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Genetic studies of Parkinson’s disease (PD) have focused on single nucleotide variants (SNVs), with
limited attention to copy number variants (CNVs). This study investigates CNVs in PD using candidate
PD-related genes and genome-wide approaches. We identified CNVs from the ProtectMove project
genotyping data of 2364 PD patients and 2909 controls using PennCNV. We validated 119 of 137
detected CNVs in PD-related genes (87 %) using MLPA/gPCR, including 104 in PRKN, six in PARK?,
four in SNCA, and others in LRRK2, RAB32, and VPS35. CNVs were present in 2.4% of patients and
1.5% of controls. Notably, 0.9% of patients carried potentially disease-causing CNVs compared to
0.1% in controls. CNVs were enriched in patients (OR = 1.67, p = 0.03) due to PRKN CNVs, particularly
in early-onset cases. These results highlight the importance of CNVs in PD, particularly in PRKN, and
suggest that rare CNVs in LRRK2 and RAB32 may contribute to disease risk and diagnostic potential.

The etiology of sporadic Parkinson’s disease (PD) is complex and multi-
factorial, shaped by a dynamic interplay between genetic susceptibility and
environmental exposures'~. While the majority of PD cases are sporadic,
genetic factors have emerged as important contributors to both disease risk
and disease progression. These genetic influences range from rare, highly
penetrant variants to the cumulative effect of common risk alleles acting
additively across the genome. Approximately 5% of PD cases are attributed
to monogenic forms, which arise from rare pathogenic variants in genes
following either autosomal dominant (SNCA, LRRK2, VPS35, CHCHD?2,
and RAB32) or recessive (PRKN, PINK1, and PARK?) inheritance patterns,
while GBAI risk variants are identified in about 10% of patients™.

In addition to single-nucleotide variants (SNVs), structural variants,
particularly copy number variants (CNVs), are increasingly recognized as a
significant source of genetic risk in PD. CNVs, which encompass large

genomic rearrangements such as deletions and duplications, can disrupt
gene dosage and genomic architecture, thereby contributing to disease
mechanisms’™.

Pathogenic CNVss affecting PD-related genes have been described in
both familial and sporadic cases. Duplications and triplications of the SNCA
locus are known causes of autosomal dominant PD'*"". Deletions in
PINKI" and PARK7" have been described in familial forms of PD, although
they are less common than those in PRKN'*". These deletions are fre-
quently observed in patients with early-onset PD. Of particular note, PRKN
harbors a genomic region highly prone to rearrangements'®, making CN'Vs
in this gene a common event among PD patients.

Despite the growing recognition of CNVs in PD genetics, most studies
to date have been limited by small sample sizes or targeted approaches
focusing solely on a predefined set of genes. More recently, a comprehensive
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genome-wide CNV burden analysis in a Latin American cohort comprising
747 PD patients and 632 neurologically healthy controls demonstrated a
significant enrichment of CNVs affecting PD-related genes in patients
compared to controls'”. These findings underscore the relevance of CN'Vs as
an underappreciated yet important component of genetic risk in PD and
highlight the need for further studies in larger and more diverse populations.

Long-read sequencing has revealed complex structural variants (SVs)
in PD, including a 7 Mb PRKN inversion missed by standard methods’ and
three genome-wide significant SVs associated with PD risk®. Tools like
CNV-Finder enable scalable CNV detection in PD genes using array data
and deep learning’', while large-scale brain sequencing studies link SVs to
gene regulation, advancing our understanding of PD genetics™.

We investigated the impact of CN'Vs on PD risk using both a candidate
PD-related genes approach and a genome-wide burden analysis in Eur-
opean samples from the ProtectMove project (https://protect-move.de/).
We identified 22 PD patients with potentially disease-causing CNVs and
observed a significant enrichment of CNVs overlapping with PRKN in PD
patients compared to controls.

