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Abstract 

Objective 

Despite the progress in identifying an ever-increasing number of genetic loci implicated in 

Parkinson’s disease (PD), it has been increasingly recognised that pathway-based 

polygenic risk approaches could provide an alternative strategy to identify a subset of PD 

cases that might be more prone to pathway-specific susceptibility. We hypothesised that 

lysosomal-based pathway approaches would identify novel genetic risk loci that could 

explain part of lysosomal-dependent neurodegeneration in PD.  

Methods 

A total of 7,668 patients with PD and 7,146 controls from 26 COURAGE-PD sites of 

European and East Asian ancestries were included. Lysosomal pathway-specific 

polygenic risk scores (LP-PRS) were generated using two complementary transfer 

strategies: a linkage-disequilibrium (LD)-adaptive approach using optimised clumping and 

thresholding parameters within validation cohorts, and a SNP-fixed approach directly 

transferring the optimised SNP set across cohorts. PRS associations were evaluated 

independently within each cohort and then combined in a meta-analysis. Single-cell RNA 

sequencing datasets (58 cases and 61 controls), including substantia nigra and midbrain 

tissues, were used to assess expression patterns of top LP-PRS-associated genes. 

Individuals within the top and bottom 10% of the LP-PRS distribution were classified as 

high-risk and low-risk, respectively. Clinical trajectories were assessed in three large 

cohorts with available clinical follow-up data. 

Results  

LP-PRS optimisation identified 49 independent SNPs spanning 35 lysosomal pathway 

genes, including 14 variants not previously reported in PD case-control GWAS meta-

analyses. LP-PRS was significantly associated with increased PD risk across ancestries, 

with a pooled odds ratio (OR) estimate of 1.42 (95% CI=[1.36,1.47]) in the European 

cohorts and OR=1.15 (95% CI=[1.03,1.29]) in the East Asian cohorts, with minimal 

between-cohort heterogeneity. Single-cell RNA sequencing analyses revealed 

reproducible differential expression of several LP-PRS-associated genes across multiple 

brain regions and cell types, particularly oligodendrocytes and microglia. Longitudinal 

analyses over approximately 10 years identified four individuals within the high-risk LP-

PRS control group who prospectively developed PD, highlighting the potential use of 

pathway-informed genetic stratification. 

Interpretation 

These findings support the contribution of common variants within lysosomal pathway 

genes to PD susceptibility across ancestries and further support a central role for 

endolysosomal biology in PD pathogenesis. This study also demonstrates the potential 

utility of biologically informed pathway-specific PRS approaches for genetic stratification 

in PD opening novel strategies for precision medicine in the future. 



Introduction  

Parkinson’s disease (PD) is influenced by the complex interplay of environmental and 

genetic factors, with the latter having provided a novel insight to understand the genetic 

aetiology of the disease risk, onset and progression and the pathophysiological changes 

leading to neurodegeneration(1). The availability of cost-effective array-based approaches 

has revolutionised our understanding of the underlying genetic causes for the vast majority 

of complex diseases, including neurodegenerative diseases. Complementary to the array-

based approach, the application of next-generation sequencing technologies has also 

expedited gene discovery in families where the mode of inheritance is either dominant or 

recessive (2–4). Thus far, a total number of 9 PARK genes have been identified (the 

dominant genes SNCA, LRRK2, VPS35, CHCHD2, RAB32, the three recessive genes 

PRKN, PINK1, PARK7 as well as the strong risk factor GBA1 (5)) and the number of risk 

loci within the span of 15 years has increased from 2 to 90 (1). Despite the observed 

contribution of genetics in PD pathogenesis, the reported heritable risk of 22% denotes a 

considerable proportion of missing heritability, which could be partially explained by a 

polygenic cumulative inheritance of both common and rare variants (6).  

Over the last decade, several studies have highlighted the involvement of a dysregulated 

lysosomal pathway in PD risk (7–10). The role of lysosomal function and vesicle trafficking 

in PD has long been established, given that monoallelic variants in GBA1 and LRRK2 are 

the most frequent risk factors for PD (11–13). Additionally, numerous lysosomal genes are 

emerging as PD susceptibility loci from large-scale genome-wide associations studies 

