribution to the pathogenesis
of idiopathic Parkinson’s disease. We identified a disease-specific
upregulation of microglia, which mediates the innate immune de-
fence in the brain. During microgliosis, microglia amplify, undergo
morphological changes, and secrete cytokines, which can further
engage surrounding microglia and astrocytes.”’* Suggestive of an
activated state, we detected fewer ramified microglia in idiopathic
Parkinson’s disease post-mortem SN tissue using a quantitative
immunofluorescence approach. Moreover, we identified a signifi-
cant Parkinson’s disease risk variant enrichment in microglia,
showing the strongest association with the Parkinson’s disease
gene LRRK2. The kinase LRRK2 is most abundant in immune cells
and may contribute to inflammasome formation via the phosphor-
ylation of Rab GTPases.’” In line with this finding, Parkinson’s dis-
ease risk variant enrichment analysis in microglial differentially
expressed genes highlighted the kinase activity and NLRP3 inflam-
masome pathways. By inferring the activation trajectories of the
microglial subpopulations, we observed an increase in cells from
resting into an activated state. Interestingly, our finding of GPNMB
upregulation in activated microglia is supported by recent results
in Alzheimer’s disease brains. Reactive patient microglia, which
presented an amoeboid shape, also showed higher GPNMB protein
levels in this immunohistochemistry study.>®> Moreover, pathway
analyses in the activated cell populations identified cytokine sig-
nalling and, likely upstream of this, induction of the UPR pathway
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in the microglia. We also found chaperones and heat-shock pro-
teins to be overexpressed along the disease trajectory, which,
when they are released from the cell, can act as damage-associated
molecular patterns (DAMPs) that trigger an immune reaction.”

Astrocytes can equally act as immune effector cells in the brain
by releasing proinflammatory cytokines.”* When modelling astro-
glial activation trajectories, we detected reactive astrogliosis spe-
cifically in idiopathic Parkinson’s disease patient cells.®® As for
microglia, pathway analysis along the trajectory identified the
UPR pathway, which has recently been described to influence
the astrocytic secretome.®* Neurotrophic factors released from re-
active astrocytes were shown to accelerate neuronal demise®’—a
disease mechanism that has not gained much attention in
Parkinson’s disease research so far. Besides neurons, reactive as-
trocytes can also affect oligodendrocyte function and survival.”

Accordingly, our snRNA-seq data also showed a trend towards
decreased oligodendrocyte numbers in idiopathic Parkinson’s dis-
ease midbrain tissue. Immunofluorescence analyses suggest that
this reduction is the most profound in the SN. In the white matter,
oligodendrocytes generate myelin sheets, which provide insulation
of axons and ensure saltatory conduction.”” However, since
Parkinson'’s disease has long been considered a ‘grey matter’ dis-
ease, oligodendrocytes only recently gained attention in the field.
A single-cell study’® in nigral tissue from controls showed that
common genetic Parkinson’s disease risk variants are associated
with oligodendrocyte-specific expression. Another study on the en-
tire mouse nervous system also reported an association with oligo-
dendrocytes.”” By contrast, we did not observe an enrichment of
Parkinson’s disease risk variants in oligodendrocytes from control
or idiopathic Parkinson'’s disease tissue. This may be explained by
the fact that our data are based on nuclei from the entire midbrain,
possibly masking nigra-specific genetic effects. However, a closer
look into trajectory inference analysis in oligodendrocytes
revealed a transition from high OPALIN to high S100B expression
subpopulations. S100B was shown to control the maturation pro-
cess of oligodendrocytes’® and has previously been linked to neuro-
degeneration.”® S100B overexpression in response to cytokine
injections mediates dystrophic neurite formation in an Alzheimer
rat model.”® Accordingly, the oligodendrocyte-specific upregula-
tion of S100B observed in the idiopathic Parkinson’s disease mid-
brains may be the result of enhanced cytokine release from
microglia and astrocytes. These results further implicate glial cells
in the propagation of neuroinflammatory and neurodegenerative
processes in idiopathic Parkinson’s disease.

In summary, our study reinforces the relevance of neuroinflam-
mation in idiopathic Parkinson’s disease. Applying snRNA-seq for
the first time to post-mortem midbrain tissue from patients and
matched control subjects, we identified a disease-specific upregula-
tion of microglia and astrocytes as well as aloss of oligodendrocytes.
In addition, we discovered a small neuronal cell population that was
almost exclusively identified in idiopathic Parkinson’s disease mid-
brain tissue, likely representing degenerating DaNs. Disease trajec-
tory analyses in the glial cell populations identified stress in
response to misfolded proteins as the major trigger of inflammatory
signalling in idiopathic Parkinson’s disease, extending from micro-
glia via astrocytes to oligodendrocytes. Further strengthening this
finding, Parkinson’s disease risk variants were specifically enriched
in microglia from idiopathic Parkinson’s disease patients.

Our study also has several limitations. Due to the precious na-
ture of post-mortem brain tissue, our results are based on
snRNA-seq of sections from 11 individuals and dPCR analysis of
laser-capture microdissected DaNs from eight additional
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individuals. Therefore, single-cell RNA analyses in independent co-
horts will be needed to validate the key findings from our study.
Moreover, additional in vitro and in vivo experiments are necessary
to explore the role of CADPS2 in the pathogenesis of Parkinson’s
disease and to elucidate how the observed glial interplay perpetu-
ates or induces DaN demise.

Despite these challenges, our unique human single-cell dataset
provides the basis for new research approaches investigating the
role of the different midbrain cell types in idiopathic Parkinson’s
disease and for translational programmes that aim to develop im-
munomodulatory Parkinson’s disease therapies.
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Age at onset as stratifier in 1diopathic Parkinson’s disease —
effect of ageing and polygenic risk score on clinical phenotypes

L. Pavelka
NCER-PD Consortium*

2™ A, Rauschenberger @?, Z. Landoulsi?, S. Pachchek @', P. May @, E. Glaab (7, R. Kriiger'**® and on behalf of the

Several phenotypic differences observed in Parkinson’s disease (PD) patients have been linked to age at onset (AAO). We
endeavoured to find out whether these differences are due to the ageing process itself by using a combined dataset of idiopathic
PD (n = 430) and healthy controls (HC; n = 556) excluding carriers of known PD-linked genetic mutations in both groups. We found
several significant effects of AAO on motor and non-motor symptoms in PD, but when comparing the effects of age on these
symptoms with HC (using age at assessment, AAA), only positive associations of AAA with burden of motor symptoms and
cognitive impairment were significantly different between PD vs HC. Furthermore, we explored a potential effect of polygenic risk
score (PRS) on clinical phenotype and identified a significant inverse correlation of AAO and PRS in PD. No significant association
between PRS and severity of clinical symptoms was found. We conclude that the observed non-motor phenotypic differences in PD
based on AAO are largely driven by the ageing process itself and not by a specific profile of neurodegeneration linked to AAO in the

idiopathic PD patients.

npj Parkinson’s Disease (2022)8:102; https://doi.org/10.1038/s41531-022-00342-7

INTRODUCTION

Although considered as one disease entity, Parkinson’s disease (PD)
displays substantial clinical heterogeneity with various phenotypes
that translate into different combinations of both motor and non-
motor symptoms. To address this heterogeneity, the age at onset
(AAO) has been suggested as a key indicator associated with the
clinical profile and progression of PD'~3, Previous studies with cross-
sectional design have identified later AAO to be related with a
stronger motor as well as non-motor impairment suggesting that
late AAO is associated with higher progression rate of motor
symptoms and cognitive decline. Conversely, early onset PD has
been reported to show a specific disease profile with higher rate of
motor complications such as early dyskinesia and dystonia*®.
Furthermore, both prospective’ and retrospective studies with
autopsy-proven PD® have shown similar findings, but given the
heterogeneity of the study designs and various cut-offs used for
categorising AAO, the reproducibility of the findings is limited.
Despite reporting multiple AAO-related phenotypic differences, no
study so far has endeavoured to integrate the effect of the
physiological ageing process. Therefore, the associations between
AAO and severity of PD phenotypes require further analysis.

Apart from AAO, the concept of polygenic risk scores (PRS) in
sporadic forms of PD has recently been established to assess the
complex genetic architecture of PD beyond known rare familial
forms of PD with Mendelian inheritance of mutations in disease-
causing genes®. Even though PRS were reported to be signifi-
cantly negatively correlated with AAQ'?, potential effects of PRS
on the disease severity and the phenotypic profile have not yet
been explored in detail.

Previous studies focusing on the role of AAO in PD were limited
by (i) not addressing the concomitant effect of the physiological

ageing process on the clinical phenotype by modelling age-
related effects in a healthy control group, (ii) including relatively
small numbers of PD patients from highly specific subgroups (e.g.
drug naive), (iii) using different AAO cut-offs across the studies and
(iv) lacking a detailed genetic profiling of the study sample to
exclude individuals with monogenic forms and variants present-
ing a genetic risk factor for developing PD. Therefore, our study
addresses these issues by combining a mono-centric idiopathic PD
dataset and healthy control group (HC) with detailed genetic data
with the aim (i) to investigate the effect of AAO on clinical
phenotype in idiopathic PD, (ii) to separate the PD-related ageing
effect from the natural ageing effect and finally (iii) to explore the
effect of the genetic background reflected by PRS on the disease
severity in idiopathic PD.