Results
Study cohort and overview of CNV findings
After genotyping QC, we included data from 5273 individuals of European
ancestry (2364 PD patients and 2909 controls) (Supplementary Tables S1,
S2). Among those, 443 PD patients exhibited EOPD (mean age at onset
(AAO) 42.7 + 7.4 years, mean age at assessment 53.6 + 9.8 years).

Initial CNV calls identified 99,759 deletions and 44,451 duplications
(Supplementary Table S2), which were subsequently filtered (Fig. 1A, Sup-

plementary Table S2) to 87,450 deletions and 36,986 duplications. Of these,
535 CNVs overlapped with PD-related genes, with 137 CNVs (Table 1,
Supplementary Table S3) exceeding 500 bp in length. Validation using
MLPA/qPCR confirmed 119 CNVs across 56 PD patients and 43 controls,
yielding an 87% validation rate. These CN'Vs largely involved the PRKN gene
(104 CNVs), six in PARK7, four in SNCA, two in LRRK2, two in RAB32, and
one in VPS35 (Table 1). No CNVs were identified in GBAI and CHCHD?2.

Characterization of PRKN CNVs
In PRKN, the validation rate was particularly high (95.4%). A total of 104
CNVs (87 unique CNVs) were validated in 48 PD patients (2.0% of patients)
and 36 controls (1.2%). 18 individuals (13 PD and 5 controls) carried at least
two distinct PRKN CNVs. The most frequent PRKN CNVs were Exon 2
duplication (n = 33 (32%), observed in 19 PD patients and 14 controls) and
Exon 4 deletions (n =18 (18%), observed in 15 PD patients and three
controls, Supplementary Table S3 and Fig. 1B). PD patients with validated
PRKN CNVs had a significantly earlier AAO (51.9 + 17.9 years) compared
to non-PRKN CNV carriers (60.9 + 11.6 years, p ;= 7e-07).

The majority of PRKN CNV carriers were heterozygous (58 CNVs in
43 patients (1.8%) and 41 CNVs in 36 controls (1.2%)), while five patients
had homozygous CNVs (mean AAO =40.2+9.6 years, Supplementary
Table S3). Twelve PD patients carried both a validated CNV (eleven het-
erozygous, one homozygous) and a rare SNV in PRKN, of which nine SNV
were classified as pathogenic or likely pathogenic (Supplementary Table S3).
These twelve patients had a mean AAO of 34.3 + 21.3 years, including four
with juvenile PD (onset before age 21 years). This was significantly earlier
than the AAO in PD patients having only a heterozygous PRKN CNV but
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Fig. 1 | Overview of study design and CNV burden analyses in Parkinson’s
disease. A Overview of the study: schematic representation of the analysis workflow.
B. Visualisation of CNVs in the PRKN gene. C-D Forest plot showing the CNV
burden of validated CNV's in PD-related genes and PRKN (C) and the genome-wide
CNV burden (D) in PD patients compared to controls. The sample size for each

1 1.5 2
0Odds Ratio (95% Confidence Interval)
comparison was included in the figures showing the number of corresponding
carriers and the total number of samples. Logistic regression was used to estimate
odds ratios (ORs) and p-values for each CNV category and were adjusted for age at
assessment, sex, and the first five components of PCA. (*) significant p-values were
adjusted using FDR methods.
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Table 1 | Number of individuals carrying CNVs in PD-related
genes after the different filtering steps

Filtered PennCNV calls MLPA/gPCR validation

ALL (%) PD (%) CTRL(%) ALL(%) PD (%) CTRL(%)
N carriers 113 68 45 99 56 43
N CNV 137 87 50 119 71 48
N CNV per type
Deletion 70(51.1) 47 (54) 23(46) 57 (47.9) 36(50.7) 21(43.8)
Duplication ~ 67 (48.9) 40 (46) 27 (54) 62 (52.1) 35(49.3) 27 (56.2)
N CNV per gene
PRKN 109 (79.6) 67(77.0) 42(84.0) 104(87.4) 63(88.7) 41(85.4)
PINK1 11 (8.0) 10(11.5) 1(2.0) 0(0.0 0(0.00 0(0.0)
PARK7 6 (4.4) 3(34) 3(6.0 6 (5.0) 342 3.3
SNCA 6 (4.4) 5(.7) 1.0 4(3.4) 342 1.1
LRRK2 2(1.5) 1(1.1) 1.0 2(1.7) 1(1.4) 1@.1)
RAB32 2(1.5) 1(1.1) 1(2.0) 2(1.7) 1(1.4) 1@2.1)
VPS35 1(0.7) 0(0.0) 1(2.0) 1(0.8) 0(0.0 1(@2.1)
GBA1 0(0.0) 0(0.00 0(0.0 0(0.0 0(0.00 0(0.0)
CHCHD2 0(0.0) 0(0.00 0(0.0 0(0.0 0(0.00 0(0.0