(GWAS; i.e., SCARB2, SMPD1, CTSB and GALC) (14,15). Complementary to the findings 

emerged from GWAS, a previously published study provided evidence that a burden of 

rare variants in genes that are causative of lysosomal storage disorders (LSD) has been 

reported to increase PD risk (7). Recently, the dysregulation of lysosomal function and the 

involvement of  the Commander complex and its components, COMMD/coiled-coil 

domain–containing protein 22 (CCDC22) and CCDC93 (CCC), have also been 

established as a modifiers of GCase activity in PD (9,10). Although genome-wide PRS 

approaches have improved genetic risk stratification in PD on a larger scale, pathway-

specific PRS models may provide additional biological insight by capturing cumulative 

genetic variation within disease-relevant pathways(16). To date, however, the polygenic 

contribution of common variants within lysosomal pathway genes to PD susceptibility has 

not been systematically evaluated on a large scale. In the present study, we performed a 

comprehensive multiancestry lysosomal pathway polygenic risk score (LP-PRS) analysis 

to investigate whether common variants within lysosomal pathway genes contribute to PD 

susceptibility across ancestries. 

 

Materials and Methods 

Study cohorts and genotyping 



This study used individual-level data generated by the COmprehensive Unbiased Risk 

factor Assessment for Genetics and Environment in Parkinson‘s Disease (COURAGE-

PD) Consortium, a collaborative project with a significant contribution from the Genetic 

Epidemiology of Parkinson’s Disease Consortium (GEo-PD) comprising 35 cohorts of 

primarily European ancestry, as well as representation from an East Asian cohort. The 

technical details, including data characteristics, quality control (QC) procedures, and the 

corresponding sample and variant counts after each QC step, are described elsewhere(17–
19).  

Selection of genes involved in the lysosomal pathway  

We generated a comprehensive map of genes pivotal to the mapping of the lysosomal 

pathway by querying the leading databases for gene function annotation. We searched 

and extracted genes from the KEGG pathway database (search term: ”GO:0005764”), the 
Gene Ontology database through the AmiGO 2 web application (search terms: 

“Lysosomal” and “Lysosome”) and Gene Set Enrichment Analysis (GSEA) (MsigDB human 

Gene Set: ”GOCC_VACUOLE”). Additionally, we included the list of lysosomal genes and 
modifiers of GCase and lysosomal activity found in two recent studies (7,10) to evaluate 

their polygenic involvement. Gene coordinates were retrieved from the GENCODE v47 

comprehensive gene annotation dataset (GRCh37 reference build). The final list of genes 

was curated to exclude duplicates, and only autosomal chromosomes were considered 

for further analyses. Finally, by joining the information from the above-mentioned 

databases, we generated a comprehensive list of unique lysosomal genes to build our LP-

PRS.  

Quality control of base and target datasets 

GWAS summary statistics from the published European PD meta-analysis (1) were used 

as the base dataset for all PRS analyses. QC of the base dataset was performed following 

recommended procedures for PRS analyses(20). Variants with minor allele frequency < 

0.01, imputation quality score < 0.8, ambiguous SNPs, and mismatched variants were 

excluded. Only autosomal variants located within the curated lysosomal gene set were 

retained for LP-PRS construction. 

For the target datasets, each COURAGE-PD cohort underwent independent QC. This 

included removal of ambiguous SNPs and harmonisation of genomic coordinates, strand 

orientation, SNP identifiers, and effect alleles between the base and target datasets. To 

minimise confounding from highly penetrant monogenic forms of PD, known carriers of 

pathogenic variants in GBA1 or LRRK2 were excluded as previously described(17–19). 

Individuals overlapping between the base GWAS and target cohorts were also excluded 

to avoid inflation of PRS associations.  

To improve ancestry-specific LD estimation during clumping, individuals of European and 

East Asian ancestries were extracted from the 1000 Genomes Phase 3 reference panel 

(21) to generate ancestry-specific LD reference panels. These datasets were used 

exclusively as external LD reference panels for ancestry-specific PRS clumping. 

Lysosomal PRS construction and optimisation strategy 



To generate lysosomal pathway-specific PRS, we implemented two complementary 

prediction strategies: a SNP-fixed approach and a Linkage Disequilibrium (LD) adaptive 

approach. Both models used the same base dataset comprising summary statistics from 

published PD meta-GWAS and were implemented using the clumping-and-thresholding 

method in PRSice-2 (22). These complementary strategies were designed to evaluate the 

trade-off between cohort-specific optimisation and PRS transferability across cohorts. 