RESULTS
Effect of AAO on clinical outcomes in PD

Several traits in PD phenotypic profiles were found in association
with AAO. An overview of clinical outcomes, sociodemographic
characteristics and comorbidities among participants of the
Luxembourg Parkinson’s Study is shown in Tables 1 and 2. As
expected, the PD group comprised more males than females (67%
vs. 33%) with mean AAO of 61.8+12.0 years and mean disease
duration since diagnosis of 5.5+5.5 years. The mean age at
assessment (AAA) was 67.3 + 11.0 years. To investigate the effects
of AAO on the clinical outcomes, a multiple regression analysis
adjusting for disease duration was performed with results shown
in Fig. 1. The overall motor disease severity as reflected by
modified H&Y, MDS-UPDRS I, frequency of falls and gait disorder
were all significantly positively associated with AAO. With regard

"Clinical and Experimental Neuroscience, Luxembourg Centre for Systems Biomedicine (LCSB), University of Luxembourg, Esch-sur-Alzette, Luxembourg. 2Parkinson’s Research
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Luxembourg, Esch-sur-Alzette, Luxembourg. “Bioinformatics Core, Luxembourg Centre for Systems Biomedicine (LCSB), Esch-sur-Alzette, Luxembourg. *Transversal Translational
Medicine, Luxembourg Institute of Health (LIH), Strassen, Luxembourg. *A list of authors and their affiliations appears at the end of the paper. Hemail: lukas.pavelka@uni.lu;
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Table 1. Overview of sociodemographic characteristics of study dataset including comorbidities and polygenic risk score with p values from
Mann-Whitney U test for numerical variables and Fisher’s exact test for binary variables.

HC n =556 PD =430
Demographic, PRS and comorbidities Mean or YES in %  SD or NO/YES  n.a Mean or YES in %  SD or NO/YES  na. p value
Gender (male)* 56% 243/313 0 67% 142/288 0 7.8e—04"
Age at onset (years) - - 556 61.84 11.99 0 -
Age at assessment (years) 59.61 11.78 0 67.30 11.04 0 6.8e—23"
Disease duration since diagnosis (years) - - 556 5.49 5.54 0 -
Years of education 14.27 3.88 5 13.09 4.10 0 5.4e—06"
Family history of parkinsonism* 26% 408/146 2 25% 324/106 0 5.6e—01
Family history of dementia* 32% 373/178 5 24% 325/103 2 5.4e—03’
Polygenic risk score for PD —0.21 0.91 6 0.16 0.94 6 7.1e—09"”
De novo* - 0/0 556 8% 395/35 0 -
Treatment with DBS* 0% 556/0 0 5% 410/20 0 4.8e—08"
History or presence of RLS* 6% 520/36 0 9% 392/38 0 1.8e—01
Diabetes (type not specified)* 6% 523/33 0 10% 385/45 0 1.2e—02'
Arterial hypertension* 33% 375/181 0 44% 239/191 0 1.6e—04"
Cardiovascular disease* 9% 504/52 0 21% 340/90 0 3.8e—07"
Hypercholesterolemia* 38% 347/209 0 42% 248/182 0 1.5e—01
History of stroke* 3% 539/17 0 5% 410/20 0 2.4e-01
Single and double ticks indicate significance at the 5% level and the Bonferroni-adjusted 5% level respectively. The binary variables are annotated by asterisk.
n.a. corresponds to total number of missing values per variable, PD Parkinson’s disease, PRS Polygenic risk score, HC Healthy controls, DBS Deep brain
stimulation, SD Standard deviation.

to the motor complications of PD, no significant association of
AAO was found with total hours of dyskinesia/day, dystonia/day,
nor OFF time/day, however, a significant negative association of
AAO with the MDS-UPDRS IV total score was identified.
Additionally, SCOPA-AUT total score and Starkstein Apathy scale
had significant positive associations with AAO indicating that
patients with higher AAO experience more non-motor symptoms
including urinary incontinence. Cognition as reflected by the
MoCA score was significantly negatively associated with AAO
showing higher impairment in patients with an older AAO.
Similarly, AAO was significantly negatively associated with
olfactory dysfunction. All other putative associations were not
significantly associated with AAO as shown in Fig. 1.

Analysing the difference in ageing effect in PD vs HC

When investigating the effects of AAA and AAO on the clinical
phenotypes of PD, all associations were found to be comparable in
both models (cf. Table 3). The reason is the strong correlation
between AAA and AAO (statistically significant Kendall's tau
p =0.73, see Supplementary Fig. 1). To investigate an effect of
physiological ageing on the PD phenotypes, we also included the
HC group into the regression models. When investigating the
ageing-associated effects in PD, we determined a significant
positive association in PD between AAA and H&Y, MDS-UPDRS lII,
frequency of falls and urine incontinence, SCOPA-AUT, Starkstein
Apathy Scale as well as significant negative association between
AAA and MoCA and Sniffin’ Stick test (cf. Table 3). Similarly in the
HC group, we found a significant positive association between
AAA and MDS-UPDRS Ill, SCOPA-AUT, Starkstein Apathy Scale,
frequency of urine incontinence and gait disorder as well as
significant negative association between AAA and MoCA and
Sniffin’ Stick test as demonstrated in Table 4. Surprisingly, after
comparing the ageing effect between PD vs HC (i.e. comparing
effect of AAA on the clinical variables; see Table 5, column
AAA:status), the only significant differences between PD and HC
were found for H&Y, MDS-UPDRS Ill, MDS-UPDRS IV and MoCA
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indicating that the concomitant ageing process might be the main
determinant of the non-motor PD phenotypic differences when
studying the isolated effect of age in PD.

Correlation between AAO and PRS and its effect on severity of
the PD phenotype

Using a polygenic risk score defined by the imputed genotypic
data from the Luxembourg Parkinson’s Study and the summary
statistics of 90 single nucleotide polymorphisms (SNP) that were
previously identified to be genome-wide significantly associated
with PD risk, we identified a significant negative correlation
between PRS and AAO as shown in Fig. 2. However, neither
Kendall's tau correlation test for continuous variables nor
Mann-Whitney U test for binary variables estimating the effect
of PRS on clinical outcomes nor multiple regression models
including PRS adjusted for AAA and disease duration showed
effects of PRS on the severity of the clinical phenotype as
demonstrated in Tables 6 and 7 respectively.

DISCUSSION

The presented cross-sectional analysis of PD patients and HC at
the baseline clinical visit uses data from one of the largest
ongoing observational studies, focusing on PD with demographic
and clinical parameters corresponding closely to other recently
published large PD datasets''~'2. In our study, we have identified
several significant associations of different PD-associated motor
and non-motor symptoms with AAO using a comprehensive set of
clinical assessments. This is in line with previous cross-sectional,
retrospective and prospective studies suggesting that later onset
PD is associated with a more rapid progression rate of motor
symptoms*'11415 Conversely, comparing to the Cardiff
community-based PD longitudinal cohort'® and the longitudinal
study at the Movement Disorders Clinic Saskatchewan*, both
demonstrating higher frequency of dyskinesia, motor fluctuations
and dystonia in the younger onset groups vs. older onset groups,
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Table 2. Overview of dataset with clinical variables in healthy control group (HC) and Parkinson’s disease patients (PD) with p values from
Mann-Whitney U test for numerical variables and Fisher's exact test for binary variables.

HC n=556 PD =430
Clinical symptoms and scales Mean or YES in % SD or NO/YES n.a. Mean or YES in % SD or NO/YES n.a. p value
H&Y 0.00 0.00 2 224 0.81 2 1.5e—196"
MDS-UPDRS Il 345 4.76 6 34.70 17.02 9 3.1e—150"
MDS-UPDRS I 1.21 237 6 11.69 832 8 6.2e—126"
LEDD (g/day) 0.0035 0.037 0 0.53 0.42 0 7.5e—160"
Gait disorder* 2% 546/10 0 57% 185/245 0 6.9e—97"
Repetitive falls* 1% 552/4 0 18% 351/79 0 1.1e—25"
MDS-UPDRS IV 0.00 0.00 4 1.88 3.52 5 1.4e—43"
Dyskinesia/day (hours) 0.00 0.00 0 0.69 273 1 1.2e—-21"
OFF time/day (hours) 0.00 0.00 0 0.53 1.44 2 3.3e-34"
Dystonia/day (hours) 0.00 0.00 0 0.048 0.22 2 6.8e—12"
Dyskinesia* 0% 556/0 0 13% 375/55 0 1.9e—-21"
Motor fluctuations* 0% 556/0 0 17% 357/73 0 1.1e-28"
Freezing of gait* 0% 556/0 0 23% 331/99 0 1.6e—39"
MoCA 27.03 2.55 3 24.28 441 8 4.4e—-28"
Sniffin’ stick test 12.86 2.39 2 8.03 3.41 13 1.6e—94"
PDQ-39 10.31 13.20 16 39.69 26.31 39 1.3e—80"
SCOPA-AUT 7.34 5.81 16 14.82 8.02 21 6.9e—53"
MDS-UPDRS | 4.58 4.42 9 10.47 7.04 10 9.0e—51"
BDI-I 5.29 5.03 15 9.97 7.11 23 2.3e—30"
Starkstein Apathy Scale 9.41 4.71 16 13.93 5.70 26 8.2e—35"
PDSS 122.81 19.61 13 105.17 23.85 28 2.3e—34"
Probable RBD* 8% 496/42 18 24% 305/95 30 1.2e—-11"
Excessive daily sleepiness* 3% 541/15 0 30% 299/131 0 2.4e—-36"
Insomnia* 8% 514/42 0 24% 327/103 0 9.1e—13"
Hallucinations* 0% 554/2 0 17% 357/73 0 1.2e—25"
Impulse Control Disorder* 0% 555/1 0 9% 392/38 0 1.8e—13"
Orthostatic hypotension* 6% 525/31 0 27% 312/118 0 8.2e—22"
Dysphagia* 1% 552/4 0 25% 323/107 0 5.6e—37"
Constipation* 5% 528/28 0 42% 250/180 0 3.6e—47"
Urinary Incontinence* 5% 530/26 0 32% 293/137 0 3.6e—31"
Single and double ticks indicate significance at the 5% level and the Bonferroni-adjusted 5 % level respectively.
Clinical symptoms and scales are described in Supplementary Material. The binary variables are annotated by asterisk.
n.a. (not acquired) corresponds to total number of individuals with missing value, SD Standard deviation.

