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Abstract
Parkinson’s disease (PD) is a genetically heterogeneous disorder and new putative disease
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genes are discovered constantly. Therefore, whole exome sequencing could be an efficient
approach to genetic testing in PD. To evaluate its performance in early-onset sporadic PD,
we performed diagnostic exome sequencing in 80 individuals with manifestation of PD
symptoms at age 40 or earlier and a negative family history of PD. Variants in validated and
candidate disease genes and risk factors for PD and atypical Parkinson syndromes were
annotated, followed by further analysis for selected variants. We detected pathogenic
variants in Mendelian genes in 6.25% of cases and high-impact risk factor variants in GBA in
5% of cases, resulting in overall maximum diagnostic yield of 11.25%. One individual was
compound heterozygous for variants affecting canonical splice sites in VPS13C, confirming
the causal role of protein-truncating variants in this gene linked to autosomal-recessive
early-onset PD. Despite the low diagnostic yield of exome sequencing in sporadic earlyonset Parkinson’s disease, the confirmation of the recently discovered VPS13C gene
highlights its advantage over using predefined gene panels.
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Introduction
Among the neurodegenerative disorders, Parkinson's disease (PD) (MIM 168600) is the
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second most prevalent, affecting overall 1.6% of the population of Caucasian descent with
20% of all individuals reporting a positive family history.(1) Only 3–5% of all patients with PD
are diagnosed before age 40.(2) This rare form of the disease is referred to as early-onset
PD (EOPD) and a higher genetic contribution to disease risk is expected in this group. There
is considerable genetic heterogeneity in PD with to date 11 confirmed genes with Mendelian
inheritance and several putative Mendelian genes and risk factors for which either conflicting
evidence exists or no replication in independent datasets has been reported yet.(3, 4) The
strongest genetic risk factors for PD to date are variants in GBA, the gene implicated in
autosomal-recessive Gaucher disease (MIM 606463). Heterozygous carriers of mutations in
GBA were shown to have a four- to five-fold increase in their risk of developing PD.(5)
Finally, new disease-related genes are still discovered for PD, promoted especially by the
introduction of new sequencing technologies.
Whole exome sequencing (WES) has become a cornerstone of molecular diagnosis in
genetic disorders.(6-8) Pre-defined gene panels and whole exome sequencing are routinely
used for a large range of different disease types. Diagnostic yield is reported for different
disorders to be in the range of 20 to 40%.(9) For PD patients in general and also EOPD,
reports on exome sequencing are sparse and so far these studies have focused on using
WES to discover new disease genes.(10-14) Only two studies specifically sequenced
individuals with EOPD.(14, 15) Our aim was to assess the performance of WES in the
challenging subset of PD patients with sporadic EOPD. The early onset of the disease
suggests a genetic basis, but the lack of a family history of PD complicates the analysis in
this group. Therefore, we screened a series of 80 sporadic EOPD cases of European
ancestry with WES to investigate the diagnostic yield using stringent variant classification
criteria.
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Materials and Methods
Samples
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DNA from 80 participants from movement disorder specialty clinics in Czech Republic
(Prague; n = 49, mean age at onset 34.9 years, 63.3% male) and Germany (Munich and
Kassel; n = 31, mean age at onset 35.8 years, 67.8% male) was analyzed. Inclusion criterion
was a diagnosis of PD with onset of symptoms at the age of ≤ 40 years and a negative
family history of PD. Diagnosis of PD was based on the UK Brain Bank diagnostic criteria for
PD. Study approval was obtained from the respective ethics review boards and all
participants gave written informed consent.
Definition of gene sets
To assess the diagnostic yield, we included validated genes causing PD or atypical
Parkinson syndromes with Mendelian inheritance. These include three loci with autosomal
dominant (SNCA, LRRK2, VPS35) and nine with autosomal recessive or X-linked manner of
transmission (PARK2, PINK1, PARK7, DNAJC6, ATP13A2, FBXO7, PLA2G6, ATP6AP2,
SYNJ1, RAB39B). (3, 4, 16) Furthermore, we included GBA as a validated risk factor for
PD.(5)
As Parkinson syndromes can also be observed as part of the phenotype in other disorders,
we screened a list of candidate genes for such phenotypes based on OMIM (supplementary
table 1).
For exploratory analysis, we included not yet validated genes for Mendelian inheritance
identified by sequencing in families (TMEM230, VPS13C, RIC3, PODXL, PLXNA4, LRRK1,
ADORA1).(12, 13, 17-21) In addition, we screened genes with conflicting evidence for
Mendelian inheritance (DNAJC13, EIF4G1, CHCHD2, UCHL1, GIGYF2, and HTRA2) and
candidate genes from recent exome sequencing studies(PTEN, VAPB, ASNA1, TNR, TNK2,
SCAPER, HYDIN, UBE2H, EZR, MMRN2, and OGFOD1). (3, 4, 10, 11, 15, 22-26)
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Whole-exome sequencing and variant calling
Exomes were enriched with SureSelect XT Human All Exon 50Mb kit version 5 (Agilent
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Technologies, USA) and sequenced with 100-bp paired-end reads on a HiSeq2500
(Illumina, USA) to an average depth of coverage of 139.1 (s.d ± 28.0, supplementary table
2). Reads were mapped to the human reference genome (hg19) with BWA (v.0.6.2.).
SAMtools (v.0.1.18), PINDEL (v.0.2.4t), ExomeDepth (v.1.0.0), and custom Perl scripts were
employed for variant detection and annotation. Only variant calls with a minimum read depth
of 20x and a minimum quality score of 30 were included in downstream analyses. To identify
candidate pathogenic variants in the gene sets described above, we required a minor allele
frequency (MAF) ≤ 0.001 for heterozygous and ≤ 0.01 for homozygous or compound
heterozygous variants in the ExAC non-Finnish European ancestry dataset or an in-house
exome database, focused on missense and loss-of-function variants (nonsense, splice,
stoploss, frameshift, and copy number variants (CNVs) called by ExomeDepth) and based
our classification on ACMG recommendations.(27) Triplett repeat expansions were not
analyzed. Tools used in variant interpretation were the Munich Exome Variant and
Annotation