The largest COURAGE-PD cohort (Duga dataset) was used as the training dataset for 

model optimisation. PRS optimisation was performed across combinations of LD-clumping 

window sizes (250 kb and 500 kb), LD r² thresholds (0.1, 0.2, and 0.5), and p-value 

thresholds. Sex, age, the first ten principal components (PCs) and PD prevalence (0.005 

in Europe(23)) were included in all models. The best-fit model was defined as the 

combination of parameters maximising incremental Nagelkerke’s R² in the training cohort. 
The optimised model identified in the training dataset was subsequently evaluated 

independently across the validation cohorts. Validation was performed within ancestry-

specific datasets, setting a PD prevalence of 0.005 for the European cohorts and of 0.007 

for the East Asian cohorts (23). 

SNP-fixed approach 

In the SNP-fixed approach, optimisation was first performed in the training dataset to 

identify the optimal LD-clumping and p-value thresholding parameters. Consequently, the 

SNPs retained in the best-performing training model were selected. Both the SNP 

composition and corresponding effect size weights derived from the base GWAS summary 

statistics were then transferred directly to each validation cohort. This strategy preserved 

identical SNP composition and effect size weighting across cohorts, enabling direct 

transferability of the optimised PRS model derived from the training dataset. 

LD-adaptive approach 

In the LD-adaptive approach, PRS optimisation was performed similarly in the training 

dataset using the same clumping-and-thresholding procedure. These parameters were 

subsequently applied independently across the validation cohorts. Under this strategy, LD 

clumping and SNP selection were repeated separately within each validation cohort using 

cohort-specific genotype data. Consequently, although the same optimisation parameters 

were retained, the specific SNPs included in the final PRS models could differ between 

cohorts because of differences in LD structure, allele frequencies, and variant availability. 

This distinction enabled assessment of whether cohort-specific LD structure improved 

PRS performance relative to the fixed SNP approach.  

PRS calculation and meta-analysis 

For both approaches, PRS were calculated as the weighted sum of risk alleles carried by 

each individual, using effect size estimates derived from the base GWAS summary 

statistics. Associations between PRS and case-control status were evaluated within each 

COURAGE-PD cohort using logistic regression models, in which case-control status was 

modelled as a function of PRS while adjusting for sex, age, and 10 PCs computed from 



target genotype data. Incremental Nagelkerke’s R² was computed as the difference 

between the full model (case-control status ~ PRS + covariates) and the null model (case-

control status ~ covariates). Predictive performance was evaluated using receiver 

operating characteristic (ROC) curves and corresponding area under the curve (AUC) 

estimates.  

Regression coefficients and corresponding standard errors from each cohort were 

subsequently meta-analysed using inverse-variance weighted fixed-effects and restricted 

maximum likelihood (REML)-based random-effects models implemented in the R package 

metafor (24). Random-effects models incorporated both within-cohort variance and 

between-cohort heterogeneity. Between-cohort heterogeneity was assessed using 

Cochran’s Q and I² statistics. Effect estimates were exponentiated to obtain odds ratios 

(OR), and results were visualised using forest plots. 

To assess risk stratification, PRS were standardised within each cohort using the cohort-

specific mean and standard deviation. Individuals in the top and bottom 10% of the 

cohort’s PRS distribution were identified and labelled as having high-risk and low-risk of 

developing PD.  

Cross-cohort analysis of single-nucleus RNA-seq data  

To examine transcriptional changes across diverse neuronal and glial populations, single-

nucleus RNA sequencing data were analysed from four postmortem human cohorts 

deposited in GEO GSE178265 (25), GSE243639 (26), GSE161045 (27), and GSE157783 

(28–30), spanning the substantia nigra, putamen, and midbrain of PD cases and controls. 

The primary dataset (GSE178265) had been sorted by fluorescence-activated nuclei 

sorting (FANS) into an NR4A2⁺ fraction enriched for dopaminergic nuclei, the population 

selectively vulnerable in PD, and a complementary NR4A2⁻ fraction representing mostly 

glial cells. All datasets were processed using a unified pipeline in R v4.5.0 with Seurat 

(31). After standard quality filtering and doublet removal with Scrublet (32), 98,220 

NR4A2⁺ and 145,376 NR4A2⁻ nuclei were retained from GSE178265, together with 

61,106 nuclei from GSE243639, 17,844 from GSE161045, and 37,530 from GSE157783. 

Counts were normalised with SCTransform, and datasets were integrated using Harmony 

(33). Nuclei were clustered on the first 30 PCs, and cell types were annotated manually 

using established neuronal and non-neuronal marker genes. Differential expression was 

assessed by Wilcoxon rank-sum testing with Bonferroni correction, and results were 

visualised as heatmaps and dot plots (significance threshold: expressing fraction > 0.1, 

|log fold-change| > 0.25, adjusted p < 0.01) (details: Supplementary Methods). 