we could not identify such associations with AAO. Only an overall
burden of motor complications reflected by MDS-UPDRS IV score
was significantly negatively associated with AAO in our study. The
significant positive association of olfactory dysfunction and
significant negative association of cognitive performance with
AAO observed in our study correlate with previous findings'”'®
and in terms of cognitive impairment it might point to a
decreased ability of senescent brain to cope with the pathological
neurodegenerative process known as cognitive resilience'®.
Additionally, another large multi-centric study using the Quebec
Parkinson Network (QPN) dataset of over 1000 PD individuals
showed comparable results with a positive association between
late-onset PD and higher motor burden reflected by H&Y, higher
cognitive decline and higher frequency of falls, but differed on
significantly higher frequency of constipation and hallucinations
late-onset PD (defined as AAO > 50 years) compared to early onset
PD'". However, most scales applied in QPN differ from our study
and different categorical approaches were used in QPN both for
AAO and disease duration, influencing the comparability of results.
To summarise our results, the earlier AAO, patients experience a
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lower level of motor impairment, lower cognitive impairment and
less global autonomic dysfunction, apathy and olfactory deficit,
but present with more motor complications even after adjusting
for disease duration as a main determinant of disease severity.
These phenotypic differences observed in PD based on different
AAO were previously not clearly separated from the physiological
ageing process and challenged the concept that phenotypic
differences are related specifically to the age at which the disease
first manifests. This intriguing aspect evolves from the inherent
close correlation between the main co-variates (AAA, AAO and
disease duration) and thus raises a major methodological concern
in most of the cross-sectional studies when aiming at determining
the effect of all three co-variates on the clinical outcomes in a
single model as discussed by Johnson et al. 2002%°. Therefore, we
tried to disentangle the effect of ageing on the clinical phenotype
in the cross-sectional setting by determining the ageing effect in
individuals with and without PD. Surprisingly, the effect of ageing
(AAA) on clinical outcomes in PD vs HC differed significantly only in
motor disease severity (H&Y, MDS-UPDRS lll), motor complications
(MDS-UPDRS IV) and cognitive performance. These results suggest
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Forrest plot with estimated coefficients and corresponding confidence intervals (+1.96 x standard error) for AAO, from linear/

logistic regression of numerical/binary outcome on disease duration and AAO. The colour blue indicates significant negative effects of AAO
on the clinical outcome, and the colour red indicates significant positive effects at the Bonferroni-adjusted 5% level. The binary variables are
annotated by asterisk. Clinical symptoms and scales are described in Supplementary Material.

that the majority of the observed significant non-motor phenotypic
differences in PD should be attributed rather to the physiological
ageing process itself than age-specific dynamics of PD.

When considering the effect and role of AAO and age in
classification of the respective PD phenotypes, potential under-
lying genetic determinants need to be considered. It is well known
that rare disease-causing mutations in monogenic PD (e.g. in
PARKIN, PINK1, SNCA or GBA2'-23) have an effect on both AAO and
PD phenotype. However, until now only few studies have explored
the cumulative effects of common genetic variants with small
effect sizes (as defined by PRS) on the clinical phenotype?*. Here
our results are in line with several recent studies observing no
significant association between PRS and cognitive decline, severity
of motor symptoms?> or ICD?® in contrast to other longitudinal
prospective study®’. It is worth noting that our statistical models
included individuals without any known PD causing monogenic
mutation or genetic risk variant (i.e. PD-associated variants in the
GBA gene). Nevertheless, the significance of the PRS effect on
clinical outcomes did not change in the models including PD-
associated mutation or genetic variant carriers. Together with the
significant negative correlation between AAO and PRS (cf. Fig. 2),
our findings suggest that PRS may increase the risk to develop PD
but might not have an effect on the severity of the disease
phenotype. This observation is in favour of the hypothesis that
initiation of the disease on one hand and the disease progression
rate on the other might be driven by distinct factors.

Besides the mentioned strengths of our study design, several
limitations need to be considered. First, the cross-sectional design
does not allow for the identification of causal relations between
AAO and clinical phenotypes. Second, we cannot consider the
Luxembourg Parkinson’s Study as community-based by design,
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although some clinical indicators (such as mean AAO and male-to-
female ratio) correspond closely to several community-based
studies?®3'. Third, we observe a relatively high frequency of
positive family history of parkinsonism in the HC group (26% vs.
25% in PD) as well as high frequency of a family history of
dementia in HC (32% vs 24%). We assume that there are two
principal reasons why we observe increased frequencies of
neurodegenerative diseases in HC group: (i) HC with personal
experience with parkinsonism and/or dementia in their family are
more aware to support research and (i) family members of study
participants are more inclined to participate in the study. To
address these points and eliminate a potential bias, we excluded
15t 219 and 3" degree relatives from our statistical models.

In summary, our study sought to overcome limitations
identified in previous studies on the role of AAO in PD by (i)
including substantially higher number of PD patients and HCs in
the model accounting for the independent effect of ageing,
(i) our study being based on monocentric data collection and
including PD patients of all disease stages regardless of the
cognitive status, (iii) investigating an idiopathic dataset of PD
and PD-related mutation free HC, (iv) refuting the categorisa-
tion bias by a priori arbitrary AAO grouping, and finally (v)
exploring the effect of PRS on severity of the PD phenotype in a
large genotyped sample.

METHODS
Study population

All subjects were recruited from March 2015 until 10th December 2020 in
the frame of the nation-wide monocentric observational longitudinal
Luxembourg Parkinson’s Study. The diagnosis of PD was based on

Published in partnership with the Parkinson’s Foundation



Appendices

L. Pavelka et al.

npj

Table 3. Multiple regression of clinical outcomes on age at onset (AAO), age at assessment (AAA) and disease duration for Parkinson’s disease group.
Clinical symptoms and scales Intercept Disease duration AAA Intercept  Disease duration AAO Intercept AAA AAO
H&Y 0.23 0.05” 0.03” 0.23 0.07” 0.03” 0.23 0.07” —0.05"
MDS-UPDRS Il 5.95 0.76” 0.36” 6.04 1.13" 0.36” 5.98 1.13" —0.76"
MDS-UPDRS I 2.38 0.63” 0.09 2.39 0.72” 0.09 2.41 0.72" —0.63"
LEDD (g/day) 0.37 0.04” 0.00 0.37 0.03” 0.00 0.38 0.03” —0.04"
Gait disorder* —2.23 0.08” 0.03’ —2.23 0.12” 0.03/ —2.22 0.12” —0.08"
Repetitive falls* —5.79 0.14” 0.05” —5.74 0.19” 0.05” —5.80 0.19” —0.15"
MDS-UPDRS IV 343 0.28” —0.05' 3.46 0.24” —0.05 343 0.24” —0.28"
Dyskinesia/day (hours) —0.16 0.12” 0.00 -0.16 0.12” 0.00 -0.15 0.12”  -0.12"
OFF time/day (hours) 0.87 0.06” —0.01 0.87 0.05” —0.01 0.87 0.05" —0.06”
Dystonia/day (hours) 0.15 0.01” 0.00 0.16 0.01” 0.00/ 0.15 0.01” —0.01”
Dyskinesia* —1.57 0.18” —0.02 —1.55 0.15” —0.02 —1.56 0.15” —0.18"
Motor fluctuations* —0.35 0.18” —0.04/ —0.39 0.14” —0.04/ —0.33 0.14” —0.18"
Freezing of gait* —2.82 0.16" 0.01 —2.87 0.17” 0.01 —2.79 0.17"  —0.16"
MoCA 37.04 —0.05 -0.19” 37.10 —0.24" -0.19” 37.03 —0.23" 0.05
Sniffin’ stick test 12.40 -0.11" —0.06" 1241 -0.17" —0.06" 12.40 -0.17"  0.11”
PDQ-39 29.72 1.78" 0.01 29.46 1.79" 0.01 29.87 1.77" —1.76"
SCOPA-AUT 2.20 0.43" 0.15” 2.16 0.58” 0.15” 2.23 0.58” —0.42"
MDS-UPDRS | 6.05 0.35” 0.04 5.96 0.39” 0.04 6.08 0.38" —-0.35"
BDI-I 6.14 0.24” 0.04 6.19 0.28” 0.04 6.15 0.28” —0.24"
Starkstein Apathy Scale 6.75 —0.01 0.11” 6.81 0.10 0.11” 6.74 0.10 0.00
PDSS 117.20 —0.98" —0.10 117.45 —1.08" —0.10 117.11 -1.06”  0.96"
Probable RBD* —2.13 0.11” 0.00 —2.14 0.12” 0.00 —2.12 0.11” -0.11"
Excessive daily sleepiness* —1.31 0.07” 0.00 —1.37 0.07” 0.00 -1.29 0.07" —0.06”
Insomnia* —1.00 0.04/ —0.01 -1.01 0.04 —0.01 —1.00 0.04 —0.04/
Hallucinations* —3.08 0.09” 0.01 —3.06 0.10” 0.01 —3.08 0.11” —0.09”
Impulse Control Disorder* —1.62 0.11” —0.02 —1.64 0.09 —0.02 —1.60 0.09 -0.11”
Orthostatic hypotension* —1.88 0.05' 0.01 —1.92 0.06' 0.01 —1.87 0.06' —0.05'
Dysphagia* -1.77 0.06/ 0.00 —1.80 0.06 0.01 -1.76 0.06’ —0.06
Constipation* —2.14 0.07” 0.02 —2.19 0.10” 0.02 —2.13 0.09” —0.07"
Urinary Incontinence* —3.40 0.04' 0.04" —3.36 0.08” 0.03" —3.41 0.08" —0.05'
Regression coefficients for different outcomes (rows) from three equivalent models with each two out of three features (columns). Single and double ticks
indicate significance at the 5% level and the Bonferroni-adjusted 5% level respectively. The bold indicates significant effect where minus value indicates
negative significant effect and positive value positive significant effect respectively. The binary variables are annotated by asterisk. Clinical symptoms and
scales are described in Supplementary Material.