Percentages were calculated column-wise separately for duplications and deletions or per gene for
all samples, PD patients, and controls.

no additional rare PRKN SNV (mean AAO of 59.5 + 11.2 years, Pagi=0.01,
Supplementary Table S3). In comparison, control individuals with a het-
erozygous PRKN CNV had a mean age at assessment of 65.0 + 6.4 years.

In total, of the 48 PD patients with PRKN CNVs, 16 (~0.7% of all PD
patients) were carriers of homozygous CNVs and possible disease-causing
compound heterozygous CNV-SNV combinations. Therefore, the fre-
quency of PD patients with only heterozygous PRKN CN Vs is reevaluated at
1.4% (46 CNVs in 32 patients), which is similar to the frequency observed in
the controls (1.2%). No significant AAO difference was observed between
PRKN deletion and duplication carriers (p,q; = 0.1).

CNVs in other PD-related genes and overall burden

Additionally, eleven individuals (10 PD patients, one control) were identi-
fied to carry four different heterozygous CNVs in PINKI (Supplementary
Table S3), but MLPA and qPCR did not confirm these findings. In PARK?,
six heterozygous CNVs were identified (three in PD patients, three in
controls), all of which were validated. Regarding the PD genes linked to
autosomal dominantly inherited PD, two heterozygous LRRK2 duplications
were identified, one in an EOPD patient and one in a 77-year-old control.
We estimated the frequency of LRRK2 duplications in gnomAD?”, where
four whole-gene duplications were identified, each observed in a unique
individual with European ancestry, with frequencies ranging from 4.31e—6
and 2.15e—6. We also identified two individuals with the same 19 kb
duplication in RAB32, a 70-year-old healthy control and a PD patient with
AAO of 73 years. Of note, a RAB32 duplication has been reported in 12
European individuals in gnomAD (frequency: 3.6e—05). Additional bio-
materials of these patients were not available to test for expression and
functional changes. We validated four CNV's in SNCA, two duplications and
two deletions, among the five identified CNVs (Supplementary Table S3).
These were found in three PD patients and one 79-year-old control.
Additionally, we identified and confirmed a whole-gene duplication of
VPS35 in a 70-year-old control (Supplementary Table S3).

In total, 22 CNVs found in PD patients (~0.9%) were considered
potentially disease-causing. These included five in autosomal-dominant
genes (three in SNCA, one in LRRK2, and one in RAB32) and 17 in
autosomal-recessive genes (16 in PRKN and one in PARK?), either as
homozygous CNVs or in combination with a rare SNV. In contrast, only

four CNVs were detected in controls (~0.1%), affecting SNCA, LRRK2,
RAB32, and VPS35.

Genome-wide CNV burden analysis

Overall, validated CNVs in PD-related genes were significantly enriched in
PD patients compared to controls (OR = 1.67[1.09-2.55], paq; = 0.03). This
association was driven by PRKN CNVs (ORppiy=1.65[1.05-2.61],
Padi = 0.04, Fig. 1C). We also found a substantial increase of CNVs in EOPD
patients compared to controls (OR =4.04[2.13-7.50], p,g; = 7.4e—05, Fig.
1C). Among 443 EOPD patients, 20 (4.5%) had PRKN CNVs
(ORppin = 4.03[2.02-7.78], paqi=1.3e—04) versus 1.2% of controls. No
significant burden was observed in LOPD patients compared to controls in
PD  genes (OR=0.97[0.58—1.62],  pagi=09) and  PRKN
(ORppicy = 1.03[0.59-1.79], pg; = 0.8, Fig. 1C).