Data Availability 

The source code to run the analysis is available in https://github.com/Centre-for-Genetic-

Epidemiology/Lysosomal_PRS, and data is available via de.NBI cloud.  

 

Results 



Study Cohorts  

The COURAGE-PD dataset include 15,849 PD patients and 11,444 controls recruited 

from 35 sites of European and East Asian ancestries. Following the GWAS QC steps, 

imputation and post-imputation QC already described(17–19), we additionally removed 

samples with missing age at collection, known to have been included in the PD Case-

Control GWAS summary statistics used in this paper(1) and known to be carrying a 

LRRK2 or GBA1 monoallelic variant. After this extensive data preprocessing, the final 

dataset was well-balanced and included 6,980 cases (60% males, average age at onset: 

59.23±11.16 years) and 6,318 controls (45% males) derived from 22 European sites, and 

688 cases (52% males, average age at onset: 57.4±10.3 years) and 828 controls (50% 

males) from 4 sites of East Asian ancestry. The final list of COURAGE-PD cases, controls 

and SNPs is reported in Supplementary Table 1.  

Lysosomal gene set and LP-PRS variant selection 

To establish whether an additive contribution of common variants in genes involved in the 

lysosomal pathway could be associated with an increased risk of PD, our integrative 

annotation strategy identified 1001 genes known to be involved in the formation and 

regulation of the lysosomal pathway (Supplementary Table 2). Many of the previously 

published genes were included in our list, thus supporting the validity of our approach. 

Starting from this list of genes, we extracted from the base dataset a total of 376,360 

common variants passing all quality control checks.  

LP-PRS model optimisation 

LP-PRS optimisation was performed using an out-of-sample strategy. The optimal model, 

defined as the model yielding the highest incremental Nagelkerke’s R², was obtained using 
an LD clumping window size of 500 kb, an r² threshold of 0.2, and a p-value threshold of 

3×10⁻⁴ (Supplementary Fig.1). This model included 49 independent SNPs and explained 

1.7% of the variance in PD status (Supplementary Table 3). 

The list of 49 independent SNPs encompasses 35 lysosomal pathway genes, of which 14 

SNPs are novel and not reported in previous PD case-control GWAS (CDC42, LHCGR, 

BRI3, CLVS1, DENND3, KCNQ1, DRAM1, AP5M1, PLEKHM1, SPPL2C, CLTCL1, 

MAPK1, ARSA; as detailed in Supplementary Table 4 and 5). Out of the 35 not novel 

SNPs, three were already known to be associated with PD risk (RAB29/rs11557080, 

SNCA/rs1372518 and LRRK2/rs76904798), whereas 28 variants were in LD with 

previously reported PD GWAS signals based on LDpair analysis (34). Three SNPs within 

known PD-associated genes were not in LD with previously reported GWAS loci 

(GAK/rs6964, SLC2A13/ rs141927107, SLC2A13/ rs12296462 and LRRK2/ rs4567538). 

For each novel SNP, we meta-analysed effect sizes across the 22 European cohorts and 

combined the resulting estimate with the original effect size reported in the GWAS 

summary statistics(1). This confirmed a significant effect for all novel SNPs identified, 

although considerable heterogeneity was observed, likely reflecting the varying availability 

of genotype data for each SNP across the COURAGE-PD cohorts (Supplementary Table 

5). 



SNP-fixed approach 

The SNP-fixed approach retained, on average, 45 of the 49 optimised SNPs across the 

21 European cohorts (Table 1; Supplementary Table 6). Inclusion of LP-PRS modestly 

improved prediction of PD case-control status relative to covariate-only models (Table 1, 

Supplementary Table 6, Supplementary Fig. 2a). Meta-analysis demonstrated a 

significant association between LP-PRS and PD risk (OR = 1.40, 95% CI = [1.35,1.46]) 

with low between-cohort heterogeneity (Q = 21.84, p = 0.41; I² = 3.9%; τ² = 0) (Fig. 1a). 

Similar effect estimates were observed under random-effects models (Supplementary Fig. 

3a). Sensitivity analyses excluding LRRK2 and GBA1 yielded comparable results 

(Supplementary Fig. 4-7a). Likewise, analyses performed without covariates showed 

similar overall effect estimates, although heterogeneity modestly increased 

(Supplementary Figs. 8-15a). 

