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Estimates of the spectrum and frequency of pathogenic variants in Parkinson’s disease (PD) in different populations
are currently limited and biased. Furthermore, although therapeutic modification of several genetic targets has
reached the clinical trial stage, a major obstacle in conducting these trials is that PD patients are largely unaware of
their genetic status and, therefore, cannot be recruited. Expanding the number of investigated PD-related genes and
including genes related to disorders with overlapping clinical features in large, well-phenotyped PD patient groups
is a prerequisite for capturing the full variant spectrum underlying PD and for stratifying and prioritizing patients
for gene-targeted clinical trials. The Rostock Parkinson’s disease (ROPAD) study is an observational clinical study aim-
ing to determine the frequency and spectrum of genetic variants contributing to PD in a large international cohort.
We investigated variants in 50 genes with either an established relevance for PD or possible phenotypic overlap in a
group of 12 580 PD patients from 16 countries [62.3% male; 92.0% White; 27.0% positive family history (FH+), median
age at onset (AAO) 59 years] using a next-generation sequencing panel.

Altogether, in 1864 (14.8%) ROPAD participants (58.1% male; 91.0% White, 35.5% FH+, median AAO 55 years), a PD-rele-
vant genetic test (PDGT) was positive based on GBA1 risk variants (10.4%) or pathogenic/likely pathogenic variants in
LRRK2 (2.9%), PRKN (0.9%), SNCA (0.2%) or PINK1 (0.1%) or a combination of two genetic findings in two genes (~0.2%). Of
note, the adjusted positive PDGT fraction, i.e. the fraction of positive PDGTs per country weighted by the fraction of the
population of the world that they represent, was 14.5%. Positive PDGTs were identified in 19.9% of patients with an
AAO <50 years, in 19.5% of patients with FH+ and in 26.9% with an AAO < 50 years and FH+. In comparison to the idio-
pathic PD group (6846 patients with benign variants), the positive PDGT group had a significantly lower AAO (4 years, P
=9x107>%. The probability of a positive PDGT decreased by 3% with every additional AAO year (P =1 x 10~%°). Female
patients were 22% more likely to have a positive PDGT (P = 3 x 10~%), and for individuals with FH+ this likelihood was
55% higher (P = 1 x 10~%). About 0.8% of the ROPAD participants had positive genetic testing findings in parkinsonism-,
dystonia/dyskinesia- or dementia-related genes.

In the emerging era of gene-targeted PD clinical trials, our finding that ~15% of patients harbour potentially actionable
genetic variants offers an important prospect to affected individuals and their families and underlines the need for
genetic testing in PD patients. Thus, the insights from the ROPAD study allow for data-driven, differential genetic
counselling across the spectrum of different AAOs and family histories and promote a possible policy change in the
application of genetic testing as a routine part of patient evaluation and care in PD.
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The Rostock Parkinson’s disease study

Introduction

The genetic landscape of Parkinson’s disease (PD) and related phe-
notypes is multifaceted. Even when considering only monogenic
causes of classical PD, pathogenic variants in seven genes (LRRK2,
PRKN, PINK1, SNCA, PARK7, VPS35 and CHCHD2) are implicated.1
Furthermore, heterozygous changes in GBA1 are a strong risk factor
for PD. In addition, >30 other more complex monogenic movement
disorders may present with atypical parkinsonism or may have
parkinsonism as a prominent or even predominant clinical feature
in at least a subset of patients." Estimates of the spectrum of patho-
genic variants in PD and their frequencies in different populations
are currently limited and typically biased.”? Namely, PD genetic
studies are either focused on targeted sequencing of a handful of
the most relevant PD genes in relatively large patient groups®™ or
wider-range (next-generation sequencing-based) screening in
small patient groups, typically of selected ethnic background.®
The hitherto largest study analysed 23 known PD genes in ~1600
Chinese patients,” whereas the first results on 1300 patients from
the Rostock Parkinson’s disease (ROPAD) study were based on an
international, multicentre approach.’ Paradoxically, a large pro-
portion of genetic testing results in PD escape publication, because
they are the product of an increasing number of commercial genet-
ic tests performed using PD diagnostic panels or exomes. Of note,
therapeutic modification of several genetic targets (most promin-
ently GBA1 and LRRK2) has reached the clinical trial stage.
However, a major obstacle in conducting clinical trials is that PD pa-
tients are unaware of their genetic status and, therefore, cannot be
recruited. Expanding the number of investigated PD-related genes
and including additional confirmed and candidate genes related
to neurological disorders with overlapping clinical features in large
and well-phenotyped PD patient groups is of paramount import-
ance for capturing the full variant spectrum underlying and/or
modifying PD and for stratifying and prioritizing patients for gene-
targeted clinical trials. The aim of the ROPAD study was to close
current knowledge gaps by determining the frequency and spec-
trum of PD genetic causes across a comprehensive list of PD and
other neurological disorder genes in a group of >12 500 PD patients,
with a particular view towards the emerging era of gene-targeted
clinical trials.

Materials and methods

The ROPAD study is an observational clinical study assessing the
frequency and type of pathogenic variants in known PD-related
genes and genes related to other movement disorders or dementia
in a multicentre, international setting.’® The study was approved by
the Ethics Committee at the Medical Faculty of the University of
Rostock (A2019-0017) and by central and local institutional review
boards and ethics committees of participating sites and was con-
ducted in accordance with the Declaration of Helsinki. The ROPAD
study is registered at www.clinicaltrials.gov (NCT03866603). It is
part of a scientific collaboration between CENTOGENE GmbH
(Rostock, Germany), the University of Liibeck (Liibeck, Germany)
and Denali Therapeutics Inc. (San Francisco, CA, USA).