Database

(https://ihg4.helmholtz-muenchen.de/cgi-bin/mysql/snv-vcf/login.pl),

the M-CAP pathogenicity classifier (http://bejerano.stanford.edu/mcap/), and the Variant
Effect

Predictor

(VEP)

tool

(http://www.ensembl.org/info/docs/tools/vep/index.html).

Moreover, we used public genetic variation databases (ExAC, Exome Aggregation
Consortium; gnomAD, genome Aggregation Database; HGMD, Human Gene Mutation
Database Professional release 2016.2; ClinVar, www.ncbi.nlm.nih.gov/clinvar/; MDSGene,
http://www.mdsgene.org/;

PDmutDB,

http://www.molgen.vib-ua.be/PDMutDB/),

and

frequency data of the Wellderly Study as a cohort of individuals who are >80 years old with
no chronic diseases.(28, 29)
Sanger sequencing
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Variants detected in GBA were validated by Sanger sequencing of exons 8 to 11 using
BigDyeTerminator chemistry 3.1 (ABI) on an ABI 3730 sequencer with primers and
conditions as described previously.(30) Splice variants in VPS13C were validated and
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assessed for cis- or trans-configuration by Sanger sequencing of the affected individual and
one unaffected child.
Molecular analysis of splice variants
The consequences of splice variants in VPS13C were analyzed on the cDNA level by
Sanger sequencing and agarose gel electrophoresis. Total RNA was extracted from whole
blood of the affected individual and a healthy unrelated control sample (PAXgene Blood
miRNA kit, Qiagen). RNA quality and concentration was assessed with Agilent Bioanalyzer
2100. Reverse transcription was performed using SuperScript First-Strand Synthesis System
for RT-PCR (Invitrogen). Subsequently, cDNA fragments covering exon 19– 23 or exon 30–
34 of VPS13C (reference sequence NM_020821.2), respectively, were amplified with
specific primers. PCR products were visualized on an agarose gel (4%) and sequenced
directly or following extraction (QIAquick Gel Extraction Kit,Qiagen).
Results
Screening of validated Mendelian PD genes and risk factors
Assuming an autosomal-recessive mode of inheritance, we detected bi-allelic pathogenic
variants in known Mendelian PD genes (PINK1 and PARK2) in two individuals (table 1a). In
both cases, the variants are expected to lead to a complete loss of function. They have been
observed in PD patients and annotated as pathogenic (MDSGene and PDmutDB
databases). No bi-allelic pathogenic or likely pathogenic variants were detected in PARK7,
DNAJC6, ATP13A2, FBXO7, PLA2G6, ATP6AP2, SYNJ1, and RAB39B. With regard to
autosomal-dominant forms of PD, we identified two individuals carrying the most frequent
known pathogenic variant p.Gly2019Ser in LRRK2 in heterozygous state (table 1a).(31) No
pathogenic or likely pathogenic variants were found in VPS35 and SNCA. We detected four
This article is protected by copyright. All rights reserved.

