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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, PINK1 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 SNVs in seven PD-causing genes, nine of which were pathogenic in LRRK2, PINK1 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. 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; Karimi-Moghadam et al., 2018). The contribution of genetics in the remaining patients with sporadic forms of PD is not yet well defined. Common variants have also been described as a risk factor for PD (Nalls et al., 2019). The presence of heterozygous variants in the GBA1 gene has emerged as a common risk factor for PD, estimated to occur in about 4–12% of PD patients (Pachchek et al., 2023). The major haplotype (H1) of the microtubule-associated protein Tau (MAPT) gene has been also associated with increased risk of PD (Skipper et al., 2004; Zabetian et al., 2007). Additionally, a specific MAPT H1 sub-haplotype (H1c) has been strongly linked with progressive supranuclear palsy (PSP; Myers et al., 2005). 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 (Nalls et al., 2019; Blauwendraat et al., 2020), including those in the SNCA and LRRK2 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, PINK1, PARK7 and ATP13A2) (Toft and Ross, 2010; Pankratz et al., 2011; La Cognata et al., 2017) 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 alpha-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 (Pachchek 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).



Materials and methods


Cohort characteristics

A total of 1,592 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 LBD, 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 v1.1; Illumina, 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 <1e-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 10 principal components (PCs) using PLINK and merged our data with the 1,000 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 r1.1 2016 on a local instance of the Michigan Imputation Server (Das et al., 2016) and filtered for imputation quality (R2 > 0.3). Imputed genetic variants passing QC numbered 19,490,906 SNPs.



MAPT haplotype association

Using the imputed NeuroChip genotyping data, we selected rs1800547 to differentiate the MAPT H1 and H2 haplotypes and six tagging variants (rs1467967, rs242557, rs3785883, rs2471738, rs8070723, and rs7521) to define the H1 specific sub-haplotypes (Pittman, 2005). H1c sub-haplotype is defined by the following alleles (rs1467967(A), rs242557(A), rs3785883(G), rs2471738(T), rs8070723(A) and rs7521(G)). The association between MAPT haplotypes genotypic and allelic frequency in cases and controls was tested using the Chi-squared and Fisher’s exact tests, respectively. P values were considered significant at p < 0.05.



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 classification1 (1) Dominant forms of classical parkinsonism, LRRK2, SNCA, VPS35, (2) Recessive forms of early-onset parkinsonism: PRKN, PARK7, and PINK1; (3) Atypical parkinsonism: ATP13A2. We then selected rare nonsynonymous and splicing (+/−2 bp) rare variants based on the minor alleles frequency (MAF) <1% in the Genome Aggregation Database [gnomAD r2.1 (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 (see text footnote 1), the Combined Annotation Dependent Depletion (CADD) (Rentzsch et al., 2019) and the Rare Exome Variant Ensemble Learner REVEL scores (Ioannidis 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, SNP 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 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 ClassifyCNV 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 genome-wide 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 r2 < 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 rank-sum test. PRSs for curated gene-sets were generated using the msigdb function implemented in PRSice2, based on a collection of 3,090 canonical pathways from the molecular signature database (MSigDB2, “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 value of p 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 SNVs 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.




Results


Cohort description

After the quality control procedure, the final dataset for the Luxembourg Parkinson’s study comprised 1,490 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 1,000 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).



TABLE 1 Demographic data of cases and healthy controls from the Luxembourg Parkinson’s study.
[image: Table1]



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.I723V and PINK1 p.L369P, respectively.



TABLE 2 Rare single nucleotide variants in PD related genes in the Luxembourg Parkinson’s study.
[image: Table2]



TABLE 3 Number and phenotypes of rare variant carriers in PD related genes.
[image: Table3]

Among the 29 rare variants identified in LRRK2, 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 LRRK2 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 ATP13A2), we identified 28 heterozygous rare variant carriers and only one homozygous rare variant carrier (PINK1 p.L369P, Table 2). The distribution of these variants was similar between cases and controls (27 PD, six AP and 29 controls, value of p = 0.39, Table 3). Four controls and 10 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 PINK1 p.A383T), all the others were older than 50 years.