The investigated patient group consisted of 12 580 reportedly unre-
lated individuals (index patients) with a clinical diagnosis of PD and
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an age of >18 years (Supplementary material, Methods). Study parti-
cipants were recruited at movement disorder centres in 16 different
countries belonging to four wider geographical regions (Europe, the
Middle East and North and South America; Supplementary Table 1)
between April 2019 and May 2021. All participants underwent a
neurological and movement disorder examination, medical and fam-
ily history interview and collection of a dried blood spot sample.

Genomic DNA was extracted from dried blood spot samples and
analysed at CENTOGENE GmbH. In the first subgroup of participants
(n=3127; Fig. 1), the presence of 11 pathogenic or likely pathogenic
LRRK2 variants and the GBA1 coding sequence were examined, as pre-
viously reported.’®! Individuals for whom this analysis did not yield
a PD-relevant positive genetic finding (n=2754) and the remaining
9453 ROPAD participants underwent further in-house-developed
next-generation sequencing gene panel testing (Fig. 1). The panel tar-
geted 50 genes (Supplementary Table 2), eight of which (LRRK2, GBA1,
PRKN, PINK1, PARK7, SNCA, VPS35 and CHCHD2) have an established
relevance for PD according to the recommendations of the
International Parkinson and Movement Disorder Society task force,*
and are hereinafter referred to as PD-related genes. The remaining
genes are related to disorders that usually present with various phe-
notypes, including prominent/predominant parkinsonism [atypical
parkinsonism, dystonia-parkinsonism, neurodegenerative disorders
that may include (atypical) parkinsonism)] or disorders with possible
phenotypic overlap with PD/parkinsonism (dystonia/dyskinesia and
dementia). All variants were classified according to the American
College of Medical Genetics and Genomics criteria between July
2015 and May 2022 (Supplementary material, Methods).? In genes
other than GBA1, we considered only variants scored as pathogenic
(P), likely pathogenic (LP) or variants of uncertain significance (VUS)
for further analyses. In GBA1, we considered as PD-relevant risk fac-
tors (RFs) all variants scored as P or LP with respect to Gaucher’s dis-
ease (GD) and the two PD risk variants that do not cause GD
(p.Glu365Lys and p.Thr408Met). Interpretation of the findings was
performed in the clinical context. All patients with at least one P/LP
variant in an autosomal dominant (AD) PD-related gene (LRRK2,
SNCA, VPS35 and CHCHD?2) or at least two heterozygous or one homo-
zygous P/LP variant in an autosomal recessive (AR) PD-related gene
(PARK7, PINK1 and PRKN) received a positive Clinical Laboratory
Improvement Amendments-certified PD-relevant genetic test
(PDGT) report. A positive PDGT report was also issued to all carriers
of RFs in GBA1. Reports with unclear findings were provided to pa-
tients with two heterozygous variants in one AR PD-related gene
where one variant was classified P/LP and the second VUS, and nega-
tive reports were supplied to patients with no relevant variant iden-
tified. Patients who consented to receive secondary findings were
provided with a report with a positive genetic testing finding in other
genes.

For copy-number variant (CNV) selection, we considered:
(i) homozygous deletions (zero copy number); (ii) heterozygous de-
letions (one copy) and duplications (more than two copies), variants
found with a minor allele frequency of <2% in the CENTOGENE Bio/
Databank and affected more than two exons. The CNV detection al-
gorithm has a sensitivity of >95% for all homozygous deletions and
heterozygous deletions/duplications spanning at least three con-
secutive exons, based on the internal validation data set of 150 in-
dividuals. In the present cohort, CNVs were evaluated by visual
inspection of the raw data in the integrative genome viewer.
Typically, homozygous variants did not require confirmation by
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Figure 1 Workflow for genetic analysis of the ROPAD study participants, indicating the numbers of analysed patients and the most relevant results.
Numbers of individuals with variants in: (i) Parkinson’s disease (PD)-related genes (n=2743); (ii) atypical parkinsonism genes (n=973); (iii) dystonia—
parkinsonism genes (n=>564); (iv) genes related to neurodegenerative disorders with prominent/predominant (atypical) parkinsonism (n=470);
(v) dystonia/dyskinesia-related genes (n=1505); and (vi) dementia-related genes (n = 695) do not add up to the number of individuals with pathogenic
(P)/likely pathogenic (LP)/PD-relevant risk factors (RFs)/variants of uncertain significance (VUS) detected by gene panel sequencing (n = 5361), given that
these groups of patients partly overlap (e.g. some of the patients with variants in dystonia/dyskinesia-related genes also harbour variants in PD-related

genes, etc.).

an orthogonal method. Heterozygous CNVs were confirmed by
gPCR or multiplex ligation-dependent probe amplification.

For a subgroup of 2587 patients with no reportable genetic finding
after PD panel sequencing, whole genome sequencing was carried out:
(i) to confirm absence of relevant diagnostic findings; (ii) to define co-
hort ethnicity based on characteristic genotypes; and (iii) to search for

new genetic causes or modifiers of PD (Supplementary material,
Methods).

Statistical analyses

All statistical analyses were performed in R (v.4.1.2). Continuous
variables are visualized using box plots, whereas categorical vari-
ables are shown in stacked bar plots. Pairwise comparisons were
calculated using the non-parametric two-sample Wilcoxon test
for continuous variables, because all continuous variables showed
deviations from a normal distribution (Supplementary Fig. 1). For
categorical variables, Pearson’s y? test was calculated. Overall, five
different variables [age at onset (AAO), age at clinical diagnosis
(AAD), age at enrolment (AAE), sex and positive family history]
were investigated for group differences in genetic subgroups, lead-
ing to a total of 130 statistical tests being performed. The global sig-
nificance threshold was set to 0.05/130=0.0003846 based on
Bonferroni correction. Therefore, any P-value of <3.85x 10™* was
assumed to be statistically significant. To adjust additionally for

the effects of sex and family history on AAO, AAD and AAE, we
also calculated adjusted P-values for these comparisons by estimat-
ing linear models adjusted for these two categorical variables.
Given that we consider these only as secondary analyses, we did
not include these additional 130 P-values in our Bonferroni correc-
tion. To examine the association between AAO and the probability
of a positive PDGT, a logistic regression model adjusted for sex and

family history was calculated, and probabilities for all possible
AAOs of 1-100 years were estimated.