UKPDSBB diagnostic criteria®2. The initial visit dataset of 430 PD patients
and 556 HC genetically screened by both NeuroChip and PacBio were
analysed after exclusion of 6 PD and 39 HC individuals for 1%, 2"® and 3"
degree relationships and after exclusion of 53 PD carriers and 27 HC
carriers of pathogenic PD-associated variants. The overall study design,
inclusion and exclusion workflow are illustrated in Fig. 3.

All participants taking part in Luxembourg Parkinson’s Study agreed
and signed a written informed consent. The study has been approved
by the National Ethics Board (CNER Ref: 201407/13). The patients with
PD were included regardless of the disease duration, cognitive status,
age or disease stage. The HC were partially recruited from the pool of
independent observational studies in Luxembourg (ORISCAV-LUX study;
EHES-LUX) or were recruited from Luxembourg or the surrounding area
of Greater Region based on individual interest not meeting any of the
exclusion criteria (presence of a neurodegenerative disorder, active
cancer; age under 18 and pregnant women)33.

Clinical assessment and data. A description of the design of the
Luxembourg Parkinson’s Study was previously published®*. Sociodemo-
graphic characteristics and clinical outcomes validated for PD were chosen
from the basic clinical assessment battery and listed in Tables 1 and 2.
Validated self-administered questionnaires and scales for PD were used. All
patients have been evaluated in medication ON state and where
applicable, in deep brain stimulation ON state. AAO is defined as age at

Published in partnership with the Parkinson’s Foundation

diagnosis of PD. The clinical symptoms as scales are defined in detail in the
Supplementary material.

Missing data statement. The absolute number of missing data per
variable are shown in Tables 1 and 2. Given the low proportions of
missing values in the outcome variables and 0% of missing values in the
co-variates (AAA, AAO and disease duration), we used a pairwise
deletion for all statistical models.

Genotyping and quality-control analyses. DNA samples were genotyped
using the NeuroChip array (v.1.0 and v1.1; lllumina, San Diego, CA) that was
specifically designed to integrate rare and common neurodegenerative
disease-related variants®%. Quality-control (QC) analysis was performed as
follows: samples with call rates < 95% and whose genetically determined sex
deviated from reported sex in clinical data were excluded from the analysis,
and the filtered variants were checked for cryptic relatedness and excess of
heterozygosity. Samples exhibiting excess heterozygosity (F statistic > 0.2) and
first-degree relatedness were excluded. Once sample QC was completed,
SNPs with Hardy—Weinberg equilibrium P value < 1TE—6, and missingness
rates >5% were excluded. All samples except for twelve from all individuals
entering the analysis after exclusion of the 1%, 2" and 3™ degree relatives and
presence of PD-linked mutation and genetic risk factors passed the QC (424
PD and 550 HC). The data were then imputed using the Haplotype Reference
Consortium r1.1 2016 and the Michigan Imputation Server and filtered for
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Table 4. Simple regression of clinical outcomes with healthy controls.
Clinical symptoms and scales Intercept AAA
H&Y 0.00 0.00
MDS-UPDRS Il —3.70 0.12"
MDS-UPDRS I —0.21 0.02/
LEDD (g/day) —0.02 0.00/
Gait disorder* —12.56 0.13”
Repetitive falls* —5.14 0.00
MDS-UPDRS IV 0.00 0.00
Dyskinesia/day (hours) 0.00 0.00
OFF time/day (hours) 0.00 0.00
Dystonia/day (hours) 0.00 0.00
Dyskinesia* —26.57 0.00
Motor fluctuations* —26.57 0.00
Freezing of gait* —26.57 0.00
MoCA 29.84 —0.05"
Sniffin’ stick test 15.44 —0.04"
PDQ-39 10.68 —0.01
SCOPA-AUT 2.53 0.08”
MDS-UPDRS | 3.12 0.02
BDI-I 4.06 0.02
Starkstein Apathy Scale 511 0.07"
PDSS 130.37 —0.13
Probable RBD* —1.58 —0.02
Excessive daily sleepiness* —6.53 0.05
Insomnia* —2.00 —0.01
Hallucinations* —3.31 —0.04
Impulse Control Disorder* —4.32 —0.04
Orthostatic hypotension* —3.92 0.02
Dysphagia* —7.28 0.04
Constipation* —2.37 —0.01
Urinary Incontinence* —8.43 0.08"
Regression coefficients are shown from linear regression of numerical
outcome and from logistic regression of binary outcome on age at
assessment (AAA). Single and double ticks indicate significance at the 5%
level and the Bonferroni adjusted 5% level, the bold indicates significant
effect where minus value indicates negative significant effect and positive
value positive significant effect respectively. The binary variables are
annotated by asterisk. Clinical symptoms and scales are described in
Supplementary Material.

imputation quality (RSQ > 0.8)*°. Genetic analysis and QC was done using
PLINK v1.9. Additionally, all samples underwent targeted sequencing of the
GBA locus using single-molecule sequencing on a Sequel Il sequencer from
Pacific BioScience®®. Variants were called with DeepVariant 1.03. PD causing
rare variants were defined by the ClinVar classification ‘pathogenic/likely-
pathogenic’. All PD causing variants (listed in Supplementary material)
identified by any method were Sanger validated and all samples with a
validated PD causing variant were excluded from further analysis.

Polygenic risk score (PRS). We generated PRSs with PRSice-2 under default
settings. PRSs for each individual were calculated using the imputed
genotype data from Luxembourg Parkinson’s Study as a target sample. The
base GWAS data used to determine PRS for PD was the summary statistics
of the 90 SNPs that were previously found to be genome-wide significantly
associated with PD risk®®. The criteria for linkage disequilibrium (LD)
clumping of SNPs were pairwise LD r2 <0.1 within the 250 kb window.
Briefly, PRSs were calculated by summing the weighted effects of GWAS
PD risk genetic variants present in the target samples, with a possible
proxy of R?> 0.9, meeting p value thresholds ranging from 5e—08 to 0.5.
The values of PRS were Z-normalised.
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Table 5. Multiple regression model with PD and HC investigating the
difference in effect of ageing in HC (AAA) and in PD (AAA:status)
adjusted for disease duration.