LD-adaptive approach 

Application of the optimised LD clumping and thresholding parameters across cohorts 

retained a similar number of variants to the SNP-fixed approach (Supplementary Table 7), 

although cohort-specific differences in SNP selection were observed. In several cohorts, 

the LD-adaptive approach identified different (i.e. TMEM163) or additional (i.e. SNCA) 

nearby SNPs, or variants in other genes: UBQLN4, HLA-DQA1 and CUBN picked in more 

than half of the cohorts, and MARCHF1, SYK, SPNS1 and CACNG2 in less than 30% of 

the European COURAGE-PD cohorts (Supplementary Fig. 16). 

Predictive performance was broadly comparable to that observed under the SNP-fixed 

approach, with modestly higher AUC values in several cohorts (Table 1, Supplementary 

Fig. 2b). Meta-analysis demonstrated a significant association between LP-PRS and PD 

risk (OR = 1.42, 95% CI = [1.36,1.47]) with low between-cohort heterogeneity (Q = 22.38, 

p = 0.38; I² = 6.1%; τ² = 0) (Fig. 1b). Similar effect estimates were observed following 

exclusion of LRRK2 and GBA1 and under random-effects models (Supplementary Figs. 

3-15b).  

Transferability of LP-PRS in East Asian cohorts 

To evaluate cross-ancestry transferability, LP-PRS was assessed in four independent 

East Asian cohorts using both the SNP-fixed and LD-adaptive approaches. Relative to the 

European cohorts, approximately half of the optimised variants were retained in the East 

Asian datasets (Supplementary Tables 8 and 9). 

Despite reduced SNP retention, both approaches demonstrated significant associations 

between LP-PRS and PD risk, although with smaller effect sizes than those observed in 

European cohorts (OR = 1.15, 95% CI = [1.03,1.29]). Between-cohort heterogeneity 

remained low across analyses with and without covariate adjustment (Fig. 2; 

Supplementary Figs. 17-19). These findings support the partial transferability of lysosomal 

pathway-associated PRS across ancestries. 

Evaluation of previously reported lysosomal pathway genes 



Previous studies have implicated rare variants in lysosomal pathway genes as contributors 

to PD risk (7,10). Because the NeuroChip array provides limited coverage of rare variants, 

direct replication of prior rare variant findings was not feasible(7). However, several 

previously implicated lysosomal genes, including SCARB2, CLN8, and ARSA, were 

represented within the LP-PRS dataset. 

To further evaluate the contribution of previously reported lysosomal modifier genes, PRS 

analyses were restricted to genes within the Commander pathway gene set 

(Supplementary Table 2). All genes within this set were represented in the summary 

statistics dataset. Optimisation identified 19 SNPs encompassing 10 genes 

(Supplementary Tables 10 and 11). Five of these genes (REL, RAB7A, VPS41, VPS39, 

and IGF1R) had previously been reported as candidate modifiers of lysosomal activity 

(10). Associations between Commander pathway PRS and PD risk were modest and 

observed inconsistently across cohorts (Supplementary Table 12; Supplementary Figs. 

20–27). Notably, none of the Commander pathway genes were retained in the optimised 

LP-PRS models derived from the genome-wide lysosomal pathway analyses. 

Cell-type-specific differential expression of PD risk genes across snRNA-Seq 

datasets 

To characterise the cellular distribution and disease-associated regulation of the subset 

of novel genes selected in the LP-PRS (Supplementary Table 5), four single-nucleus RNA 

sequencing datasets derived from the substantia nigra, midbrain, and putamen (regions 

critically affected in PD) were integrated and analysed. The set of genes evaluated 

demonstrated robust and reproducible differential expression across datasets and cell 

types. Among these, CLVS1 showed the most consistent cross-cohort signal, exhibiting 

significant downregulation in oligodendrocytes as well as differential expression within 

neuronal populations and most prominently in GABAergic neurons across the majority of 

cohorts, indicating both glial and synaptic involvement in PD-associated transcriptional 

changes (Fig.3, Supplementary Fig.28, Supplementary Table 13). Microglial 

transcriptional alterations were likewise reproducible but exhibited regional specificity. 