Results
Study participants

The majority of the 12580 ROPAD patients (62.3% male) were
European (46%) and White (92%) (Table 1, Supplementary Table 3
and Supplementary Figs 2 and 3). Of note, the self-reported ethni-
city and the ethnicity predicted based on the available whole gen-
ome sequencing data in a subgroup of ROPAD participants
matched closely (Fig. 2). The median AAO, AAD and AAE of study
participants were 59 years [interquartile range (IQR), 50-66 years;
range, 1-94 years], 60 years (IQR, 52-68 years; range, 1-94 years)
and 67 years (IQR, 59-74 years; range, 18-95 years), respectively
(Table 1). Twenty-seven per cent of individuals reported positive
family history.
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Figure 2 Ethnicity predicted based on the available whole genome sequencing data versus self-reported ethnicity from a subgroup of 2587 ROPAD

participants.

Genetic analyses

Targeted GBA1 and LRRK2 analysis and panel sequencing
findings in PD-related genes

Our initial strategy was to analyse the most likely candidates, i.e.
genetic variants in LRRK2 and GBA1. Hereby, 3127 individuals
were investigated, yielding positive PDGTs in 373 (11.9%) partici-
pants (Fig. 1, Supplementary Tables 4 and 5 and Supplementary
material ‘Results’).

Apart from 301 (9.6%) and 65 (2.1%) patients who had a GBA1-
and LRRK2-related positive PDGT, respectively, seven individuals
(0.2%) harboured a combination of one GBA1 and one LRRK2 variant
(denoted as LRRK2 + GBA1).

Among the 12 207 ROPAD participants investigated by panel se-
quencing, we detected a total of 3157 variants (627 unique variants)
in the eight PD-related genes in 2743 (22.5%) patients (Fig. 1). Of
those variants, 686 (64 unique) were scored as P, 191 (55 unique)
as LP, 1205 (434 unique) as VUS, and 1075 (75 unique) as RF in
GBA1 (Supplementary Table 6). As a result, 1491 patients (12.2%)
harbouring a total of 1813 variants (260 unique), of which 1665
were P/LP/RF (167 unique) in PD-related genes, received reports
with their positive PDGT finding (Fig. 1, Supplementary Fig. 4,
Supplementary material, Results and Supplementary Tables 6
and 7). Separated per gene, 1010 (8.3%), 303 (2.5%), 119 (1.0%) and
25 (0.2%) individuals screened by gene panel had a positive PDGT
with a finding in GBAI1, LRRK2, PRKN and SNCA, respectively.
Variants in PINK1, PARK7 and VPS35 resulted in positive PDGTs in
a total of 15 (0.1%) individuals. Of note, 19 (0.2%) study participants

Table 2 ROPAD study participants who received a positive
Parkinson’s disease-relevant genetic test: overview per gene

Gene Number of patients with a positive Percentage
PDGT related to respective genes (%)
GBA1 1311 10.42
LRRK2 368 2.93
PRKN 119 0.95
SNCA 25 0.20
PINK1 9 0.07
PARK7 4 0.03
CHCHD2 0 0.00
VPS35 2 0.02
GBA1 + 23 0.18
LRRK2
GBA1+ 2 0.02
PRKN
GBA1+ 1 0.01
VPS35
Sum: 1864 14.82

PDGT = Parkinson'’s disease-relevant genetic test.

had P/LP/RF variants in two genes in various combinations, either
one of which would have resulted in a positive PDGT report (Fig. 1
and Supplementary Table 7).

Altogether, we detected 297 (66 unique) CNVs in PD-related
genes (Supplementary Table 6). The highest total number of CNVs
(200; 42 unique) was found in PRKN, and there were 17 (whole
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Table 3 Overview of variants in the ROPAD study participants
who received positive genetic testing reports owing to findings
in genes not related to classical Parkinson’s disease

Gene Number of patients who
received a report with a
PGT finding in respective

genes

Percentage of patients
tested by gene panel
analysis (%)

Atypical parkinsonism

ATP13A2 1 0.01
RAB39B 1 0.01
SYNJ1 1 0.01
Dystonia-parkinsonism

GCH1 24 0.20
C190rf12 1 0.01
PLA2G6 3 0.02
Neurodegenerative disorders that may include (atypical)

parkinsonism

PDE8B 1 0.01
PDGFB 1 0.01
PDGFRB 2 0.02
SLC20A2 1 0.01

Dystonia—-parkinsonism + a neurodegenerative disorder that may
include (atypical) parkinsonism

GCH1 + 1 0.01
PDESB

Dystonia/dyskinesia

GNAL 3 0.02
KMT2B 1 0.01
SGCE 8 0.07
THAP1 1 0.01
TORIA 9 0.07
Dementia

APP 1 0.01
GRN 18 0.15
MAPT 4 0.03
PSEN1 2 0.02
PSEN2 2 0.02
Sum 86 0.73

PGT = positive genetic testing.

gene amplification) CNVs in SNCA, eight (five unique) CNVs in
PARK7 and four (three unique) CNVs in PINK1 (Supplementary
Table 6). In GBA1, we discovered 66 (13 unique) recombinations.
The two (one unique) CNVs in VPS35 were not considered patho-
genic (Supplementary Table 6). Among the P/LP/RF variants in
1491 patients who had a panel sequencing-based positive PDGT,
194 (51 unique; 11.7%) were CNVs, whereas 1471 (116 unique;
88.3%) were short sequence variants (SSVs; single-nucleotide var-
iants and indels) (Supplementary Table 8).