heterozygous variants in known autosomal-dominant Mendelian PD genes, which we
classified as variants of unknown significance (VUS) or benign after reviewing currently
available genetic, functional and in-silico data (table 1a and detailed discussion in
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supplementary table 3). The overall diagnostic yield for validated Mendelian PD genes in our
cohort was 5% (4/80 individuals, basic demographic and clinical information is given in table
2).
In GBA, we initially detected four different heterozygous rare variants in five individuals
passing our filtering criteria. We identified two carriers of p.Asn409Ser (formerly annotated
as N370S, not based on HGVS recommendations), one carrier of p.Leu483Pro (formerly
annotated as L444P), and one carrier of p.Asp448His (formerly annotated as D409H). In
addition, we found one carrier of the singleton protein-truncating variant p.Trp432Ter. We
also detected carriers of two variants with frequencies of about 1% in the ExAC and
gnomAD non-Finnish European ancestry dataset or in > 8,000 in-house control exomes: 10
individuals were heterozygous for p.Glu365Lys (formerly annotated as E326K) and three
individuals were heterozygous for p.Thr408Met (formerly annotated as T369M). Due to the
presence of a highly homologous pseudogene (GBAP1 with 98% sequence homology),
sequencing of GBA is challenging. We therefore used Sanger sequencing of exons 8 to 11
with primers specific for GBA amplification in all carriers of GBA variants in our dataset to
validate the variants detected by WES. We were able to confirm all variant calls with the
exception of p.Leu483Pro, where Sanger sequencing determined the carrier as homozygous
for the wildtype allele. Overall, we were able to confirm 17 of 18 variant calls in GBA
(94.4%). Concerning the sensitivity of our WES approach, Sanger sequencing revealed no
additional variants not present in the exome sequencing data.
Overall, we identified and confirmed three different heterozygous rare variants in GBA which
we classify as strong risk factors for PD (table 1b). According to ClinVar, both missense
variants have been described as pathogenic in neuropathic Gaucher disease and as risk
factors for PD. Nonsense variants in GBA are rare, but have been identified in neuropathic
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Gaucher disease and in PD patients.(32-34) Further support for a role of such loss of
function variants in PD risk is provided by evidence of reduced GBA enzymatic activity in PD
patients.(35, 36) The common missense variants p.Glu365Lys and p.Thr408Met do not
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cause Gaucher disease, but functional studies have shown a reduction of GBA enzymatic
activity in carriers of these variants.(35, 37) Additional studies have shown an influence on
the progression of PD symptoms and larger case-control studies reported an association
with PD.(38-41) However, effect sizes were smaller than those observed for Gaucher-related
GBA variants (odds ratios (ORs) of 1.7 compared to ≥ 3). Therefore, we classify these as
risk factors with mild effect (table 1b). The overall diagnostic yield for GBA as a validated risk
factor in our cohort was 5% (4/80 individuals) for rare variants with larger effects. When
including common low-impact variants, we detect variants modulating disease risk or
progression in 21.25% of individuals (17/80 individuals). Age of onset was not significantly
different between carriers and non-carriers of variants in GBA (35.35 years (s.d. ± 4.20) vs
35.42 (s.d. ± 5.02)). We also found a statistically significant enrichment of rare variants in
GBA in our EOPD sample compared to > 8,000 in-house control exomes (Fisher exact test,
p = 3.77 x 10-7, OR = 5.21 [95% confidence interval (CI) 3.02–8.98]).
We also looked for heterozygous variants in PARK2 in our sample and detected a total of 8
individuals carrying such variants (10%). No second variant was found in PARK2 in these
individuals even with relaxed filtering criteria, although on average 95.7% (s.d. ± 3.5) of the
exonic sequence of PARK2 (NM_004562.2) had a coverage ≥ 20x. In total, three CNVs and
five different missense variants were identified (table 3 and supplementary table 4). Our
EOPD samples showed an enrichment for such variants within an OR of 2.52 compared to >
8,000 in-house exomes, but it was not statistically significant (Fisher exact test, p = 0.0578,
95% CI of OR = 1.01–6.29). Two CNVs (EX2DEL and EX2-5DEL) correspond to exon
deletions reported as pathogenic in homozygous or compound heterozygous state in PD
(HGMD, ClinVar, MDSGene, and PDMutDB databases). The third CNV (EX1-2DEL) was not