DENND3 was significantly downregulated in microglia across the substantia nigra and 

midbrain datasets. Notably, these microglial signals were not detected in the putamen 

dataset (Fig.3, Supplementary Fig.28, Supplementary Table 13). The dopaminergic 

neuron–enriched fraction of dataset GSE178265 (NR4A2⁺) provided enhanced resolution 

for neuron-specific effects. Given the selective vulnerability and frequent 

underrepresentation of dopaminergic neurons in standard single-cell and single-nucleus 

datasets, this enrichment enabled the detection of transcriptional changes that were less 

apparent in other cohorts. Within this population, several genes including CDC42, CLVS1, 

DENND3, KCNQ1 and CLTCL1 showed significant differential expression. The reduced 

detectability of these signals in other datasets is consistent with limited dopaminergic cell 

representation rather than the absence of disease-related effects (Fig.3; Supplementary 

Fig.28; Supplementary Table 13). Importantly, a subset of these neuron-associated 

genes, most notably CLTCL1 and CLVS1, also demonstrated significant differential 

expression in additional neuronal subclasses across independent cohorts, supporting 



broader neuronal involvement beyond dopaminergic populations (Fig.3, Supplementary 

Fig.28; Supplementary Table 13). 

Longitudinal risk stratification analyses 

Longitudinal follow-up data were available for three COURAGE-PD cohorts (23% of the 2998 

subjects in the low and high-risk quantiles), allowing exploratory evaluation of clinical 

outcomes across PRS deciles (Fig. 4). Among controls classified in the high-risk quantile, four 

individuals developed PD over approximately 10 years of follow-up (Age at onset: 67.8 ± 7.7; 

Supplementary Table 14), corresponding to a conversion rate of 3% with the SNP-fixed 

approach and 2% with the LD-adaptive method. Six additional controls received new 

diagnoses unrelated to PD (Alzheimer's disease: 2, mild cognitive impairment: 1, other 

diagnoses: 3), and one subject developed restless legs syndrome (RLS), who was classified 

as high-risk only by the SNP-fixed approach. Among PD cases, 22 individuals had a revised 

diagnosis during follow-up (Supplementary Table 15). Of the nine subjects with PD (including 

PD with peripheral neuropathy, PD with epilepsy, and Parkinson's disease dementia), five 

were correctly classified as high-risk, two were identified as high-risk by only one PRS method, 

and two were classified as low-risk. Among ten subjects diagnosed with Parkinsonism, three 

were classified as low-risk, four as high-risk, and three had differing classifications between 

the two methods. All three subjects re-evaluated as having other neurodegenerative, non-PD 

diseases were either classified as low-risk or not included in any risk quantile. Although limited 

by small sample size, these findings suggest that LP-PRS stratification may capture clinically 

relevant differences in longitudinal disease risk and diagnostic trajectories. 

Discussion  

To date, the contribution of common variants in lysosomal genes to explain part of the 

missing heritability of PD has not been explored at a large scale. In this study, we 

investigated the polygenic involvement of the lysosomal pathway in PD risk in a large, 

multiethnic case–control cohort, finding a significant lysosomal gene contribution to PD 

susceptibility. Our study unequivocally established that, independent of risk driven by 

GBA1 and LRRK2, there are many common variants within the lysosomal pathway that 

are significant risk factors for PD.  

We developed an LP-PRS approach integrating curated lysosomal pathway genes with 

two complementary PRS strategies: a SNP-fixed approach based on direct transfer of the 

optimised SNP set across cohorts, and an LD-adaptive approach that retained cohort-

specific variants using fixed LD clumping and thresholding parameters. Both strategies 

yielded highly consistent effect estimates and low between-cohort heterogeneity across 

European cohorts, supporting the robustness of the observed associations. Importantly, 

the LP-PRS signal remained significant after exclusion of LRRK2 and GBA1, suggesting 

that the association is not driven solely by established high-effect PD genes but instead 

reflects a broader cumulative contribution of common variants across lysosomal pathway 

genes. 

Pathway-informed PRS models may provide advantages beyond conventional genome-

wide PRS approaches by capturing biologically coherent genetic architecture. While 

genome-wide PRS models maximise predictive performance by incorporating variants 



across the genome, pathway-specific PRS approaches enable direct investigation of 

biological systems implicated in disease pathogenesis. As a prove of concept, a recent 

study on mitochondrial PRS (mitoPRS) functionally validated for the first time that high 

mitoPRS translates into impaired mitochondrial function in neurons from PD patients that 

was not observed in low mitoPRS using patient-derived induced pluripotent stem cells 

(iPSC) from genetically defined individuals(16). In PD, mounting evidence supports a 

central role for endolysosomal trafficking, autophagy, and vesicular transport pathways in 

α-synuclein accumulation and neuronal degeneration (7,35,36). Our findings suggest that 

common variants distributed across lysosomal pathway genes collectively contribute to 

PD susceptibility and further support the hypothesis that endolysosomal biology 

represents a core component of PD genetic architecture. 