Findings of the 1252 (10.3%) patients who carried potentially
relevant variants in PD-related genes, including VUS or heterozy-
gous variants in AR PD genes, that did not suffice to render a posi-
tive PDGT report are shown in Supplementary Table 9.

Overall, 1864 (14.8%) ROPAD participants had a positive PDGT
(Table 2). LRRK2, GD-related GBA1 and PRKN variants accounted for a
significantly higher (P < 0.00001) percentage of familial than sporadic
PD patients (LRRK2, 5.04% versus 2.36%; GD-related GBA1 variants,
7.04% versus 4.84%; PRKN, 1.68% versus 0.72%, respectively;
Supplementary Table 10). The two PD-related GBA1 RFs were found
in comparable percentages of patients with a positive and negative
family history (p.Glu365Lys, 2.95% versus 3.09%; p.Thr408Met, 2.92%
versus 2.31%, respectively; Supplementary Table 10).
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The results of panel sequencing of the 42 genes not related to
classical PD are shown in Table 3 and Supplementary Tables 6
and 7. Briefly, we identified 4440 P/LP/VUS variants (2163 un-
ique; Supplementary Table 6) in 3573 (30.3%) individuals. Of
these, 530 (14.8%) patients had an additional positive PDGT
and 78 (2.2%) had at least one P/LP variant in some of the AR
PD genes. Altogether, 98 individuals (0.8% of those tested by
gene panel analysis) received a positive genetic testing finding
for the respective gene (Table 3), including 12 who also had
positive PDGTs (Supplementary Table 7). Of note, GCH1 was
the gene with most of the P/LP variants among the other inves-
tigated genes, i.e. heterozygous GCH1 variants were found in 30
patients, 6 of whom also had findings in other genes
(PD-related and PDE8B, respectively; Table 3 and
Supplementary Table 7).

The 6846 patients in whom only benign and likely benign variants
were identified represent the most likely non-monogenic (‘idio-
pathic’) PD patient group (IPD). Therefore, we compared sex, family
history, AAO, AAD and AAE between this group of patients and in-
dividuals with a positive PDGT (‘PDGT-positive group’; n=1864)
(Table 1).

Sex and family history were significantly associated (P=1.12 x
10~*and P = 5.90 x 1078, respectively) with the PDGT-positive group
(Table 1, Fig. 3A and B and Supplementary Table 11). Specifically,
the male-to-female ratio in the PDGT-positive group was lower
than in the IPD group (1.4 versus 1.7), and female patients were
22% more likely to have a positive PDGT [P = 3.02 x 10~*, odds ratio
(OR): 1.22]. The fraction of individuals with a positive family history
was higher in the PDGT-positive group compared with the IPD
group (35.5% versus 25.5%), and patients with a positive family his-
tory were 55% more likely to have a positive PDGT (P=1.41x 107",
OR: 1.55) than those with a negative family history.

The median AAO, AAD and AAE of the PDGT-positive group
were each 4 years lower than in the IPD group (P=8.94x 1073* P=
3.28x107%¢ and P=2.45x10"%, respectively; Table 1, Fig. 3C-E
and Supplementary Table 11). Stratifying the analyses by the
geographical regions from which the patients were recruited
showed the same trends (Supplementary Fig. 5). The probability
of having a positive PDGT decreased with advancing AAO (3% for
every additional year of AAO, P=1.04x107°%, OR: 0.97; Table 4,
Supplementary Fig. 6 and Supplementary Table 12). In the subgroup
of all ROPAD patients with AAO <50 years (n = 3445), 19.9% (n=684)
had a positive PDGT report (Table 4). In the subgroup of patients
with a positive family history (n=3394), 661 (19.5%) had a positive
PDGT. Among patients who had AAO <50 years and positive
family history (n=1033), 26.9% (n=278) received a positive PDGT
report.

Demographic and age-related features comparing IPD patients and
four gene-stratified patient subgroups (with positive PDGTs related
to GBA1, LRRK2, PRKN/PINK1/PARK7 or SNCA) are given in Fig. 4,
Supplementary Fig. 7 and Supplementary Tables 1 and 11. A signifi-
cant difference with respect to sex was observed only between the
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LRRK2-related PDGT-positive and IPD subgroups. The fraction of in-
dividuals with a positive family history was significantly higher in
the LRRK2-, PRKN/PINK1/PARK7- and SNCA-related PDGT-positive
subgroups compared with the IPD group (Supplementary
Table 11). AAO, AAD and AAE were significantly lower in patients
with a PRKN/PINK1/PARK7-related positive PDGT in comparison to

the IPD and all other genetic groups apart from the SNCA-related
PDGT-positive group. Also, AAO, AAD and AAE were significantly
lower in the GBA1-related PDGT-positive subgroup compared with
the IPD patients. There was a lower proportion of patients with a
positive family history and lower AAE in patients with GBA1 var-
iants than in those with LRRK2 variants.
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Table 4 Distribution of family history findings and ages at onset among the ROPAD study participants and patients with a positive

Parkinson’s disease-relevant genetic test

All ROPAD Patients with a positive PDGT ROPAD study Patients with positive family history and a positive PDGT
study participants
participants with positive
family history
AAO n (%) n (%) ROPAD n (%) n (%) Percentage of  Percentage of the Percentage of
(years) participants of the ROPAD ROPAD study all individuals
the respective study participants with  with a positive
AAO range (%) participants positive family PDGT
history
<20 73 (0.6) 27 (1.4) 37.0 31(0.9) 15 (2.3) 20.5 48.4 0.8
<30 261 (2.1) 79 (4.2) 30.3 100 (2.9) 39 (5.9) 14.9 39.0 2.1
<40 1145 (9.1) 269 (14.4) 235 367 (10.8 119 (18.0) 10.4 324 6.4
<50 3445 (27.4) 684 (36.7) 19.9 1033 (30.4 278 (42.1) 8.1 26.9 14.9
All 12580 (100) 1864 (100) 14.8 3394 (100) 661 (100) 5.3 19.5 355

AAO = age at onset; PDGT = Parkinson’s disease-relevant genetic test.