found in these databases, but deletions of exon 1, exon 1–4, and of promotor and exon 1 of
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PARK2 have been reported as pathogenic. The missense variants in PARK2 were rare
variants with MAFs < 0.008 in the ExAC and gnomAD non-Finnish European datasets.
Variant p.Arg275Trp is classified as pathogenic according to ClinVar and has been reported
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in 76 PD patients in homozygous or compound heterozygous state according to the
MDSGene database. We classified the remaining missense variants as variants of unknown
significance due to the lack of a second variant in PARK2 in the carriers. For these variants,
database annotations also did not provide consistent support for a pathogenic role.
Our screening of genes linked to Parkinson syndromes in OMIM did not identify variants
which could be classified as clearly or likely pathogenic.
Confirmation of VPS13C as causal in autosomal-recessive PD
Recently, homozygous or compound heterozygous protein-truncating variants in vacuolar
protein sorting 13C (VPS13C) were described as a rare cause of autosomal-recessive
EOPD.(12) We identified one individual who was a compound heterozygote for variants
affecting canonical splice sites in VPS13C (table 1a). Segregation analysis confirmed the
compound heterozygous condition of the variants (figure 1). Variant c.2029+2T>G is
predicted to alter the splice donor site in intron 21, variant c.3215-1G>T the splice acceptor
site in intron 31 of the longest transcript of VPS13C (NM_020821.2). The variants are
predicted to affect splicing in all known protein-coding isoforms of VPS13C. Sanger
sequencing of cDNA confirmed the suspected splicing defects with multiple mutant splice
isoforms only present in the affected individual (figure 1). At the protein level, one splice
isoform has an in-frame deletion of 38 amino acids, whereas all others contain premature
stop codons leading to truncated proteins. Both variants were not present in >8,000 in-house
control exomes sequenced on the same platform and only a single heterozygous carrier of
c.2029+2T>G was found in the non-Finnish European ExAC and gnomAD populations. The
affected individual presented with overall milder motor symptoms and disease progression
than the initially reported cases for VPS13C, but still showed a rather rapid deterioration with
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response fluctuations and severe dyskinesias, psychiatric symptoms, and impaired cognition
(table 2).
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Including VPS13C in our diagnostic gene set raises the diagnostic yield for Mendelian PD
genes to 6.25% and the overall diagnostic yield to 11.25%.
Exploratory screening of putative PD genes
Apart from VPS13C, we did not identify pathogenic or likely pathogenic variants in any of the
other not yet validated genes for Mendelian inheritance identified by sequencing in families.
We also did not identify pathogenic or likely pathogenic variants in the candidate genes put
forward by recent exome sequencing studies in PD. None of the variants previously reported
in PD patients in these genes were detected in our study sample.
Concerning genes with conflicting evidence for Mendelian inheritance, we detected variants
passing our initial filtering criteria in DNAJC13, EIF4G1, and GIGYF2 (supplementary table
5). Interestingly, two of the three variants in DNAJC13 were carried by an individual tested
positive for the p.Gly2019Ser variant in LRRK2. This supports the observation by Deng et al.
who recently suggested variants in TMEM230 as the actual cause of PD in the original
DNAJC13 family.(13) We therefore classify these variants in DNAJC13 as benign. In
EIF4G1, four different missense variants were identified with frequencies < 0.001 in ExAC,
gnomAD and in-house control exomes. Variant p.Ile806Val was also found in the Wellderly
cohort, supporting a classification of this variant as benign. In GIGYF2, two singleton
variants and two rare variants with a frequency < 0.001 in the non-Finnish European ExAC,
gnomAD, and in-house control exomes were detected. None of the variants we detected in
DNAJC13, EIF4G1, and GIGYF2 have been reported in PD patients or as disease-related
variants in public databases (HGMD, ClinVar), despite screening efforts in larger PD case
and case-control studies. In addition, the majority of follow-up studies on these genes do not
clearly support a causal role for them in PD. Therefore we classify the detected variants as
either benign or likely benign (supplementary table 4).