Clinical Intercept  AAA Status Disease AAA:Status
symptoms duration

and scales

H&Y 0.00 0.00 0.23  0.05” 0.03”
MDS-UPDRS Il —-3.70 0.12/ 9.65 0.76” 0.24"
MDS-UPDRS I —0.21 0.02 259 0.63” 0.06’
LEDD (g/day) —0.02 0.00 039 0.04” 0.00
Gait disorder* —12.56 0.13' 10.34  0.08" —0.10
Repetitive falls* —5.14 0.00 —-0.66 0.14" 0.04
MDS-UPDRS IV 0.00 0.00 343  0.28" —0.05"
Dyskinesia/day 0.00 000 -0.16 0.12” 0.00
(hours)

OFF time/day 0.00 0.00 0.87 0.06” —0.01
(hours)

Dystonia/day 0.00 0.00 0.15  0.01” 0.00/
(hours)

Dyskinesia* —20.57 0.00 1899 0.18" —0.02
Motor —20.57 0.00 2022 0.18" —0.04
fluctuations*

Freezing of gait* —20.57 0.00 17.75 0.16" 0.01
MoCA 29.84 —0.05" 7.20 —0.05 -0.14"
Sniffin’ stick test 1544 —-0.04" -3.03 -0.11" —0.01
PDQ-39 10.68 —0.01 19.04 1.78" 0.01
SCOPA-AUT 2.53 0.08 —-033 043" 0.07
MDS-UPDRS | 3.12 0.02 294 035 0.01
BDI-I 4.06 0.02 2.09 0.24” 0.02
Starkstein 511 0.07” 1.64 —0.01 0.04
Apathy Scale

PDSS 130.37 —-0.13 —-13.17 —0.98" 0.03
Probable RBD* —1.58 —0.02 —-0.54  0.11” 0.02
Excessive daily —6.53 0.05 522 0.07” —0.05
sleepiness*

Insomnia* —2.00 —0.01 099 0.04 0.00
Hallucinations* —-331 —0.04 0.23  0.09” 0.05
Impulse Control —432 —0.04 270 0.11” 0.01
Disorder*

Orthostatic —3.92 0.02 2.04 0.05 —0.01
hypotension*

Dysphagia* —7.28 0.04 551  0.06/ —0.03
Constipation* —-237 —-0.01 023  0.07” 0.03
Urinary —8.43 0.08" 503  0.04 —0.05'

Incontinence*

Regression coefficients are shown for different outcomes (rows). Status
takes the value 0 for HC and 1 for PD, the AAA:status is the interaction term
of AAA and being PD (status=1). Single and double ticks indicate
significance at the 5% level and the Bonferroni-adjusted 5% level
respectively, the bold indicates significant effect where minus value
indicates negative significant effect and positive value positive significant
effect respectively. The column AAA:status indicates whether the effect of
AAA on clinical outcomes differs between PD and HC. The binary variables
are annotated by asterisk. Clinical symptoms and scales are described in
Supplementary Material.

Statistical analysis

Firstly, we performed an intergroup comparison (PD vs HC) of socio-
demographic and clinical characteristics as well as polygenic risk score and
comorbidities with the Mann—Whitney U test for numerical variables and
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Fig. 2 Pairwise association between age at onset (AAO), age at assessment (AAA) (y-axis) and polygenic risk score (PRS) (x-axis) with
Kendall correlation coefficient. Significant inverse association was determined between AAO and PRS and AAA and PRS indicating the
younger the AAO of PD, the higher cummulative burden of small effect size variants (represented by PRS).

Table 6. Kendall correlation coefficient between clinical outcome
(row) and polygenic risk score (PRS) for healthy controls (HC) (left) and
Parkinson’s disease patients (PD) (right), with annotation by bold
indicating significant effect where minus value indicates negative
significant effect and positive value positive significant effect
respectively (Kendall correlation test).

Clinical symptoms and scales HC PD

H&Y 0.0272 0.0272
MDS-UPDRS Il —0.0088 —0.0341

MDS-UPDRS I —0.0242 0.0058
LEDD (g/day) 0.0091 —0.0147
Gait disorder* 0.4070 —0.0177
Repetitive falls* 0.6209 0.1690
MDS-UPDRS IV 0.0625 0.0625
Dyskinesia/day (hours) 0.0576 0.0576
OFF time/day (hours) 0.0100 0.0100
Dystonia/day (hours) 0.0491 0.0491

Dyskinesia* - 0.1426
Motor fluctuations* - 0.0864
Freezing of gait* - 0.0084
MoCA 0.0542 —0.0493'
Sniffin’ stick test 0.1012 0.0576
PDQ-39 —0.0519 0.0386
SCOPA-AUT —0.0113 0.0150
MDS-UPDRS | —0.0556 0.0105
BDI-I —0.0155 0.0290
Starkstein Apathy Scale —0.0425 —0.0068
PDSS —0.0128 —0.0332
Probable RBD* —0.1142 —0.0703
Excessive daily sleepiness* 0.1638 —0.1261

Insomnia* —0.0356 0.1387
Hallucinations* —0.9806 —0.1225
Impulse Control Disorder* —2.1177 —0.0872
Orthostatic hypotension* 0.0839 —0.1331

Dysphagia* —0.6401 —0.2650"
Constipation* 0.2701 —0.0740
Urinary Incontinence* 0.1011 0.0434

Single and double ticks indicate significance at the 5% level and the
Bonferroni-adjusted 5% level. The binary variables are annotated by
asterisk. Clinical symptoms and scales are described in Supplementary
Material.

Table 7. Multiple regression model with coefficients shown from
linear regression of numerical outcome and from logistic regression of
binary outcome on disease duration, age at assessment (AAA) and
polygenic risk score (PRS) in PD group.

Clinical symptoms Intercept Disease AAA PRS
and scales duration

H&Y 0.17 0.05" 0.03” —0.02
MDS-UPDRS llI 4.44 0.76" 0.39” —0.57
MDS-UPDRS I 1.81 0.63" 010" —047
LEDD (g/day) 0.32 0.04" 0.00 0.01
Gait disorder* —2.29 0.09” 0.03' —0.04
Repetitive falls* —5.91 0.14" 0.05' 0.15
MDS-UPDRS IV 337 0.28" —0.04' 0.03
Dyskinesia/day (hours) —0.36 0.12" 0.01 0.04
OFF time/day (hours) 0.87 0.06" —-0.01 -0.04
Dystonia/day (hours) 0.15 0.01” 0.00 0.01
Dyskinesia* —1.62 0.18” —-0.02 -0.05
Motor fluctuations* —0.12 0.18” —-0.04 -0.12
Freezing of gait* —2.66 0.17" 0.01 —-0.13
MoCA 37.25 —0.07 —0.19” 0.40’
Sniffin’ stick test 12.64 —-0.11" —0.06" —0.22
PDQ-39 30.96 1.86" —0.01 —2.98'
SCOPA-AUT 274 0.47" 0.15” —0.98
MDS-UPDRS | 6.29 0.36” 0.03 —0.84
BDI-I 6.81 0.27" 003 —0.76'
Starkstein Apathy Scale 6.99 0.00 0.10” —0.18
PDSS 116.69 —-1.00" —0.10 0.12
Probable RBD* —2.07 0.12" 0.00 —0.21
Excessive daily sleepiness*  —1.23 0.07” 0.00 —0.20
Insomnia* —1.04 0.04/ —0.01 0.11
Hallucinations* —2.95 0.10” 0.01 —-0.23
Impulse Control Disorder*  —1.37 0.11” —-0.03 —025
Orthostatic hypotension* —1.64 0.06’ 001 —0.20
Dysphagia* -1.77 0.07” 000 —037'
Constipation* —2.07 0.08” 0.02" -0.13
Urinary Incontinence* —3.67 0.05 0.04”  0.06

Single and double ticks indicate significance at the 5% level and the
Bonferroni adjusted 5% level, the bold indicates significant effect where minus
value indicates negative significant effect and positive value positive
significant effect respectively. The binary variables are annotated by asterisk.
Clinical symptoms and scales are described in Supplementary Material.
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Fig. 3 Description of the study design and study dataset. PD individuals with Parkinson’s disease, HC healthy control.

Fisher's exact test for binary variables (Tables 1 and 2). Secondly, we used
multiple regression models (linear and logistic) to identify effects of AAO
(as a numerical variable) on numerical or binary clinical outcomes
accounting for disease duration (Fig. 1). Subsequently, we performed a
multiple regression model for both HC and PD (Table 5) to examine
whether the effect of ageing (AAA) on clinical outcomes differs between
HC and PD adjusted for disease duration. For this, we included the main
effects of the continuous variable AAA and the binary variable status (HC:
status = 0, PD: status = 1), their interaction effect (HC: status*AAA =0, PD:
status*AAA > 0), and the main effect of the continuous variable disease
duration (HC: duration = 0, PD: duration > 0). To investigate the role of PRS
in PD, a pairwise association analysis with Kendall's tau correlation test
between PRS and AAO and AAA was performed (Fig. 2). Furthermore, we
performed a Kendall correlation test between PRS and clinical outcome for
PD and HC respectively (Table 6). As a last step, we employed a multiple
regression model including PRS adjusting for AAA and disease duration, to
investigate the effect of PRS on the clinical phenotype in PD (Table 7). At all
instances, the significance at the 5% level and the Bonferroni-adjusted 5%
level was set.
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Abstract.

Background: The hypothesis of body-first vs. brain-first subtype of PD has been proposed with REM-Sleep behavior disorder
(RBD) defining the former. The body-first PD presumes an involvement of the brainstem in the pathogenic process with higher
burden of autonomic dysfunction.

Objective: To identify distinctive clinical subtypes of idiopathic Parkinson’s disease (iPD) in line with the formerly proposed
concept of body-first vs. brain-first subtypes in PD, we analyzed the presence of probable RBD (pRBD), sex, and the APOE
g4 carrier status as potential sub-group stratifiers.

Methods: A total of 400 iPD patients were included in the cross-sectional analysis from the baseline dataset with a completed
RBD Screening Questionnaire (RBDSQ) for classifying as pRBD by using the cut-off RBDSQ > 6. Multiple regression
models were applied to explore (i) the effect of pRBD on clinical outcomes adjusted for disease duration and age, (ii) the
effect of sex on pRBD, and (iii) the association of APOE &4 and pRBD.

Results: iPD-pRBD was significantly associated with autonomic dysfunction (SCOPA-AUT), level of depressive symptoms
(BDI-I), MDS-UPDRS I, hallucinations, and constipation, whereas significantly negatively associated with quality of life
(PDQ-39) and sleep (PDSS). No significant association between sex and pRBD or APOE &4 and pRBD in iPD was found
nor did we determine a significant effect of APOE €4 on the PD phenotype.