We next explored potential differences between patients with a
positive PDGT based on findings in GBA1 (p.Glu365Lys,
p.Thr408Met or GD-relevant GBA1), LRRK2 or both (LRRKI + GBA1)
(Supplementary Figs 8, 9 and Supplementary Tables 1 and 11).
This analysis excluded patients with additional P/LP variants in
other PD-, parkinsonism- or dementia-related genes. Pairwise com-
parison between IPD patients and individuals with a positive PDGT
based on the p.Glu365Lys, p.Thr408Met or GD-relevant GBA1 var-
iants revealed no significant differences in AAO between IPD and
carriers of p.Glu365Lys or p.Thr408Met. The p.Glu365Lys group
(and not p.Thr408Met) had a significantly higher AAD and AAE
than patients with the GD-relevant GBA1 variants. All three age cat-
egories were significantly lower, and family history was more likely
to be positive in patients with GD-relevant GBA1 variants compared
with the IPD group. Furthermore, we observed a significantly lower
AAO, AAD and AAE in patients with GD-relevant GBA1 variants in
comparison to the LRRK2-related PDGT-positive group.

Discussion

The aetiology of PD is multifactorial, even in seemingly monogenic
forms. This is evident from the considerably reduced penetrance of
LRRK?2 pathogenic variants that might be explained, in part, by environ-
mental factors'® or genetic modifiers.'**> Age-related reduced pene-
trance is also observed in carriers of GBA1 variants, although GBA1
variants are generally considered the most important genetic risk fac-
tor for PD rather than a monogenic cause.'®"” The consideration of the
level to which a monogenic (mono- or biallelic variant in AD or AR
genes, respectively) variant contributes to the disease occurrence ques-
tions the very concept of ‘monogenic PD’ and, consequently, terms
such as ‘molecular diagnosis’. To circumvent this issue and report
our findings as objectively as possible and without defining them as de-
cidedly ‘disease-causing’, we coined the term ‘positive PDGT".

The ROPAD study pilot findings from 1288 initially recruited pa-
tients resulted in ~13% study participants with a positive PDGT at-
tributable to GBA1 (~9%), LRRK2 (~3%) and PRKN (~1%) variants.”
Analysis of the complete ROPAD data set revealed an even greater
positive PDGT yield, indicating that in ~15% of patients, PD has a
genetic contribution that is mostly conferred by variants in GBA1
(~10%), LRRK2 (~3%) or PRKN (~1%). When considering the family
history of patients with a positive PDGT report, >5% of familial

and >2% of sporadic ROPAD patients harboured P/LP variants in
LRRK2. Variants in PRKN accounted for 1.7% of familial and 0.7% of
sporadic patients. The slightly higher percentage of patients with
GBA1 variants seen among patients with a positive family history
(>12%) versus those with a negative family history (10%) is largely
driven by the GD-related GBA1 variants (Supplementary Table 10).
Of note, more than two-thirds of the ROPAD patients were re-
cruited at tertiary referral centres, which might have led to a slight
overestimation of the genetic contribution, although the mean
AAO or percentage of participants with a positive family history
did not seem to differ considerably from those in even more unse-
lected samples. Among the eight countries each contributing >500
patients, Israel and Spain had the highest percentage of individuals
with a positive PDGT report out of initially recruited patients (19.5%
and 18.2%, respectively). These numbers are likely to be influenced
by the Ashkenazi Jewish and Berber populations, in which the fre-
quency of GBA1 and LRRK2 variants are increased in comparison to
other populations, and might thus inflate the level of genetic con-
tribution in PD in our study. Therefore, we weighted the fraction of
positive PDGTs per country by the fraction of the population of the
world that they represent (e.g. patients from Israel represent 10% of
ROPAD participants, whereas Israelis constitute 0.1% of the popu-
lation of the world; Supplementary Fig. 10). This resulted in an ad-
justed fraction of 14.5% (versus 14.8% of positive PDGT findings in
ROPAD), indicating that no substantial inflation of positive results
occurs in our study. In contrast, a fraction of individuals who har-
boured one or a combination of P, LP or VUS variants in PD-related
genes not currently fulfilling positive PDGT criteria might, conceiv-
ably, still receive such a report in the future, because some of
the variants might be reclassified from VUS to LP/P variants.’®
This was the case even during the course of the ROPAD study
(Supplementary material, Results), underlining the necessity of re-
visiting genetic testing results regularly and highlighting the enor-
mous potential of individualized patient care. Furthermore, our
next-generation sequencing panel designed 5 years ago consisted
only of genes deemed relevant for PD and parkinsonism at that
time. As more genes are continually being linked to monogenic
parkinsonism, our results conceivably represent an underestima-
tion of the frequency of genetic PD forms. Thus, neither variant
nor disease gene classification is fixed over time, and they are sub-
ject to continuous re-evaluation and, if needed, reclassification. In
a follow-up study, patients with negative genetic findings who con-
sented to further analyses will undergo whole genome sequencing
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in search of novel PD genetic causes/modifiers. Of note, among the
first 2587 patients analysed in this way, we identified only five pa-
tients harbouring single-exon PRKN CNVs in trans not previously
detected by panel sequencing. Given that this was explained fully