This article is protected by copyright. All rights reserved.

Discussion
We applied diagnostic WES to a series of 80 sporadic EOPD cases and detected clearly
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pathogenic variants in known or candidate Mendelian PD genes in 6.25% of patients. Biallelic pathogenic variants with autosomal-recessive inheritance were detected in three
individuals (3.75%). Heterozygous variants with autosomal-dominant inheritance were found
in two individuals (2.5%). This diagnostic yield is lower compared to the application of WES
in molecular diagnostics of rare disorders such as childhood-onset Mendelian disorders or
ataxia with reported yields of 20–30%.(6-8) However, it is comparable to a recent study
which used targeted next-generation sequencing to screen eight PD genes in a population
from southern Spain.(42) In their sample of 28 sporadic EOPD patients they detected two
individuals with pathogenic mutations in Mendelian PD genes, resulting in a diagnostic yield
of 7.1%.
Different factors contribute to the lower diagnostic yield for PD observed in our study. As we
only included sporadic cases, our sample likely contains less monogenic cases than a
sample of familial PD would. DNA of the parents of the sporadic cases was not available, so
we could not screen trios for de-novo variation. Importantly, we used very strict criteria for
frequency filtering and attributing pathogenicity to a variant, which likely reduced our yield
compared to other studies. Currently, the classification of low penetrance variants, which
may reach higher frequencies than our frequency cutoff, is challenging, because in-silico
prediction tools are still prone to misclassification and high-throughput functional testing of
putative causal variants is not readily available. Finally, WES technology is not perfect. A
small set of genes and exons is not covered sufficiently, triplet repeat expansions cannot be
analyzed, and the detection scope for structural variants and noncoding variants is
limited.(43) However, all heterozygous deletions in PARK2 in our study were in accordance
with results of a previous MLPA analysis, indicating that high coverage WES is able to detect
CNVs reliably.(44) The location of CNV calls by ExomeDepth overlapped with the MLPA
results, and manual inspection of the sequencing reads confirmed the exact size of the
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CNVs. This is in line with a previous study showing high sensitivity of up to 88% for depth-ofcoverage-based calling of CNVs containing three or more exons.(45)
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GBA is an important risk factor and disease modifier for PD; therefore we included it in the
diagnostic evaluation. Based on our experience, we recommend focusing on extremely highquality variants for WES analysis of GBA to avoid false-positive variant calls due to the
homologous pseudogene. In our study, the only false-positive variant had a considerably
lower quality score in WES compared to all other variants detected in GBA (SAMtools
variant quality score of 78 vs. 225). This filtering did not lower the discovery rate as Sanger
sequencing revealed no variants not seen in the WES high-quality variant calls. Overall, 5%
of the patients carried rare variants in GBA with a strong effect and 16.25% carried lowfrequency variants with small effects. Interestingly, we saw a population-specific difference:
28.6% of cases from the Czech Republic carried variants in GBA, whereas only 9.7% of
cases recruited in German centers did. The difference was mainly driven by the low-risk
variant p.Glu365Lys, which was found in 9 Czech patients (18.4%), and only 1 German
patient (3.2%), but also all carriers of rare variants in GBA were Czech patients For none of
the patients in our study, a Jewish background was reported. Our observations are in line
with previous studies, which scanned the entire geneand showed population-specific
frequencies between 4.2% and 9.8% for GBA carriers in PD cases of non-Ashkenazi Jewish
ancestry.(5, 46) The targeted next-generation sequencing study from Spain had detected
GBA variants in 17.8% of their EOPD cases and other studies focused on EOPD showed
frequencies of 11.4% in a Greek sample and 25% in a sample from the United Kingdom.(47,
48) To our knowledge, we are the first study to report a high frequency of GBA variants in
Czech EOPD patients. To fully evaluate the role of these variants as risk factors for PD in
the Czech population, sequencing of GBA in matched controls is required to determine allele
frequencies in unaffected individuals. For GBA, we found a statistically significant
enrichment of variants passing our filtering criteria in our EOPD samples compared to inhouse control exomes with an OR of 5.2, in line with previous observations.(5)
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The role of heterozygous variants in PARK2 in PD is still a matter of debate. Targeted
sequencing studies have reported an increased frequency of carriers of heterozygous
variants in PARK2 in PD patients compared to healthy controls.(31) This is in contrast to
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results of larger case-control sequencing efforts which did not detect an enrichment of such
variants in PD patients.(49) We did not observe a statistically significant enrichment in our
sample. However, due to its small sample size it has only moderate power for such
association analyses and also may lead to biased frequency estimates. Therefore, definite
conclusions on the importance of heterozygous variants in PARK2 for PD should be drawn
based on larger datasets.
Finally, our study highlights the advantage of WES compared to using pre-defined gene
panels, which are lagging behind in integrating newly discovered genes. We were able to
confirm for the first time the recently identified autosomal-recessive Mendelian PD gene
VPS13C. Bi-allelic truncating variants in this gene were described as a very rare cause of
rapidly progressing EOPD with early cognitive decline.(12) We detected one individual who
carried compound heterozygous canonical splice site mutations in VPS13C.
In conclusion, we achieved a diagnostic yield of 6.25% when focusing solely on Mendelian
PD genes. We could increase the yield to 11.25% when including rare high-impact risk
variants in GBA. Adding also low-frequency low-impact variants in GBA would raise the yield
to 27.5%. However, the high frequency of GBA variants was specific to the Czech EOPD
sample and is therefore not generalizable to WES in other populations. In terms of genetic
counselling, GBA should be considered a risk factor for PD rather than a causal Mendelian
gene. Penetrance estimates of 15%–29.7% at the age of 80 years for heterozygous variants
in GBA indicate that the majority of carriers of GBA variants never develop PD.(50-52) At
present, it is not understood which additional genetic and environmental factors are
necessary to develop PD in carriers of GBA variants. Counselling of affected individuals and
families should be provided by specialized clinical geneticists who are qualified to evaluate
and interpret the available clinical and genetic data.
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Despite the comparably low diagnostic yield for Mendelian PD genes, exome sequencing
should be the preferred approach for genetic testing of a patient presenting with early onset
PD. WES enables fast integration of new genetic findings into molecular diagnostics and the
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data can be reanalyzed at any time, which has been shown to improve diagnostic rate
dramatically.(53) Finally, the inclusion of WES data in large-scale research projects is
straightforward and has the potential to contribute to not only a better understanding of PD
genetics and etiology, but also to accelerate the development of new and personalized
treatment options.
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Figure Legends:
Figure 1: Segregation and splicing analysis of variants in VPS13C
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(A) Family pedigree. Black symbol represents affected individual, open symbols unaffected
individuals. The arrow indicates the individual who underwent exome sequencing. M1
indicates presence of splice-site variant c.2029+2T>G, M2 presence of splice-variant
c.3215-1G>T, and wt presence of reference allele.