Genome-wide CNV analysis and identification of novel loci

Next, we performed a genome-wide burden analysis with filtering steps to
exclude false-positive CNV calls based on SNV coverage, CNV length, and
density (Fig. 1A, Supplementary Table S2). No significant differences were
found between PD patients and controls for genome-wide CNV burden
(OR=1.10 [0.97-124], pag=0.2), duplications (OR =0.99[0.89-1.09],
Pagj=0.8), or deletions (OR = 1.09[0.98-1.22], p,g; = 0.2, Fig. 1D), nor for
non-PD-related genes (OR=1.09[0.98-1.21], p,4;=0.8) or large CNVs
(OR = 1.06[0.79-1.41], p,g; = 0.8) (Fig. 1D).

Notably, three loci containing genes not yet linked to PD were sig-
nificantly enriched for duplications in PD patients. These were located on
chromosome 16p13.3 (577,717-634,136 (GRCh37), CAPNI5, Cl6orfll,
NHLRC4 and PIGQ) and two adjacent regions on chromosome 19p13.3
(851,014-921,015, ELANE, CFD, MEDI16, R3HDM4, and KISSIR) and
(925,781-1,228,428, ARID3A, WDRIS8, GRIN3B, TMEM259, CNN2,
ABCA?7,and STK11). However, these associations were no longer significant
after multiple test corrections (Supplementary Table S4). Carriers of these
CNVs are listed in Supplementary Table S5, along with their age and carrier
status. Among controls, three individuals carried these CNVs and were all
over 60 years old at the time of assessment. No genes were significantly
enriched for deletions or in the control group.

Discussion

In this genome-wide CNV analysis of over 5,000 PD patients and controls
based on genotyping data, we identified and experimentally confirmed 119
CNVs in PD-related genes, achieving an overall validation rate of 87%.
While PRKN accounted for the majority of these CNVs, we also identified
rare CNVs in PARK7, SNCA, and VPS35, as well as in LRRK2 and RAB32,
where no previously reported (heterozygous) CNVs had been experimen-
tally confirmed. Among these, 22 CNVs identified in PD patients were
considered potentially disease-causing, representing a substantially higher
burden compared to controls. This classification was based on gene content,
known pathogenic mechanisms, and frequency in patients versus controls.
However, we acknowledge that the functional impact of some duplications,
particularly those involving LRRK2 and RAB32, remains uncertain, as SNP-
array data cannot determine their genomic context, regulatory influence, or
expression consequences. These findings expand the spectrum of CNVs in
PD-associated genes and highlight both established and potential novel
contributors to disease risk, while also underscoring the need for functional
validation, especially of duplications.

Despite extensive screening, PRKN was the only gene with CNVs
significantly associated with PD, reaffirming its role as the predominant
driver of CNV burden in PD. The high validation rate of PRKN CNVs
(95.4%) underscores the robustness of our detection approach, whereas the
absence of validated CN'Vs in PINKI suggests that structural variants in this
gene may be exceedingly rare and challenging to detect. A previous Latin
American study (LARGE-PD)" confirmed seven carriers in PRKN or SNCA
with 100% accuracy using MLPA.

From a methodological perspective, various algorithms detect CNVs
from genotyping arrays, with PennCNV being the most used despite its high

npj Parkinson’s Disease | (2025)11:225


www.nature.com/npjparkd

https://doi.org/10.1038/s41531-025-01076-y

Article

false-positive rate for small CNVs™*”. Our empirical filtering retained reli-
able calls, with MLPA and qPCR used as reference methods for validation.
Studies validating PennCNV calls with these methods found high con-
cordance rates’”, though they generally involved fewer patients or less
stringent filtering.