by technical parameters defined in our panel-analysis pipeline, a
very small fraction of patients is underdiagnosed based on current
diagnostic evidence. When extrapolating these findings to the en-
tire ROPAD patient group with negative genetic findings upon
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panel sequencing, we estimate to have missed 21 positive PDGT re-
sults by our panel analysis, resulting in a sensitivity of 98.6%, in
comparison to the gold-standard whole genome sequencing.
Another limitation of our study is a relatively ethnically uniform
PD patient population, consisting of ~90% White individuals.
Thus, to gain an even more precise insight into the global frequen-
cies of monogenic PD causes, the collection of more admixed or
currently under-represented isolated populations should be aimed
for. Along the same lines, given that the ROPAD patient group in-
cludes only 139 Asian patients, it is not surprising that no
CHCHD?2 variants were identified in our study. Pathogenic variants
in CHCHD2 have primarily been reported in Chinese/Asian PD pa-
tients, implying that they might be rare in other populations.
Nevertheless, we retained this gene in the list of PD-related genes
to comply with the recommendations of the International
Parkinson and Movement Disorder Society Task Force on PD gene
curation.

As expected, a positive family history was significantly more
frequent in patients with (35%) in comparison to those without
(25%) a positive PDGT, and individuals with a positive family his-
tory were 55% more likely to have a positive PDGT report (Table 4
and Supplementary Table 12). Apart from family history, an
early AAO is the strongest indicator of a monogenic PD cause
in a patient. Hence, it is not surprising that the median AAO
was 4 years lower in patients with a positive PDGT in compari-
son to the IPD group in the ROPAD study and that the probability
of having a positive PDGT decreased by 3% with every additional
AAOQ year (Supplementary Fig. 6 and Supplementary Table 12).
Positive PDGT findings were identified in 20% of patients with
AAO <50 years or with a positive family history. Of note, among
the ROPAD participants with a positive family history and AAO <
50 years, 27% had a positive PDGT, whereas this percentage was
nearly 50% among those with a positive family history and
AAO <20 years (Table 4). Female patients were 22% more likely
to have a positive PDGT. This is probably attributable to the in-
herent differences in IPD frequencies between men and women
and indicates that genetic factors, inherited in Mendelian fash-
ion, play a similar role in both sexes. Given that IPD affects
more men than women, in any given patient group that consists
of genetic and idiopathic PD patients, the percentage of women
affected by genetic PD versus IPD will be higher than the per-
centage of men owing to the higher denominator (number of
IPD individuals) in men.

Although association studies and metabolic
maging?’ evidence established a relationship between the
p.Glu365Lys or p.Thr408Met GBA1 variants and PD, their contribu-
tion to PD aetiology is still vividly debated. The significantly lower
AAO, AAD and AAE and the higher proportion of patients with a
positive family history seen in ROPAD patients who received their
GBA1-related positive PDGT were driven by GD-relevant GBA1 var-
iants and not by the p.Glu365Lys and p.Thr408Met RFs only asso-
ciated with PD. This finding underlines the distinction between
these two variants and GD-relevant GBA1 variants with respect to
PD aetiology. Nevertheless, both p.Glu365Lys and p.Thr408Met
were detected at significantly higher frequencies in ROPAD patients
in comparison to the highest population frequency in the Genome
Aggregation Database, confirming their association with PD
(Supplementary material, Discussion).

In contrast to the anticipated additive damaging outcome of two
variants in LRRK2 and GBA1, an interaction of LRRK2 and GBA1 var-
iants might have a protective effect.”>>* Interestingly, ROPAD par-
ticipants with GBA1 or LRRK2 + GBA1 variants (n=1311 and n=23,
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respectively) had the same median AAO, which was 2 years earlier
than in patients with only LRRK2 variants (n = 368).

Thirty-seven of our patients had P/LP variants in genes related
to parkinsonism that are likely to be responsible for PD symptoms
in these individuals. This finding is not surprising, given the nu-
merous conditions that mimic PD and the reports that a consider-
able fraction of patients clinically diagnosed with PD is not
confirmed to have PD at autopsy.’®?” Importantly, it underlines
the necessity of analysing a wide spectrum of parkinsonism-
related genes in PD patients. Of note, 24 of these patients had
P/LP variants in GCH1, a gene classified as a dystonia—-parkinsonism
gene based on the recommendations of the International Parkinson
and Movement Disorder Society Task Force." Although GCH1 var-
iants have been described to date in numerous classical PD pa-
tients, making GCH1 an excellent PD-related gene candidate, our
internal gene-disease validity assessment under the ClinGen
framework®® showed only a ‘moderate relationship’ between
GCH1 and AD PD. Nevertheless, if GCH1 were to become an estab-
lished PD-related gene in the future, this would increase the per-
centage of positive PDGT findings in ROPAD from 14.8% to 15.0%.

Fifty-six patients had positive genetic testing findings in genes
related to dystonia/dyskinesia or dementia. Variants in none of the
five implicated dystonia genes (TOR1A, SGCE, GNAL, THAP1 and
KMT2B) have been reported to cause PD/parkinsonism to date.
However, an underlying association between dystonia and PD can-
not be excluded entirely, given that dystonia can be part of the clin-
ical PD spectrum and vice versa, and variants in dystonia-related
genes have reduced penetrance. Considering the neurodegenerative
nature of dementia and PD, their common phenotypic overlap is,
likewise, not surprising, and the presence of dementia-associated
variants in the PD cohort might signify a causal role of these variants
in PD pathogenesis. The phenotypic spectrum of variants in GRN and
MAPT often includes atypical parkinsonism that might even pre-
dominate over the clinical presentation.’ Interestingly, both GRN
and MAPT represent PD susceptibility/risk loci discovered through
association studies, and their protein products are functionally re-
lated to PD proteins.>** Thus, at least GRN and MAPT should be
tested routinely in PD patients.