(B) Sanger sequencing chromatograms of both splice-site variants in the affected individual
(II:3) and an unaffected child (III:7).. Sequences represent the reverse strand.
(C) For both variants, consequences on splicing were analyzed using reverse-transcription
PCR (RT-PCR). For each variant, several mutant transcripts are detected, denoted as m1a,
m1b, m2a, m2b and m2c. For variant M1, the PCR had an expected wildtype product size of
466bp. For variant M2, the PCR had an expected wildtype product size of 509bp. M1/M2
refers to the affected individual, wt/wt to an unrelated healthy control. The higher molecular
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size bands were also sequenced and were found to contain both wt and m1b or m2c
sequence, respectively.
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(D) Structure of mutant transcripts and consequence on protein level. Retained intronic
sequence is indicated with a “+”, the number of affected nucleotides, and green shading.
Deleted exonic sequence is indicated with a “-“, the number of affected nucleotides, and blue
shading. Exons and introns are not drawn to scale. Protein level consequences refer to
reference NP_065872.1 as follows: m1a = p.Leu678GlufsTer26, m1b =
p.Lys639AspfsTer14, m2a = p.Ala1072GlufsTer14, m2b = p.Ala1072_Gln1110del, m2c =
p.Ser1076ArgfsTer4.
Table Legends:
Table 1: Diagnostic classification of variants detected in Mendelian PD genes and in
GBA.
ExAC = Exome Aggregation Consortium, gnomAD = genome Aggregation Database.
Frequencies in ExAC, gnomAD and in-house exomes are reported as allele count / total
allele number. anumbering according to NCBI accessions NM_032409.2 and NP_115785.1
for PINK1, NM_004562.2 and NP_004553.2 for PARK2, NM_198578.3 and NP_940980.3
for LRRK2, NM_020821.2 and NP_065872.1for VPS13C, NM_018206.5 and NP_060676.2
for VPS35, NM_000157.3 and NP_000148.2 for GBA. bconsisting of 8,493 exomes with no
neurological disease phenotype. cclassification of variant in ClinVar referring to PD or
parkinsonism. hom = homozygous, het = heterozygous. VUS = variant of unknown
significance. not found = variant not present in database. na = exact validated CNV call data
is not available in ExAC, gnomAD, and in in-house exomes.
Table 2: Demographic and clinical data of individuals with pathogenic variants in
Mendelian PD genes
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y = years; GIT = gastrointestinal tract; DBS = deep brain stimulation; STN = subthalamic
nucleus; GPi = globus pallidus internus.
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Table 3: Heterozygous variants detected in PARK2
For header and abbreviations used refer to table 1. HGMD, MDSGene, PDmutDB =
classification of variant in the respective databases. DM = variant reported by HGMD as
disease-causing. DM? = variant reported by HGMD as likely disease-causing. dpathogenic
refers to classification of variant if seen in compound heterozygous or homozygous PARK2
variant
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carriers.
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Table 1
Gene