*Correspondence to: Lukas Pavelka, MD, Physician scientist, Prof. Rejko Kriiger, MD, Coordinator of Luxembourg National
National Centre for Excellence in Research in Parkinson’s dis- Centre for Excellence in Research in Parkinson’s disease. Tel.:
ease. Tel.: +352 621621578; E-mail: lukas.pavelka@lih.lu and +352 26 970 458; E-mail: rejko.krueger @uni.lu.
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Conclusion: We identified an RBD-specific PD endophenotype, characterized by predominant autonomic dysfunction, hallu-

cinations, and depression, corroborating the concept of a distinctive body-first subtype of PD. We did not observe a significant

association between APOE €4 and pRBD suggesting both factors having an independent effect on cognitive decline in iPD.

Keywords: Idiopathic Parkinson’s disease, probable REM-Sleep behavior disorder, RBDSQ, non-motor symptoms, APOE,

stratification

INTRODUCTION

The phenotypic heterogeneity of Parkinson’s dis-
ease (PD) has been a challenge for both clinicians and
researchers for decades. Several efforts were made
to identify an underlying pattern explaining this het-
erogeneity by subtyping PD patients. They can be
grouped into two distinct methods. The first approach
uses a single clinical or genetic metric determining
the clinical phenotype, such as age at onset, sex,
motor phenotype, or being a carrier of the PD-causing
rare genetic mutations. The second approach has
been using hypothesis-free data-driven models iden-
tifying phenotypic clusters in PD based on clinical
symptoms, but this approach failed reproducibility
checks, possibly due to a limited methodological
overlap between the studies and a wide variety of
clinical metrics entering the models [1]. Interestingly,
both approaches systematically reported REM-sleep
behavior disorder (RBD) as a relevant clinical vari-
able. Not only is RBD currently known as the most
robust prodromal marker of future pheno-conversion
to the alpha-synucleinopathies (i.e., PD, dementia
with Lewy bodies or multiple system atrophy) [2],
but it was suggested that RBD is associated with more
rapid progression of motor symptoms, a higher bur-
den of non-motor symptoms and lower quality of life
[3-5].

RBD received increasing attention in the last years,
with several cross-sectional and longitudinal stud-
ies investigating the association between RBD and
the clinical phenotype of PD. On the one hand, we
observe an overall consensus regarding a non-motor
dominant profile of PD with higher autonomic dys-
function and more rapid cognitive decline. On the
other hand, prior studies have reported contradictory
findings on the effect of comorbid RBD on motor
progression in PD [5-8]. Moreover, genetic risk fac-
tors and PD-causing rare mutations with a substantial
effect on the clinical phenotype were rarely system-
atically addressed in the context of concomitant RBD
and PD and their effect on the severity of the clinical
phenotype. Recently, the APOE epsilon4 (APOE &4)
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genotype has been linked to faster cognitive decline
and motor progression in PD [9], although studies
on the role of APOE &4 and clinical progression of
PD remain controversial [10, 11]. Whether an addi-
tive or multiplicative potentiation effect of RBD and
APOE €4 on cognitive decline in PD exists has not
been adequately addressed so far. Currently, no asso-
ciation of the APOE &4 carriers status with idiopathic
RBD has been observed [12, 13], but a potential role
of the APOE &4 genotype as a modifier of the clinical
phenotype of PD with RBD has not yet been explored.

RBD has been suggested to represent a key element
in distinguishing body-first from brain-first subtype
of PD, a concept recently proposed to explain the
phenotypic differences and variability of dynamics
in PD and supported by several clinical and imag-
ing studies [14, 15]. It has been proposed that the
body-first subtype of PD starts in the peripheral ner-
vous system with spreading of neurodegeneration via
brainstem thus associated with RBD, higher burden
of autonomic dysfunction and higher rate of cognitive
decline [16].

In order to test the hypothesis of body-first subtype
of PD with comorbid pRBD, we used a large baseline
visit dataset from the Luxembourg Parkinson’s Study,
a monocentric longitudinal observational study with
apreviously described recruitment design [17]. In our
study, we primarily aimed to determine the effect of
pRBD on clinical outcomes in idiopathic PD (iPD) by
excluding known PD-linked rare mutations or genetic
risk variant carriers. Next, we investigated potential
confounding effects of sex and the APOE &4 carrier
status as potential stratifiers of iPD.

MATERIALS AND METHODS

Study population

The data used in this study were acquired from
participants recruited in the frame of the nationwide
monocentric observational longitudinal Luxembourg
Parkinson’s Study [17]. The diagnosis of PD relied
on the UK Parkinson’s Disease Society Brain Bank
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Initial visit dataset of individuals with PD included
in the Luxembourg Parkinson’s Study with
available genotyping by NeuroChip, PacBio and
available data on RBDSQ.

(n=1111)

!

4 i
PD
n=455 4 &
8 4
6 individuals with PD excluded
l = due to the 1%, 2° and 3" degree
interrelation in the dataset.
4 N\ \
PD
n=449
I D
e =/
1 > 49 individuals with PD excluded
due to the PD- linked mutation.
iPD = #
n=400
. iPD
iPD ;
] thout
with pRBD "
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n=271

Fig. 1. Description of the study design and study dataset. PD,
individuals with Parkinson’s disease; iPD, idiopathic Parkinson’s
disease; pRBD, probable REM-sleep behavior disorder; RBDSQ,
REM sleep behavior disorder screening questionnaire.

(UKPDSBB) diagnostic criteria [ 18]. All participants
were genotyped for disease-causing mutations and
PD-associated risk variants using both NeuroChip®
and PacBio sequencing. Available data on RBDSQ
were analyzed after excluding six PD patients for
Ist, 2nd, and 3rd degree relationships and after
excluding 49 PD patients carrying PD-associated
mutations. The overall study design, inclusion,
and exclusion workflow are illustrated in Fig. 1.
Though the diagnostic gold standard of RBD remains
polysomnography (PSG) [19], the accessibility of the
sleep laboratory and performing PSG on a large scale
is problematic due to the sleep laboratory capacities
and costs. We therefore applied a classification of
probable RBD (pRBD) by REM-sleep behavior dis-
order screening questionnaire (RBDSQ) as used in
several previous studies [20-24]. The group assign-
ment of pRBD in iPD individuals uses the criterion
RBDSQ > 6 to optimize the specificity and sensitiv-
ity for pRBD in line with the Oxford Discovery Study
[24].
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All participants taking part in the Luxembourg
Parkinson’s Study agreed and signed a written
informed consent. The study has been approved by
the National Research Ethics Committee (CNER Ref:
201407/13).

Clinical assessment and data

The design and recruitment of the Luxembourg
Parkinson’s Study were previously published in detail
[17]. Sociodemographic characteristics and clinical
outcomes validated for PD were chosen from the
basic clinical assessment battery and are listed in
Tables 1 and 2. All patients have been evaluated in
medication ON state and, where applicable, in deep
brain stimulation ON state. The clinical symptoms
as scales are defined in detail in the Supplementary
Material.

Missing data statement

The absolute number of missing data per variable is
described in Tables 1 and 2. Given the low proportions
of missing values in the dataset, we used a pairwise
deletion for all statistical models.

Genotyping and quality-control analyses

The methods for genotyping in our dataset have
been described previously [25]. PD causing rare vari-
ants were defined by the ClinVar classification as
“pathogenic/likely pathogenic”. All PD-causing vari-
ants (listed in the Supplementary Material) identified
by any method were Sanger validated, and all samples
with a validated PD-causing variant were excluded
from further analysis with a list of excluded variants
described in the Supplementary Material.

APOE genotyping

APOE genotypes were called for all individuals
from two SNPs investigated by NeuroChip array
(rs429358, rs7412) that distinguish the &2, €3, and
g4 alleles classifying the respective APOE catrriers.
The NeuroChip provides high accuracy of 98.1% for
genotyping of APOE &4 [26], and the approach was
aligned with other large studies [27].