Notably, on the group level, our study revealed an increased burden of
validated CNVs overlapping PD-related genes in PD patients, driven by
PRKN CNVs, without a genome-wide CNV burden increase. These findings
align with the LARGE-PD study"’ and previous findings in familial PD cases
of European ancestry™.

We conducted a genome-wide CNV burden analysis to test whether
individuals with PD carry a higher load of CNVs than controls. This
approach builds on findings from other neurological disorders**, where
increased CNV burden has been associated with disease risk. By evaluating
global CNV load, we aimed to identify both known and novel loci that may
contribute to PD susceptibility. We found that, duplications of three
genomic regions on chromosomes 16 and 19, not previously linked to PD
and not overlapping with significant variants from the most recent SNP-
based genome-wide association study’', showed potential enrichment in PD
patients. These regions contain over 16 protein-coding genes, including
ABCA?7, which is linked to late-onset Alzheimer’s disease®. However, the
small number of PD patients with these duplications limits conclusions,
requiring further studies with larger sample sizes. These CNVs showed
nominal enrichment in PD patients but did not survive multiple testing
correction. Their small number and presence in controls over 60, beyond
typical early PD-onset, limit conclusions, warranting further investigation in
larger cohorts. We further investigated the three previously reported PD-
associated genome-wide significant deletions™, but did not detect com-
parable variants in our dataset, possibly due to differences in detection
methods, population structure, or sample size.

PRKN homozygous or compound heterozygous deletions and dupli-
cations are common in EOPD and familial PD**~*. In our study, 2.0% of PD
patients (4.5% of EOPD) carried PRKN CNVs, significantly linked to earlier
AAO. Our findings align with the prior ROPAD study®, where 66 unique
CNVs were detected in PD-related genes, with PRKN carrying the highest
burden (42 unique CNVs), followed by SNCA, PARK7, and PINKI. Addi-
tionally, a study of 647 PRKN-PD patients'* found deletions and duplica-
tions accounted for 43.6% of all variants, with Exon 3 deletions most
common and associated with earlier PD onset. In our study, Exon 2
duplications were most frequent in PD patients, whereas exon 3 deletions
represented only 9% of all PRKN CNVs. Five PD patients had homozygous
PRKN deletions, while most PRKN CNV carriers were heterozygous, with
no significant difference between PD patients and controls. Although some
studies have suggested that heterozygous loss of PRKN function may
increase PD risk and is associated with earlier AAO****, more recent and
larger studies have not supported this hypothesis'®***. Screening of het-
erozygous PRKN CNV carriers for additional PRKN coding SNV’ revealed
that some PD patients, unlike the controls, carried an additional pathogenic
SNV and had early-onset PD, supporting the pathogenic role of compound
heterozygous CNV-SNV combinations in PRKN. Furthermore, recent
studies have identified PRKN structural variants (SVs) detectable only by
long-read sequencing’, suggesting that such SVs may also be present in our
cohort, with some individuals possibly harboring a CNV or another hard-
to-detect variant on the other allele.

Previous studies have identified CNVs in SNCA'®, PARK7*' in familial
or sporadic PD. One study reported CNVs in LRRK2 in Vietnamese PD
patients” and the ROPAD study reported a duplication in VPS35° and none
in RAB32. In our study, we validated CNVs in all five of these genes in eight
PD patients and seven controls. Therefore, the significance of these CNVs
warrants further elucidation. In LRRK2, we detected a whole-gene dupli-
cation in an EOPD patient and a partial duplication in a control. The exact
disease mechanism of LRRK2 remains unclear, but most PD-causing var-
iants act through a gain-of-function effect, increasing kinase activity”. In
line with this, there is no association between loss-of-function LRRK2
variants and PD***. We also identified a duplication in RAB32, the most

recently recognized PD gene, where only a pathogenic missense variant
(p-Ser71 Arg) has been reported* to date.