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 85 years) and one PD patient (AAO = 52 years), which is classified as ‘probably pathogenic’ according to the MDSgenes pathogenicity score. For PINK1 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 ATP13A2 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 LRRK2, PRKN and PINK1 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 LRRK2 can be responsible for the disease. AP patients were heterozygous carriers of probably benign variants in LRRK2 and PINK1 and a pathogenic variant in PRKN.

An extensive screening of GBA1 variants was previously performed by our team (Pachchek et al., 2023) using GBA1-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 GBA1-sequencing, we found that none of carriers of rare variants in the studied PD-causing genes, identified within the NeuroChip, harbored an additional pathogenic GBA1 variant.



Rare copy number variants in PD-related genes

We initially detected 25,299 CNVs, including 13,862 duplications and 11,437 deletions in 728 controls and 757 PD cases. After all QC and filtering steps, the final number of CNVs was 1,079 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.



TABLE 4 Summary of CNV calls from the Luxembourg Parkinson’s study.
[image: Table4]

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. 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 CNV-ClinViewer).



TABLE 5 CNVs detected in any of the PD genes in the Luxembourg Parkinson’s study.
[image: Table5]



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 PINK1 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 (chr6:162,279,763–162,406,957) and also the benign LRRK2 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%, value of p = 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 (value of p = 0.16). The sample size is too small to examine a significant burden of these rare variants on PD risk.



MAPT haplotypes association

We found a statistically significant over-representation of the MAPT H1 haplotype in PD (value of p = 0.018) and PSP (value of p = 0.008) cases, present in 80.5% of PD, 88.0% of PSP cases compared to 76.8% of controls (Supplementary Table 1). No significant association was found between sub-haplotype H1c and any of the investigated diseases (Supplementary Table 1).



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 value of p threshold of 5e-08 and an observed phenotypic variance R2 of 5.3% (1.9% after adjustment for PD prevalence of 5e-03, empirical value of p = 9.9e-05) with an AUC of 62.8%. We found a significant association of PRS with higher PD risk (OR = 1.70[1.50–1.93], p = 5.9e-17). The distribution of PRS scores in PD cases and healthy controls was significantly different (Wilcoxon test value of p <2.2e-16, Figure 1A). Individuals with the 5 and 10% of highest PRS values had a 9.5-fold [3.9–26.3] (p = 1.4e-08) 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 1A). Out of the 3,090 canonical pathways gene-sets representing the most important biological processes and diseases, 17 gene-sets were significantly associated with PD risk (Bonferroni adjusted value of p <0.05, Figure 1B; Supplementary Table 2). Among the enriched pathways, the majority were associated with PD (showing the highest R2 values, Figure 1B) and PD pathogenesis (Alpha 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 (1 Mb upstream and downstream each locus), indicating the absence of other risk loci acting independently of the known ones.

[image: Figure 1]

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).