In general, a data-driven estimate of pathogenic variant fre-
quency in a very large cohort unselected for family history and
age at onset is the basis for the design of genetic screening studies
to identify candidates for clinical trials/build up clinical trial-ready
cohorts. Another advantage of high translational value is the sys-
tematic feedback of the genetic result to the patient and the offer
of genetic testing in the event of a positive test. In the counselling
situation, patients can then be advised of the possibility of partici-
pating in gene-specific trials. Furthermore, this approach allows
the identification of other mutation carriers in affected families
who could also benefit from gene-specific therapies in the future.
In this context, several clinical trials are currently recruiting pa-
tients with GBAl-related PD (NCT02914366, NCT05830396,
NCTO05819359 and NCT04127578). To take trial readiness into ac-
count, the ROPAD protocol was adapted during the course of the
study with an adjustment of the maximum disease duration (re-
duction to 5 years), which was the allowed maximum disease dur-
ation of a phase 3 trial using the LRRK2 kinase inhibitor BIIB122
(DNL151) in patients carrying a kinase activity-increasing LRRK2
pathogenic variant (NCT05418673). This programme was, however,
replaced in the autumn of 2023 with a phase 3 trial with the same
compound in patients with PD regardless of the genotype
(NCT04056689). The number of trials targeting LRRK2 and GBA1
will increase in the future and will also be extended to genes with
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lower pathogenic variant frequencies. Thus, a considerable fraction
of these 1864 patients carrying a pathogenic variant would be po-
tential candidates for inclusion in ongoing or imminent clinical
trials. Although not a gene-specific therapy in the narrow sense,
the response to deep brain stimulation might vary depending on
the underlying genotype.! In addition, the postoperative risk of de-
veloping dementia appears to be higher in GBA1-PD than in other
genetic forms, which could be included in future treatment guide-
lines to identify suitable candidates for deep brain stimulation
and to predict the postoperative outcome better.>?

Conclusion

In conclusion: (i) variants in PD-related genes contribute to the dis-
ease in 15% of all PD patients; (ii) ~90% of patients with a positive
PDGT had variants in LRRK2 or GBA1, making these individuals po-
tential candidates to be included in gene-targeted trials;
(iii) positive PDGT findings were identified in 20% of patients with
AAO <50 years or with a positive family history, and in 27% of indi-
viduals with AAO < 50 years and a positive family history, suggest-
ing that genetic testing might be offered preferentially to these
patient groups; (iv) a small but considerable number of PD patients
carry pathogenic variants in genes related to dystonia/dyskinesia
or dementia, raising the possibility of shared underlying pathogen-
etic mechanisms; and (v) the ROPAD study results inform differen-
tial genetic counselling and patient prioritization for clinical trials.

Data availability

The data that support the findings of this study are available from
the corresponding author, upon reasonable request.

Funding

Denali Therapeutics Inc. (South San Francisco, CA) partially funded
laboratory testing services to CENTOGENE GmbH.

Competing interests

V.S, CB,]JJ.P,FC,S.S HG, MO, XB,NA,f KKK, AR, P.B., were
or still are employees of CENTOGENE GmbH. A.W. provides consult-
ancy services around research projects for CENTOGENE GmbH. C.K.
and N.B. are medical advisors to CENTOGENE GmbH. The other
authors report no competing interests.

Supplementary material

Supplementary material is available at Brain online.

References

1. LangeLM, Gonzalez-LatapiP, Rajalingam R, et al. Nomenclature
of genetic movement disorders: Recommendations of the inter-
national Parkinson and movement disorder society task force—
An update. Mov Disord. 2022;37:905-935.

2. VollstedtE-J, Schaake S, Lohmann K, et al. Embracing monogen-
ic Parkinson’s disease: The MJFF global genetic PD cohort. Mov
Disord. 2023;38:286-303.

3. Tan MMX, Malek N, Lawton MA, et al. Genetic analysis of
Mendelian mutations in a large UK population-based
Parkinson’s disease study. Brain. 2019;142:2828-2844.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

A. Westenberger et al.

den Heijer JM, Cullen VC, Quadri M, et al. A large-scale full GBA1
gene screening in Parkinson’s disease in The Netherlands. Mov
Disord. 2020;35:1667-1674.

Benitez BA, Davis AA, Jin SC, et al. Resequencing analysis of five
Mendelian genes and the top genes from genome-wide association
studies in Parkinson’s disease. Mol Neurodegener. 2016;11:29.

Lin C-H, Chen P-L, Tai C-H, et al. A clinical and genetic study of
early-onset and familial parkinsonism in Taiwan: An integrated
approach combining gene dosage analysis and next-generation
sequencing. Mov Disord. 2019;34:506-515.

Schormair B, Kemlink D, Mollenhauer B, et al. Diagnostic exome
sequencing in early-onset Parkinson’s disease confirms VPS13C
as a rare cause of autosomal-recessive Parkinson’s disease. Clin
Genet. 2018;93:603-612.

Kovanda A, Racki V, Bergant G, et al. A multicenter study of gen-
etic testing for Parkinson’s disease in the clinical setting. NPJ
Parkinsons Dis. 2022;8:149.

Zhao Y, Qin L, Pan H, et al. The role of genetics in Parkinson’s
disease: A large cohort study in Chinese mainland population.
Brain. 2020;143:2220-2234.

Skrahina V, Gaber H, Vollstedt EJ, et al. The Rostock internation-
al Parkinson’s disease (ROPAD) study: Protocol and initial find-
ings. Mov Disord. 2021;36:1005-1010.