Despite its large sample size and novel findings, our study has several
limitations. Due to methodological constraint™, short CNVs were excluded,
potentially underestimating the contribution of smaller CN'Vs to PD risk.
Our approach does not capture complex SVs such as inversions, repeat
expansions, or balanced rearrangements, which may contribute to disease
risk but require sequencing-based methods for detection. Although
CNV-SNV co-occurrence may suggest compound heterozygosity, the
pathogenicity of these combinations remains uncertain without functional
validation. Phasing could not be determined, underscoring the need for
parental genotyping or long-read sequencing in future studies. Moreover,
we acknowledge that additional pathogenic variants, such as deep intronic
changes, regulatory mutations, or complex structural rearrangements, may
remain undetected with this approach. Future studies incorporating long-
read sequencing or adaptive sampling strategies could help resolve zygosity
in heterozygous CNV carriers and improve detection of complex or cryptic
variants in PRKN, which are often missed by MLPA and array-based
methods. Additionally, although our validation process helped identify
many false positives, it was limited to PD-related genes, leaving the false
positive rate in other genomic regions unknown. Furthermore, the pro-
portion of false negatives could not be assessed. Future studies using long-
read sequencing could better resolve complex structural variants, particu-
larly in PRKN’, but such approaches currently come at significantly higher
costs compared to genotyping arrays.

In conclusion, our genome-wide CNV analysis of over 5000 PD
patients and controls of European ancestry showed that CN'Vs in PRKN are
most frequent in PD patients, highlighting their importance in genetic
testing for improved disease management and personalized treatment.
Further, we demonstrated that, albeit rarer, the study of CNVs in other PD
genes is warranted.

Methods

Study population and genotyping data

ProtectMove includes 13,330 individuals with PD, dystonia, X-linked dys-
tonia-parkinsonism and healthy controls. In this study, we selected 8382
individuals of predominantly European descent, including 5811 controls
and 2571 PD patients. Patients with early-onset PD (EOPD) were defined as
those diagnosed before the age of 50 years”, while all other patients were
considered to have late-onset PD (LOPD).

Genotyping and quality control

Samples were genotyped on Illumina’s Infinium Global screening array
(GSA) v1.0 (Illumina, San Diego, California) in separate batches. A total of
413,738 markers were available for quality control (QC). We performed
genotyping data QC using PLINK v1.9*’. Samples with a call rate <98% or
discordant sex status were excluded. We filtered out variants for genotyping
rate <98%, minor allele frequency <0.01 and deviation from
Hardy-Weinberg equilibrium (Pvalue < 1e—06). We also removed samples
exhibiting an excess of heterozygosity. Next, we tested for relatedness using
KING" and excluded samples with first-degree relatedness. To determine
genetic ancestry, we performed linkage disequilibrium (LD) pruning and
merged our dataset with samples from the 1000 Genomes Project. We then
calculated the principal components (PCs) using PLINK v1.9 on the com-
bined dataset. Individuals were assigned to ancestry groups based on their
proximity to 1000 Genomes reference populations in PCA space. Only
samples clustering within the European ancestry group (within 3 standard
deviations on PC1 and PC2) were retained. In order to ensure that the
control group was older than the typical at-risk age for PD, healthy controls
under the age of 50 years were excluded from the study, thereby reducing the
likelihood of including preclinical individuals.

CNV calling, quality control and filtering
CNVs were detected using PennCNV (v1.0.5*,) from custom B-allele fre-
quency (BAF) and GC wave-adjusted log R ratio (LRR) intensity files using
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GenomeStudio (v2.0.5 [llumina). Initial QC using PennCNYV (steps 1-3, Fig.
1A) included merging adjacent CNV calls if their marker overlap was less
than 20%, followed by intensity-based QC to exclude low-quality data. Post-
QC, all samples had an LRR standard deviation <0.24, waviness factor <0.03,
and BAF drift <0.001. Spurious CNV calls in problematic regions (cen-
tromeric, telomeric, HLA)* were removed. Filtered CNVs were annotated
for gene content using ANNOVAR (v2020-06-08, hgl9 assembly). We
classified a CNV as ‘genic’ if it overlapped, either partially or fully, with any
part of a protein-coding gene, including promoter regions, exons, or introns.
CNVs were further filtered (Fig. 1A) using standard parameters for CNV
calling”. CNVs spanning less than 20 SN'Vs, smaller than 20 kb, or with a
SNV density (number of SNVs/length of CNV) below 0.0001 were exclu-
ded. Quality scores (QS) were calculated using the method of Macé”, and
CNVs with a QS between —0.5 and 0.5 were excluded.