Genomic
position (hg19)

Variation
nucleotidea

Variation amino acida /
deleted exons

Mutation
type

Number
of cases

zygosity

dbSNP142

Frequency
ExAC
European

Frequency
gnomAD
European

Frequency
in-house
exomesb

ClinVar
classificationc

study-based
classification

a) Mendelian PD genes

PINK1

chr1:20975710

c.1474C>T

p.Arg492Ter

nonsense

1

hom

rs34208370

not found

8/110868

3/16986

not found

pathogenic

PARK2

chr6:162622163162683796

c.(171+1_1721)_(534+1_5351)del

EX3-4DEL

deletion

1

hom

not found

na

na

1/16986

not found

pathogenic

LRRK2

chr12:40734202

c.6055G>A

p.Gly2019Ser

missense

2

het

rs34637584

42/66646

31/126412

5/16986

pathogenic

pathogenic

chr15:62274656

c.2029+2T>G

het

not found

not found

not found

not found

not found

pathogenic

het

rs374621625

1/66406

1/109162

1/16986

not found

pathogenic

VPS13C

p.Lys639AspfsTer14
p.Leu678GlufsTer26
p.Ser1076ArgfsTer4
p.Ala1072GlyfsTer91
p.Ala1072GlufsTer14

splice site
1

chr15:62256151

c.3215-1G>T

splice site

LRRK2

chr12:40643706

c.917C>T

p.Ala306Val

missense

1

het

not found

not found

not found

not found

not found

VUS

LRRK2

chr12:40702910

c.4192C>T

p.Arg1398Cys

missense

1

het

rs373268136

2/66584

2/111322

1/16986

not found

VUS

LRRK2

chr12:40757242

c.7067C>T

p.Thr2356Ile

missense

1

het

rs113511708

17/66438

39/126416

10/16986

uncertain
significance

benign

VPS35

chr16:46694455

c.2320C>A

p.Leu774Met

missense

1

het

rs192419029

5/66728

13/126634

9/16986

not found

VUS

b) GBA

GBA

chr1:155205634

c.1226A>G

p.Asn409Ser

missense

2

het

rs76763715

242/66184
(1 hom)

255/126662
(1 hom)

22/16986

pathogenic /
risk factor

risk factor

GBA

chr1:155205518

c.1342G>C

p.Asp448His

missense

1

het

rs1064651

8/56216

20/111186

not found

pathogenic

risk factor

GBA

chr1:155205564

c.1296G>A

p.Trp432Ter

nonsense

1

het

not found

not found

1/111698

not found

not found

risk factor

GBA

chr1:155206037

c.1093C>T

p.Glu365Lys

missense

3

het

rs2230288

798/66700
(7 hom)