The underlying allelic and genetic heterogeneity, driven by many factors, including 

population and LD differences, is an important contributor to a disease (37). Taking this 

into account, our study aimed to implement a pathway-based PRS approach using two 

different transfer frameworks to incorporate the impact of allelic and genetic heterogeneity. 

Indeed, the different selection of SNPs spanning genes associated with the LP-PRS in the 

Asian population highlighted the validity of our model for PRS-based approaches. 

Although most currently available PD GWAS summary statistics have been derived 

predominantly from European populations(1,38), the LP-PRS remained significantly 

associated with PD risk in East Asian cohorts. Effect sizes were attenuated, and fewer 

variants were retained relative to European cohorts, likely reflecting differences in LD 

structure and allele frequency distributions between ancestries. Nevertheless, the 

persistence of significant associations across independent East Asian cohorts supports 

the transferability of lysosomal pathway-associated polygenic risk across populations. 

These observations are consistent with broader PRS literature demonstrating reduced but 

retained predictive performance when European-derived PRS models are applied to non-

European populations (39,40). 

Assessment of SNPs selected during LP-PRS parameter optimisation showed that the 

majority are located within well-established PD genes (i.e. SNCA, LRRK2, SCARB2, GAK, 

TMEM175 and RAB29). Interestingly, several genes included in the LP-PRS (CLN8, 

TBC1D5, CTSB, SLC2A13, USP8, and LMBRD1) have been reported as GWAS loci only 

in more recent studies. Despite this, they were identified using the older summary statistics 

employed here, highlighting the ability of our approach to prioritize biologically relevant 

genes even before they reached genome-wide significance in larger and more recent 

GWAS analyses.  Our LP-PRS also picked SNPs in genes not previously associated with 

PD risk. Out of the novel 13 genes, ARSA is the most promising candidate, as a 

contribution of rare variants has already been reported (41). Of interest, CDC42, BRI3, 

CLVS1, DENND3 and CLTCL1 were found differentially expressed in PD against controls 

in our functional validation using scRNA-seq datasets. Cell Division Control Protein 42 

(CDC42) involvement in PD has been suggested. This small GTPase regulates the growth 

and degeneration of dopaminergic neurons and interacts with α-synuclein (29). Of note, 

its downregulation has been reported in several areas of postmortem brains derived from 

PD patients(42). Moreover, deleterious loss-of-function variants in its activator, ITSN1, 

have also been recently associated with an increased PD risk (43). Brain Protein I3 (BRI3) 



is a transmembrane protein containing the endoplasmic reticulum luminal chaperone 

domain BRICHOS. Proteins with BRICHOS domains (i.e. BRI2) have been reported to 

directly bind to oligomeric species, preventing α-synuclein secondary nucleation reactions 

(44,45). DENN domain-containing protein 3 (DENND3) specifically activates Rab12, a 

GTPase recently reported to inhibit astrocytic primary ciliogenesis when binding 

LRRK2(46). Clavesin 1 (CLVS1) is a neuron-specific membrane-associated protein that 

interacts with endosomes and Golgi vesicle network with clathrin coat components. The 

clavesin family is essential for the regulation of lysosomal morphology (46,47). However, 

to date, there is no evidence linking clavesins disregulation to PD. Clathrin Heavy 

polypeptide-like 1 (CLTCL1) encodes for the minor clathrin heavy chain and is also 

involved in endosomal trafficking(48). These results strongly suggest that the cumulative 

dysregulation of lysosomal pathway proteins may cooperatively impair the machinery 

required for proper lysosomal trafficking and homeostasis.  

Considering the limited availability of longitudinal trajectories of COURAGE-PD cohorts, 

the LP-PRS mostly classified subjects as high-risk when having PD or atypical 

Parkinsonism, while placing individuals having other non-PD diseases in the lower risk 

quantile. When evaluating controls with a high risk of developing PD, we saw a conversion 

rate of 3%. Although limited by a small sample size, as a proof of principle our approach 

highlighted that the longitudinal evaluation of high-risk controls is a viable and effective 

strategy not only to understand the progression of a disease trajectory, but will also allow 

the development of intervention strategies at the “crucial window” to either delay or stop 
the disease onset or progression. Thus, the stratification of patients and high-risk controls, 

as definite proof of absolute genetic measure, solely based on the individual’s genetic 
background, would allow a robust, cost-effective screening to identify an important at-risk 

cohort for trials of selective targeted experimental disease modifying therapies. These 

observations suggest that pathway-informed genetic stratification may identify clinically 

relevant differences in longitudinal disease risk. Larger prospective studies will be 

necessary to determine whether pathway-specific PRS models will contribute to PD risk 

stratification and early disease prediction. 