Cullufi P, Tabaku M, Beetz C, et al. Comprehensive clinical,
biochemical and genetic screening reveals four distinct
GBA genotypes as underlying variable manifestation of Gaucher
disease in a single family. Mol Genet Metab Rep. 2019;21:100532.
Richards S, Aziz N, Bale S, et al. Standards and guidelines for the
interpretation of sequence variants: A joint consensus recom-
mendation of the American College of Medical Genetics and
Genomics and the Association for Molecular Pathology. Genet
Med. 2015;17:405-423.

Lith T, Konig IR, Griinewald A, et al. Age at onset of LRRK2
p-Gly2019Ser is related to environmental and lifestyle factors.
Mov Disord. 2020;35:1854-1858.

Lai D, Alipanahi B, Fontanillas P, et al. Genomewide association
studies of LRRK2 modifiers of Parkinson’s disease. Ann Neurol.
2021;90:76-88.

TrinhJ, Gustavsson EK, Vilarino-Glell C, et al. DNM3 and genetic
modifiers of age of onset in LRRK2 Gly2019Ser parkinsonism: A
genome-wide linkage and association study. Lancet Neurol. 2016;
15:1248-1256.

Marras C, Lang A, van de Warrenburg BP, et al. Nomenclature of
genetic movement disorders: Recommendations of the
IInternational Parkinson and Movement Disorder Society task
force. Mov Disord. 2016;31:436-457.

Cook Shukla L, Schulze J, Farlow J, et al. Parkinson disease over-
view. In: Adam MP, Feldman ], Mirzaa GM, et al.,, eds.
GeneReviews®: University of Washington; 2024. http://www.
ncbi.nlm.nih.gov/books/nbk1223/.

Kalogeropulou AF, Purlyte E, Tonelli F, et al. Impact of 100 LRRK2
variants linked to Parkinson’s disease on kinase activity and
microtubule binding. Biochem J. 2022;479:1759-1783.

Mallett V, Ross JP, Alcalay RN, et al. GBA p.T369M substitution in
Parkinson disease: Polymorphism or association? A
meta-analysis. Neurol Genet. 2016;2:e104.

HuangY, DengL, ZhongY, Yi M. The association between E326K
of GBA and the risk of Parkinson’s disease. Parkinsons Dis. 2018;
2018:1048084.

Greuel A, Trezzi JP, Glaab E, et al. GBA variants in Parkinson’s
disease: Clinical, metabolomic, and multimodal neuroimaging
phenotypes. Mov Disord. 2020;35:2201-2210.

Alcalay RN, Levy OA, Waters CC, et al. Glucocerebrosidase activ-
ity in Parkinson’s disease with and without GBA mutations.
Brain. 2015;138(Pt 9):2648-2658.


http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awae188#supplementary-data
http://www.ncbi.nlm.nih.gov/books/nbk1223/
http://www.ncbi.nlm.nih.gov/books/nbk1223/

The Rostock Parkinson’s disease study

23.

Ortega RA, Wang C, Raymond D, et al. Association of dual LRRK2
G2019S and GBA variations with Parkinson disease progression.
JAMA Netw Open. 2021;4:e215845.

24. Yahalom G, Greenbaum L, Israeli-Korn S, et al. Carriers

25.

26.

27.

of both GBA and LRRK2 mutations, compared to carriers of ei-
ther, in Parkinson’s disease: Risk estimates and genotype-
phenotype correlations. Parkinsonism Relat Disord. 2019;62:
179-184.

Omer N, Giladi N, Gurevich T, et al. A possible modifying effect
of the G2019S mutation in the LRRK2 gene on GBA Parkinson’s
disease. Mov Disord. 2020;35:1249-1253.

Adler CH, Beach TG, Hentz JG, et al. Low clinical diagnostic
accuracy of early vs advanced Parkinson disease:
Clinicopathologic study. Neurology. 2014;83:406-412.

Beach TG, Adler CH. Importance of low diagnostic accuracy for
early Parkinson’s disease. Mov Disord. 2018;33:1551.

28.

29.

30.

31.

32.

BRAIN 2024: 147; 2652-2667 | 2667

Strande NT, Riggs ER, Buchanan AH, et al. Evaluating the clinical
validity of gene-disease associations: An evidence-based
framework developed by the clinical genome resource. Am J
Hum Genet. 2017;100:895-906.

Yao Y-N, Wang M-D, Tang X-C, Wu B, Sun H-M. Reduced plasma
progranulin levels are associated with the severity of
Parkinson’s disease. Neurosci Lett. 2020;725:134873.

Coupland KG, Mellick GD, Silburn PA, et al. DNA methylation of
the MAPT gene in Parkinson’s disease cohorts and modulation
by vitamin E in vitro. Mov Disord. 2014;29:1606-1614.

Ligaard ], Sanneaes ], Pihlstrgm L. Deep brain stimulation and
genetic variability in Parkinson’s disease: A review of the litera-
ture. NPJ Parkinsons Dis. 2019;5:18.

Pal G, Mangone G, Hill E], et al. Parkinson disease and subthala-
mic nucleus deep brain stimulation: Cognitive effects in GBA
mutation carriers. Ann Neurol. 2022;91:424-435,



	Relevance of genetic testing in

the gene-targeted trial era: the Rostock

Parkinson’s disease study
	Introduction
	Materials and methods
	General settings
	Study participants
	Genetic analyses
	Statistical analyses

	Results
	Study participants
	Genetic analyses
	Targeted GBA1 and LRRK2 analysis and panel sequencing findings in PD-related genes
	Findings in other investigated genes

	Comparison between monogenic and idiopathic PD patients and between different genetic PD subtypes
	Idiopathic PD and PDGT-positive group
	Idiopathic PD and genetic subgroups
	Idiopathic PD and LRRK2, GBA1 and LRRK2 + GBA1 subtypes


	Discussion
	Conclusion
	Data availability
	Funding
	Competing interests
	Supplementary material
	References