1564/126692
(10 hom)

161/16986

risk factor

risk factor
(mild)

GBA

chr1:155206167

c.1223G>A

p.Thr408Met

missense

10

het

rs75548401

627/64196
(5 hom)

1190/126534
(5 hom)

158/16986

VUS

risk factor
(mild)

Table 2
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PD
case

Mendelian PD gene
pathogenic variant

1

PINK1
p.Arg492Ter

2

PARK2
EX3-4DEL

3

LRRK2
p.Gly2019Ser

4

LRRK2
p.Gly2019Ser

5

VPS13C
p.Lys639AspfsTer14
p.Leu678GlufsTer26
p.Ala1072GlufsTer14
p.Ala1072_Gln1110del
p.Ser1076ArgfsTer

Sex

Ancestry

Age at
onset
of PD
(y)

female

Caucasian

20

falls, dysarthria,

tremor

depression, anxiety,
mild attention deficit

dysphagia

moderate

10y STN, good
effect on rigitiy
and akinesiia

male

Caucasian

39

dysarthrophonia

rigidity

depressive symptoms

sialorrhea

severe peak-dose
dyskinesias,
biphasic
dyskinesias

none

40

right-sided
hypokinesia,
rigidity

akinesia,
rigidity

minor depression

orthostatic
hypotension,
synkope, artrial
fibrillation,
hypakusis

none

none

31

fluctuations,
freezing of gait

rigidity,
micrographia

female

male

female

Caucasian

Caucasian

Caucasian
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39

Predominant
symptoms

Motor
symptoms

Psychiatric symptoms
/ cognition / memory

Further
symptoms

Dyskinesias

DBS treatment

dysarthria

rigidity,
micrographia,
tremor

minor depression

sialorrhea

severe

1y GPi
(infection), 5y
STN, after 3y
major
fluctuations

minor delusions,
hallucinations, mild
dementia

mild dystonia,
moderate gait
problems;
severe GIT
problems under
dopaminergic
treatment

severe under
dopaminergic
treatment

4y STN, initial
improvement,
after 2.5y severe
dysarthria and
mild aphasia
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Table 3

a

Variation amino
acida /deleted
exons

dbSNP142

Frequency
ExAC
European

Frequency
gnomAD
European

Frequency
in-house
exomesb

HGMD

ClinVar
classificationc

MDSGene
classificatio
n

PDMutDB
classificatio
n

studybased
classificatio
nd

Gene

Variation nucleotide

PARK2

c.245C>A

p.Ala82Glu

rs55774500

471/66736
(2 hom)

648/126574
(4 hom)

61/16986

CM012632
DM ?

not found

not found

pathogenic
nature
unclear

VUS

PARK2

c.1000C>T

p.Arg334Cys

rs199657839

1/66126

9/126462

9/16986

CM003865
DM ?

not found

not found

pathogenic

VUS

PARK2

c.1204C>T

p.Arg402Cys

rs55830907

170/66740

280/126724
(2 hom)

61/16986

CM056983
DM

not found

not found

PARK2

c.823C>T

p.Arg275Trp

rs34424986

204/65874

410/126516

21/16986

CM991007
DM

pathogenic

definitely
pathogenic

PARK2

c.247A>G

p.Thr83Ala

rs141825163

10/66736

18/126508

2/16986

not found

not found

not found

PARK2

c.(?-103)_
(171+1_172-1)del

EX1-2DEL

na

na

na

1/16986

not found

not found

PARK2

c.(7+1_8-1)_
(171+1_172-1)del

EX2DEL

na

na

na

1/16986

CG078014
DM

PARK2

c.(7+1_8-1)_
(618+1_619-1)del

EX2-5DEL

na

na

na

not found

CG044415
DM
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pathogenic
nature
unclear
pathogenic
nature
unclear
pathogenic
nature
unclear

pathogenic

not found

not found

pathogenic

pathogenic

definitely
pathogenic

pathogenic

pathogenic

not found

probably
pathogenic

pathogenic

pathogenic

VUS

VUS