Identification and molecular validation of CNVs and SNVs in PD-
related genes

We selected CN'Vs overlapping the PD-related genes LRRK2, SNCA, VPS35,
GBA1I, PRKN, PARK7, PINKI (www.mdsgene.org) as well as CHCHD2 and
RAB32. CNVs shorter than 500 bp were excluded due to unreliability of
calling™. Validation of CNVs was done by MLPA if respective probe mixes
were available, i.e., probe mixes P051 and/or P052 (MRC Holland). For
variants in other genes or only intronic variants, we designed primers tar-
geting the central region of the proposed CNV and applied quantitative PCR
using a LightCycler (RocheDiagnostics). Samples were analyzed in dupli-
cate, and relative quantification of the region of interest was carried out in
comparison with the genomic DNA level of the HBB gene. MLPA was
performed according to the manufacturer’s instructions, products were
separated on an ABI 3500XL sequencing machine (Applied Biosystems)
and quantified using the CoffalyserNet software package (MRC Holland).
Breakpoints were not determined. If the same CNV (with the exact same
predicted breakpoints) was called in multiple samples, validation was
assumed for all samples when qPCR confirmed the CNV in at least one
sample and DNA quantity/quality was too low to experimentally evaluate
the other samples. Individuals carrying heterozygous CNVs in the recessive
PD-related genes PRKN, PINK1, and PARK7 were screened for rare SNVs in
these genes, and the identified variants were validated by Sanger sequencing.
The pathogenicity of these SNVs were defined according to the MDSGene
annotation (http://www.mdsgene.org).

Burden analysis

We calculated the CNV burden associated with PD across five categories: (1)
overall genome-wide CNV burden, including CNVs in non-genic regions;
(2) large CNVs (21 Mb); (3) CNVs overlapping non-PD-related genes; (4)
validated CNVs overlapping PD-related genes; and (5) validated CNVs
overlapping the PRKN gene.

The CNV burden between PD patients and controls was compared
using logistic regression (glm function in R v4.3.1) to estimate odds ratios
(OR), 95% confidence intervals and p-values. Disease status was included as
the dependent variable, with CNV status as the independent variable,
adjusting for sex, age at examination, and the first five population stratifi-
cation PCs (see Genotyping and Quality Control section). We included five
PCs as covariates because the corresponding eigenvalues showed these
components captured approximately 83% of the total variance. A scree plot
(Supplementary Fig S1) confirmed an elbow at this point, indicating that
these components represent the main axes of population structure. We also
evaluated potential technical confounders, such as genotyping batch and
array type, by inspecting PC plots for systematic clustering. No significant
effects were observed beyond the variation captured by the selected PCs.
Given our stringent QC pipeline, batch-specific artifacts were minimized,
and explicit covariates for batch or array type were unnecessary. The p-
values from the logistic regression were further adjusted for multiple testing
(11 tests) using the FDR method. The enrichment of filtered CNVs in
individual genes, separately for duplications and deletions, was also

compared between PD patients and controls using logistic regression, with
p-values adjusted for 2684 tests using the FDR method.

Statistical analysis of age at onset (AAO) across PRKN

CNV groups

The comparison of AAO of PD was conducted across three groups: (1)
carriers vs. non-carriers of PRKN CNVs, (2) carriers of a CNV in PRKN with
an additional rare single nucleotide variant (SNV) in PRKN vs. carriers of
CNVs in PRKN only, and (3) carriers of PRKN duplications vs. deletions.
Linear regression models were used to perform the analysis, adjusting for
sex, age, and the first five PCs. To account for multiple comparisons across
the three tests, p-values derived from linear models were further corrected
using the FDR method.
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