A limitation of this study is the reduced accuracy of array-based techniques in detecting 

GBA1 variants, owing to the presence of a highly homologous pseudogene. Therefore, 

we cannot exclude that undetected GBA1 variants may still be present in high-risk 

individuals and contribute to the phenotype. To minimise this effect, we excluded all 

previously known GBA1 carriers from the analysis and computed the LP-PRS excluding 

the gene, as also done for LRRK2. As the cost of next-generation sequencing (NGS) 

continues to decrease, future studies employing these techniques may provide a clearer 

picture of the frequency and contribution of GBA1 variants to lysosomal susceptibility(49–
51). 

 

Conclusion 

Our findings demonstrate that common variants within lysosomal pathway genes 

contribute to PD susceptibility across ancestries and further support a central role for 



endolysosomal biology in PD pathogenesis. More broadly, this study highlights the utility 

of biologically informed pathway-specific PRS approaches for investigating disease 

mechanisms and genetic stratification in complex neurodegenerative disorders. 

 

Table 1: LP-PRS Performance Metrics Across the European COURAGE-PD Cohorts 

Using the SNP-Fixed and LD-Adaptive Approaches 

 

Evaluation of the association between LP-PRS and PD status across the European 

COURAGE-PD cohorts. Logistic regression was performed independently for each cohort 

to assess the association between LP-PRS and PD status, adjusting for sex, age, and the 

first 10 principal components (PCs). Null models were generated by excluding the LP-

PRS from the regression model. The predictive performance of the LP-PRS was evaluated 

using receiver operating characteristic (ROC) curves and the corresponding area under 

the curve (AUC) estimates. Results obtained from the training dataset are shown in bold. 

 

Figure 1: Fixed-effect meta-analysis of LP-PRS across all the European COURAGE-PD 

Cohorts.  

 
b. a. 



 

LP-PRS meta-analysis of all European COURAGE-PD effect sizes. Effect sizes and 

standard errors were obtained by fitting a binomial glm model with each cohort 

standardized PRS and adjusting for age, sex and the first ten principal components. Meta-

analysis was performed using the R package metafor, using the inverse-variance method 

to fit a fixed-effect model. Results were plotted using the forest() function provided in 

metafor. 

 

Figure 2: Fixed-effect meta-analysis of LP-PRS across all the East Asian COURAGE-PD 

Cohorts.  

  

 

 

LP-PRS meta-analysis of all East Asian COURAGE-PD effect sizes. Effect sizes and 

standard errors were obtained by fitting a binomial glm model with each cohort 

standardized PRS and adjusting for age, sex and the first ten principal components. Meta-

b. a. 



analysis was performed using the R package metafor, using the inverse-variance method 

to fit a fixed-effect model. Results were plotted using the forest() function provided in 

metafor. 

 

 

Figure 3: Cell-type–resolved expression of PD risk genes across brain snRNA-Seq 

datasets 

 
Dot plot showing gene expression of the novel genes across major brain cell types in 

multiple snRNA-seq datasets. Each facet represents an individual cohort. Shared cell 

types are displayed first to enable cross-cohort comparison, followed by dataset-specific 

populations. Dot colour denotes mean expression level, dot size indicates the proportion 

of expressing cells, and red asterisks mark significant differential expression (adjusted 

p<0.01). Abbreviations: Astro, astrocytes; Microglia, microglial cells; Oligo, 

oligodendrocytes; OPC, oligodendrocyte precursor cells; Endo, endothelial cells; 

Pericytes, pericytes; T cell, T lymphocytes; DA, dopaminergic neurons; GABA, GABAergic 

neurons; GLU, glutamatergic neurons; Neurons, unspecified neuronal subtypes. 

 

Figure 4: Distribution of individuals of each European COURAGE-PD Cohort in the 

Lower and Upper PRS risk quantiles 



 
 

Individuals in the top and bottom 10% of each European COURAGE-PD cohort’s PRS 
distribution were identified and labelled as having high-risk and low-risk of developing PD. 

The boxplots show a significant difference in distribution between high and low risk 

quantiles. Boxplots were drawn using the R package ggpubr. 
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