Statistical analysis

Mann-Whitney’s U test was used for numerical
variables and Fisher’s exact test for binary variables in
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Table 1
Descriptive and comparative statistics of demographic data and frequency of APOE &4 genotype in PD individuals with (right) and without
(left) probable REM-sleep behavior disorder (pRBD). For intergroup comparisons, p-values are shown from Mann-Whitney U test for
numerical variables and Fisher’s exact test for binary variables. Binary variables are annotated by asterisk. Results are shown as mean and
standard deviation (SD) for numerical variables, number of zeros ("NO’) and ones (" YES’) for binary variables and percentage of YES, and
number of missing values (NA). Single and double ticks indicate significance at the 5% level, and the Bonferroni-adjusted 5% level. Age at
onset was calculated based on the year of the PD diagnosis. PD, Parkinson’s disease

PD non-pRBD (n=271) PD pRBD (n=129)

Mean or SD or NA Mean or SD or NA p

YES in % NO/YES YES in % NO/YES
Disease duration since diagnosis (y) 4.20 4.55 0 7.86 6.36 0 8.2e-11"
Age at assessment (y) 66.19 11.29 0 68.31 9.85 0 1.2e-01
Age at onset (y) 62.01 11.64 0 60.48 11.98 0 2.5e-01
Sex (male)* 65% 96/175 0 74% 34/95 0 8.6e-02
APOE (£2/ €4; 3/ e4;ed/ed)* 21% 213/58 0 26% 95/34 0 3.1e-01
Years of education 13.29 4.12 0 12.99 3.90 0 6.7e-01
Total languages spoken 2.86 1.06 0 2.89 1.04 0 8.0e-01

Table 2

Descriptive and comparative statistics of clinical outcomes for iPD group with and without probable REM-sleep behavior disorder (pPRBD).
Results are shown as mean and standard deviation (SD) for numerical variables, number of zeros ("NO’) and ones (" YES’) for binary variables
and percentage of YES, and number of missing values (NA). For intergroup comparisons, p-values are shown from Mann-Whitney U test for
numerical variables and Fisher’s exact test for binary variables. Binary variables are annotated by asterisk. Single and double ticks indicate
significance at the 5% level, and the Bonferroni-adjusted 5% level. All clinical outcomes are defined and described in the Supplementary

Material
PD non-pRBD (n=271) PD pRBD (n=129)
Mean or SD or NA Mean or SD or NA p
YES in % NO/YES YES in % NO/YES
H&Y 2.12 0.78 2 2.37 0.75 0 1.2e-04”
MDS-UPDRS III 32.00 16.11 5 38.02 16.76 2 4.5e-04"
MDS-UPDRS 1II 9.79 7.45 3 14.50 8.64 3 1.0e-07"
LEDD (g/day) 0.45 0.38 0 0.68 0.41 0 2.8e-08”
Gait disorder* 48% 141/130 0 71% 37/92 0 1.0e-05”
Repetitive falls* 11% 240/31 0 29% 91/38 0 1.7e-05”
MDS-UPDRS IV 1.37 3.01 2 275 3.98 3 5.2e-05"
Dyskinesia/day (hours) 0.47 2.29 0 1.21 3.57 1 9.3e-05"
OFF time/day (hours) 0.40 1.41 0 0.72 1.38 2 3.2e-04"
Dystonia/day (hours) 0.027 0.15 1 0.088 0.31 1 7.3e-03
Dyskinesia* 9% 246/25 0 20% 103/26 0 3.5e-03'
Motor fluctuations* 11% 241/30 0 27% 94/35 0 8.1e-05"
Freezing of gait* 16% 227/44 0 34% 85/44 0 9.4e-05"
MoCA 24.85 3.93 5 24.02 4.45 2 6.9e-02
Sniffin’ stick test 8.52 3.34 7 7.50 3.27 3 1.0e-02/
PDQ-39 33.65 23.88 12 52.23 27.05 6 7.2e-11"
SCOPA-AUT 12.59 6.97 2 19.59 8.11 0 6.7e-15"
MDS-UPDRS 1 8.54 5.78 6 13.62 7.36 4 5.1e-12"
BDI-I 8.79 6.65 7 12.62 7.33 3 6.2e-08”
Starkstein Apathy Scale 13.46 5.31 4 14.67 6.24 3 1.2e-01
PDSS 111.40 21.55 4 92.64 23.05 3 2.3e-13”
Probable RBD* 0% 271/0 0 100% 0/129 0 1.4e-108”
Excessive daily sleepiness* 23% 208/63 0 41% 76/53 0 3.8e-04"
Insomnia* 24% 205/66 0 21% 102727 0 5.3e-01
Hallucinations* 9% 247/24 0 29% 91/38 0 4.8e-07"
Impulse Control Disorder* 6% 255/16 0 16% 108/21 0 1.4e-03
Orthostatic hypotension* 23% 210/61 0 36% 82/47 0 3.9e-03'
Dysphagia* 20% 218/53 0 33% 87/42 0 5.6e-03'
Constipation* 31% 187/84 0 63% 48/81 0 2.8e-09”
Urinary Incontinence* 27% 197/74 0 39% 79/50 0 2.8e-02/
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intergroup comparison analyses (iPD pRBD vs. iPD
non-pRBD; male sex iPD vs. female sex iPD). Multi-
ple linear and logistic regression models were applied
to investigate the effect of pRBD on clinical outcomes
iniPD, adjusted for age at assessment (AAA) and dis-
ease duration. To investigate the potential effect of
the APOE genotype on clinical outcomes, we pooled
the heterozygotes (g2/e4; €3/e4) and homozygotes
(e4/€4), allowing us to quantify a potential associa-
tion between APOE &4 genotype and pRBD in iPD.
Furthermore, we applied regression of clinical symp-
toms in PD on APOE &4, AAA and disease duration.
For all analyses, we assessed significance at the 5%
level and the Bonferroni-adjusted 5% level.

RESULTS

Frequency of pRBD and effect of pRBD on
clinical outcomes in iPD

According to the RBDSQ classification of pRBD,
we observed a relative pRBD frequency of 32.3%
in the iPD group (129 iPD pRBD out of 400). The
demographic characteristics of iPD pRBD (n=129)
and iPD non-pRBD patients (n=271) are shown in
Tables 1 and 2. We investigated the effect of pPRBD on
the clinical outcomes adjusted for AAA and disease
duration.

As key results, we observed a significant posi-
tive association between iPD pRBD (as opposed to
iPD non-pRBD) and burden of non-motor symptoms,
i.e., autonomic dysfunction (SCOPA-AUT) and fre-
quency of constipation; MDS-UPDRS I, burden of
depression symptoms assessed by BDI-I, frequency
of hallucinations and PDQ-39, showing lower qual-
ity of life in iPD pRBD, as demonstrated in Fig. 2.
Furthermore, a significant negative association was
determined between iPD pRBD and the Parkinson’s
Disease Sleep Scale (PDSS), indicating lower quality
of sleep in the group of iPD pRBD vs. iPD non-
pRBD. Other considered clinical outcomes showed
no significant associations after multiple testing cor-
rection.

APOE genotype and iPD pRBD

We found no significant association between
pooled heterozygote and homozygote APOE &4 car-
riers and iPD with pRBD. Additionally, no significant
association was observed between APOE &4 and the
clinical outcomes of iPD with pRBD vs. iPD non-
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pRBD adjusted for AAA and disease duration, as
shown in Fig. 3.

Effect of sex on frequency of pRBD and other
clinical outcomes in iPD

Clinical and demographic characteristics and out-
comes of sex-stratified iPD are shown in Table 3. We
did not observe a significant effect of male sex on
the frequency of pRBD in iPD. Interestingly, from
all the putative variables, only olfactory performance
(measured by Sniffin” Stick test) was significantly
negatively, and FOG significantly positively associ-
ated with male sex in PD after adjustment for AAA
and disease duration (see Fig. 4).

Effect of education and number of spoken
languages on cognitive performance

We analyzed a potential confounding effect of the
years of education (YoE) and the total languages spo-
ken (TLS) on cognitive performance in our dataset.
As shown in the Supplementary Table 1, only YoE
(not TLS) had a significant positive effect on Mon-
treal Cognitive Assessment (MoCA) in a multiple
regression model adjusted for AAA and disease dura-
tion.

DISCUSSION

The results of our study support the classifica-
tion of RBD as a distinctive characteristic of the
body-first subtype by identifying a significant asso-
ciation of iPD pRBD with the non-motor dominant
disease profile, a result that matched remarkably well
with the majority of previous studies [4—8]. It favors
the concept of pathological process beginning in the
peripheral nervous system with further centripetal
spreading of alpha-synuclein in a subgroup of PD
patients and hence the associated neurodegeneration
causing a significantly higher autonomic dysfunction,
higher depression burden as well as hallucinations
through dysregulation of dopaminergic and noradren-
ergic system in the brainstem. Although we assessed
RBD via a screening questionnaire, our results were
consistent with a prior study using PSG-proven RBD,
which indicated an association of a non-motor dom-
inant phenotype in PD with PSG-proven RBD [4].
However, we observed only a trend in the nega-
tive effect of pRBD on global cognitive performance
in PD, which did not correspond to several cross-
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Fig. 2. Multiple regression model for investigating effect of probable REM-Sleep behavior disorder on clinical outcomes in idiopathic
Parkinson’s disease adjusted for age at assessment and disease duration. Forrest plot with estimated coefficients and corresponding confidence
intervals (£1.96 x standard error) for pRBD, from linear/logistic regression of numerical/binary outcome on disease duration, age at
assessment (AAA) and pRBD (binary outcomes are annotated by asterisk). The color blue indicates significant negative effects of pRBD
on the clinical outcome, and the color red indicates significant positive effects at the Bonferroni-adjusted 5% level. Clinical symptoms and

scales are described in the Supplementary Material.

sectional and longitudinal studies [8]. To assess a
potential independent variable influencing cognitive
performance, we identified a protective effect of YoE
on cognitive decline in the overall PD group, but we
did not identify a significant difference in pPRBD PD
vs. non-pRBD PD in terms of YoE or TLS. There-
fore, we did not consider these two factors (YoE and
TLS) as confounding factors for the effect of pRBD
on cognitive performance assessed by MoCA in our
dataset. Moreover, the APOE &4 genotype, known
to exacerbate beta amyloid pathology in Alzheimer’s
disease, has been suggested to play a role in acceler-
ated cognitive decline in PD [27, 28]. As RBD was
associated with a higher rate of cognitive decline and
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dementia in previous studies, we explored a poten-
tial association between pRBD and APOE &4 carrier
status. However, no significant association between
the two was observed in our study. This would argue
for an independent effect of pRBD and APOE &4 sta-
tus without a synergistic effect on cognitive decline
in iPD. Therefore, we conclude that APOE €4 geno-
type might not play a role as a stratifier in body-first
vs. brain-first concept. It is important to stress that
we excluded a potential effect of PD-linked genetic
mutations and genetic risk factors for PD, which may
have contributed to confounding effects on clinical
phenotype in other studies, as in the case of highly
prevalent mutations in the GBA gene [29].