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 GBA1 variants (Pachchek et al., 2023). Analyzing 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 LRRK2 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 ATP13A2, 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 PINK1 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, ATP13A2, PRKN and PINK1 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 variants, mainly in LRRK2 and PINK1. Pathogenic LRRK2 variants have been described in patients with primary tauopathies, although at a low frequency (Wen et al., 2021). In particular, LRRK2 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 ≤ 50 years. Especially, we described a heterozygous exon1-4 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 exon1 in another PD patient with a late disease-onset (69 years). Duplications of PRKN exons were previously reported as ‘likely pathogenic’ (Schüle 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 (Elfferich et al., 2011; Kim et al., 2012; Huttenlocher et al., 2015; Ahmad et al., 2023). This was recently reproduced in a large CNV study of 4,800 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-ATP13A2) with AAO greater than 50 years. Hitherto, only a few studies have identified digenic variants of PD-related genes [LRRK2-PRKN (Dächsel et al., 2006), PINK1-PARK7 (Tang et al., 2006) or PRKN-PINK1 (Hayashida et al., 2021)]. Previous studies reported that carriers of digenic variants in PRKN and PINK1 develop the disease at a younger age and exhibit distinctive symptoms such as schizophrenia, facial dyskinesia, grimacing and severe dysarthria (Funayama et al., 2008) and also epilepsy and essential tremor (Hayashida et al., 2021). However, the digenic variants reported in this study differ from those previously described, and carriers of these variants have an older age at onset. Nonetheless, the ambiguity surrounding digenic variants persists due to the limited number of reported cases. 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 were 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 (Klein et al., 2007; Huttenlocher et al., 2015; Castelo Rueda et al., 2021; 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 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.

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, GBA1 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 have demonstrated that individuals carrying the MAPT H1 haplotype are at higher risk to develop PD and PSP. These findings are consistent with previous studies that have assessed the H1 haplotype as a PD (Zabetian et al., 2007) and PSP (Baker et al., 1999) risk factor. We did not detect the association of PD or any forms of atypical Parkinsonism with H1c sub-haplotype which was strongly associated with risk for PSP and CBD (Myers et al., 2005; Kouri et al., 2015) but not PD (Zabetian et al., 2007). Next, 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 etiology 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; (3) we used best practices to call 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 and (4) our analysis revealed a higher incidence of first-degree family history among controls. Therefore, caution must be exercised when searching for recessive disease forms. Although proxy cases have proven their effectiveness in large scale study investigating common variants (Nalls et al., 2019) and have also highlighted their usefulness in detecting rare variants (Makarious et al., 2023).



Conclusion

In conclusion, our study has successfully performed a comprehensive genetic baseline characterization of the Luxembourgish PD case–control cohort, investigating rare variants, CNVs 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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Details of CNV called following QC steps in cases and controls. CNY; Copy number variants; PD, Parkinson's disease; PSP, progressive supranuclear palsy; LBD, Lewy body dementia; MSA,
Multiple System Atrophy; CBS, corticobasal syndrome; FTDP, Fronto-temporal dementia with parkinsonisms Kb, Kilobases.
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CN, Copy Number; CN= 1, one copy deletion; CN=3, one copy duplication. DGV frequency: the number of individuals carrying overlapping CNVs in DGV (Database of Genomic Variants). N spanning gnom AD_SV: number of samples carrying complete
overlapping CNVs with the same copy number in gnomAD-SV (the genome aggregation database-structural variants). gnomAD_SV Fre; 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.
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Rare single nucleotide variants (SNV) were screened from Neurochip array and validated by Sanger sequencing, We included ClinVar prediction only for Parkinsons disease (benign includes
both ‘benign’ and lkely benign’ prediction, Pathogenic includes both pathogenic’ and ‘likely pathogenic’ prediction). CADD, Combined Annotation Dependent Depletion. REVEL, Rare
Exome Variant Ensemble Learner,
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Sex (% male) Age at assessment Age at onset Family history of PD (n

(mean + SD) (mean + SD) 1st degree relative, %)
Controls 724 542 6582116 132(18.2%)
D 667 680 7305110 6231118 97 (145%)
Psp 50 620 764267 676474 5(10%)
LBD 2 680 778498 705£9.4 3(12%)
MSA 13 92 752477 658284 1G.7%)
CBS 10 300 771478 692586 110%)
FID-P 1 0 9 58 0(0%)

Counts, means and percentage were calculated after genotyping data quality controls. PD, Parkinson's disease; PSP, progressive supranuclear palsys LBD, Lewy body dementia, MSA, Multiple
System Atrophy; CBS, corticobasal syndrome; FTD-P, Fronto-temporal dementia with parkinsonism,
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