Appendices

L. Pavelka et al. / Probable RBD and APOE in Parkinson’s Disease 2567

H&Y =

MDS-UPDRS Ill =

MDS-UPDRS Il =

LEDD (g/day) =

Gait disorder* |
Repetitive falls*

MDS-UPDRS IV =~

Dyskinesia/day (hours) =

OFF time/day (hours) =

Dystonia/day (hours) ==

Dyskinesia*

Motor fluctuations*

Freezing of gait*

MoCA

Sniffin’ stick test

PDQ-39

SCOPA-AUT
MDS-UPDRS |

BDI-I

Starkstein Apathy Scale
PDSS

[0}

PRBD
Excessive daily sleepiness*
Insomnia*

Hallucinations*

Impulse Control Disorder*
Orthostatic hypotension*
Dysphagia*

Constipation*

Urinary Incontinence*

|
-5

o_mﬂ,%}mo*w ﬁmeﬁﬁm@}om

1 |
5 10

Fig. 3. Multiple regression model investigating effect of APOE &4 carrier status on clinical outcomes in idiopathic Parkinson’s disease
adjusted for age at assessment and disease duration. Forrest plot with estimated coefficients and corresponding confidence intervals (£1.96
x standard error) for APOE &4 genotype, from linear/logistic regression of numerical/binary outcome on disease duration, age at assessment
(AAA), and APOE (binary outcomes are annotated by asterisk). The color blue indicates significant negative effects of APOE €4 genotype
on the clinical outcome, and the color red indicates significant positive effects at the Bonferroni-adjusted 5% level. Clinical symptoms and

scales are described in the Supplementary Material.

Our investigation of potential sex-related differ-
ences in iPD phenotype did not reveal a significant
association between pRBD and male sex, as sug-
gested by several prior studies using either a similar
screening questionnaire approach or PSG [30-32].
This adds to the open debate about whether there are
significant differences in the prevalence of RBD in
males vs. females. We would like to point out that
the higher frequency of RBD in males was observed
in studies using the dataset of individuals referred
primarily to sleep laboratories which may cause a
referral bias, given the fact that males are reported to
have more violent RBD symptoms and are therefore
more likely to be referred for PSG [33-36].

Next, we studied the potential confounding effects
of sex on other motor and non-motor symptoms. We
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observed a higher frequency of males vs. females
in the overall PD group (67.5% vs. 32.5%), in line
with the results from recently published large cohort
studies [37-39]. Interestingly, we found only olfac-
tory dysfunction and FOG to be positively associated
with males, while other putative motor and non-motor
outcomes showed no significant associations with
sex after multiple testing correction. These findings
might indicate that sex does not play a substantial
role in defining the phenotype of iPD and thus do
not account for the phenotypic differences associated
with pRBD.

Our study displays several specific strengths: (i)
a large dataset was analyzed relative to previous
studies; (ii) PD cases were genetically stratified by
NeuroChip and targeted sequencing of GBA, avoid-
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Table 3
Descriptive statistics for sex stratified iPD. Results are shown as mean and standard deviation (SD) for numerical variables, number of zeros
(’NO’) and ones ("YES’) for binary variables and percentage of YES, and number of missing values (NA). The last column shows p-values
from Mann-Whitney U test for numerical variables and Fisher’s exact test for binary variables. Binary variables are annotated by asterisk.
Single and double ticks indicate significance at the 5% level and the Bonferroni-adjusted 5% level. Age at onset was calculated based on the

year of the PD diagnosis
PD female (n=130) PD male (n=270)
Mean or SD or NA Mean or SD or NA P
YES in % NO/YES YES in % NO/YES
Disease duration since diagnosis (y) 5.44 5.53 0 5.35 5.46 0 8.1e-01
Age at assessment (y) 66.71 10.74 0 66.95 10.97 0 9.1e-01
Age at onset (y) 61.30 11.03 0 61.62 12.11 0 8.6e-01
H&Y 221 0.84 1 2.20 0.75 1 9.3e-01
MDS-UPDRS III 33.49 18.03 2 34.17 15.81 5 4.3e-01
MDS-UPDRS 11 11.09 8.38 2 11.40 8.04 4 4.7e-01
LEDD (g/day) 0.47 0.36 0 0.55 0.42 0 1.2e-01
Gait disorder* 50% 65/65 0 58% 113/157 0 1.3e-01
Repetitive falls* 20% 104/26 0 16% 227/43 0 3.2e-01
MDS-UPDRS IV 1.90 3.61 4 L.77 3.30 1 9.3e-01
Dyskinesia/day (h) 0.87 3.22 1 0.63 2.55 0 8.6e-01
OFF time/day (h) 0.55 1.91 2 0.48 1.10 0 7.3e-01
Dystonia/day (h) 0.035 0.17 2 0.052 0.24 0 1.0e-01
Dyskinesia* 12% 115/15 0 13% 234/36 0 7.5e-01
Motor fluctuations* 11% 116/14 0 19% 219/51 0 4.3e-02
Freezing of gait* 13% 113/17 0 26% 199/71 0 2.9¢e-03'
MoCA 24.92 3.84 3 24.41 4.24 4 3.4e-01
Sniffin’ stick test 9.10 3.26 4 7.76 3.30 6 2.2e-04"
PDQ-39 43.28 26.38 8 37.92 26.26 10 4.0e-02/
SCOPA-AUT 14.92 8.01 2 14.83 8.08 0 1.0e+00
MDS-UPDRS 1 10.22 6.32 3 10.14 6.96 7 5.5e-01
BDI-I 11.20 7.75 4 9.47 6.71 6 2.9e-02/
Starkstein Apathy Scale 13.84 5.77 6 13.86 5.60 1 9.7e-01
PDSS 102.64 25.08 4 106.68 22.94 3 1.3e-01
Probable RBD* 26% 96/34 0 35% 175/95 0 8.6e-02
Excessive daily sleepiness* 20% 104/26 0 33% 180/90 0 6.7¢-03'
Insomnia* 27% 95/35 0 21% 212/58 0 2.6e-01
Hallucinations* 16% 109721 0 15% 229/41 0 8.8e-01
Impulse Control Disorder* 7% 121/9 0 10% 242/28 0 3.6e-01
Orthostatic hypotension* 27% 95/35 0 27% 197/73 0 1.0e+00
Dysphagia* 26% 96/34 0 23% 209/61 0 4.5e-01
Constipation* 40% 78/52 0 42% 157/113 0 7.5e-01
Urinary Incontinence* 30% 91/39 0 31% 185/85 0 8.2e-01

ing a potential confounding by PD-causing mutations
that are known to significantly influence the clinical
phenotype; (iii) the study design included all disease
stages of PD regardless of the cognitive status, and
(iv) a monocentric data collection assured the consis-
tency of the dataset.

Conversely, some limitations of our study should
also be noted: We investigated the research questions
using a cross-sectional analysis, and further studies
on longitudinal data are still warranted. Addition-
ally, RBD was not assessed by gold standard PSG
but by a more accessible method using a screening
questionnaire, potentially including in part false pos-
itive patients for RBD with another sleep pathology.
Furthermore, the presence of hallucinations might be
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wrongly considered by the patients to classify as RBD
symptoms. Nevertheless, the association of RBD in
PD with hallucinations has been widely reported in
the literature [40-42], thus we do not consider the
significant positive association of pRBD with hallu-
cinations in our dataset as a potential mis-classifier of
pRBD vs. non-pRBD. Finally, we did not have com-
plementary data on the time relation between pRBD
and PD, i.e., describing whether pRBD preceded PD
or evolved during the clinical phase of PD.
However, the overall concordance of the results
on the association of pRBD in PD with a non-
motor dominant phenotype indicates that applying
RBDSQ may provide a useful tool for patient strati-
fication in future studies and clinical trials. It might
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Fig. 4. Multiple regression model investigating effect of sex on clinical outcomes in idiopathic Parkinson’s disease adjusted for age at
assessment and disease duration. Forrest plot with estimated coefficients and corresponding confidence intervals (+1.96 x Standard error)
for sex, from linear/logistic regression of numerical/binary outcome on disease duration, AAA, and sex (binary outcomes are annotated by
asterisk). The color blue indicates significant negative effects of male vs. female sex on the clinical outcome, and the color red indicates
significant positive effects at the Bonferroni-adjusted 5% level. Clinical symptoms and scales are described in the Supplementary Material.

prove to be a clinically relevant mean to screen for
pRBD during the regular follow-up of PD patients
in order to personalize and adapt the therapy and its
potential secondary effects by the treating physicians.
Finally, this study adds to the prior body of evidence
that PD subtyping, in general, may serve the patient
by providing treatment-relevant phenotype-genotype
stratifications as a tool for future clinical trials.
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