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Introduction: Genome-wide association studies (GWAS) have identified multiple loci

associated with Parkinson’s disease (PD) risk. The presence of rare variants within these

loci that may account for the increased susceptibility requires further investigation.

Methods: Using exome sequencing, we performed a comprehensive rare variant screen

of genes located within 56 novel PD loci. We first analyzed exomes from 109 subjects in

the discovery cohort (85 diagnosed with PD and 24 healthy controls) and filtered for rare

coding variants with minor allele frequency < 0.01 and combined annotation-dependent

depletion > 15. Further investigation of exome data from a replication cohort of 2,859

European patients with PD (International Parkinson’s Disease Genomics Consortium) and

24,146 non-Finnish European controls from gnomAD were used for association testing

of specific rare variants found in the discovery cohort.

Results: Our genetic screening identified 54 potential disease-relevant variants in 71

genes in 109 subjects. Six out of 54 variants were found in two or more patients and

were not observed in healthy controls: DNAH1 p.A3639T, STAB1 p.S1089G, ANK2

p.V3634D, ANK2 p.R3906W, SH3GL2 p.G276V, and NOD2 p.G908R. Replication in

the International Parkinson’s Disease Genomics Consortium (IPDGC) confirmed the

association with PD risk for three out of the six identified variants (STAB1 p.S1089G,

SH3GL2 p.G276V, and NOD2 p.G908R) (p < 10−3).

Conclusion: Our study suggests that some of the associations identified in PD risk loci

can be ascribed to rare variants with likely functional effects that modify PD risk.

Keywords: Parkinson’s disease, GWAS, rare variants association analyses, exome analysis, STAB1, SH3GL2, NOD2

INTRODUCTION

Parkinson’s disease (PD) is the second most common neurodegenerative disease. To date, 5–10%
of PD is explained by monogenic causes (1, 2). However, a large part of PD still remains genetically
unexplained, although heritability estimates show that the genetic components account for ∼27%
(3, 4). Thus, a substantial proportion of genetic influence on PD remains to be elucidated. Genome-
wide association studies (GWAS) in PD patients have identified genetic loci, which typically
nominate regions of association but do not pinpoint causal variants. Both common and rare coding
variants in SNCA and LRRK2 have been reported to be associated with PD. SNCA p.A53T was the
first identified pathogenic mutation for PD (5), and subsequent GWAS nominated common risk
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variants for PD in SNCA (6). Similarly, LRRK2 harbors the
most common pathogenic mutation in familial PD, p.G2019S,
accounting for up to 40% of Tunisian Arab-Berbers and 20%
in Ashkenazi Jews with familial PD (7, 8). An association in
the LRRK2 locus was identified in a recent GWAS (4). This
supports the hypothesis that genes identified in GWAS can
harbor biologically relevant rare coding variants and account for
the observed association. Two recent GWAS (9, 10) identified
56 novel risk loci for PD. As an increasing number of risk loci
are identified through GWAS meta-analyses, it is important to
further investigate whether associated genes harbor rare variants
that contribute to risk. In this study, we performed an exploratory
analysis on the impact of rare coding variants within novel
GWAS loci and its relationship with PD risk.

METHODS

Patient Demographics
We studied exomes from 109 subjects who are from Germany,
recruited in Lübeck (85 with PD and 24 healthy controls);
23 patients were known to carry either a pathogenic
or likely pathogenic variant in genes described in PD
(11) (i.e., PRKN, SNCA, PINK1, PLA2G6, GBA, LRRK2)
(Supplementary Table 1). A previously published analysis
had identified patients with likely pathogenic or pathogenic
genetic variants (11). We included these 23 patients with a
known genetic cause to assess the presence of double mutations,
albeit on an exploratory level as there is no sufficient power to
identify disease modifiers. Exome sequencing was performed
on all 109 individuals, and exome variants located within
the 56 GWAS PD loci were selected for further analysis
(9, 10). In our exome cohort, 17% of patients had a positive
family history (FH), 51% had negative FH, and 32% had no
FH available. Positive FH is defined as having any family
member affected with PD. Local ethics approval was obtained
from the Research Ethics Board of the University of Lübeck.
All patients were examined and diagnosed by movement
disorder specialists (MK, NB, and CK). All participants
provided informed consent before donating a blood sample
for genetic analysis and are from Germany or of other
European descent.

Exome Sequencing
Exome sequencing was performed with Illumina’s Nextera Rapid
Capture Exome Kit followed by massively parallel sequencing on
a NextSeq500 Sequencer (Illumina, San Diego, CA, USA). Raw
sequencing reads were converted to fastq format using bcl2fastq
software (Illumina). Using an in-house developed pipeline for
exome data analysis, the reads were aligned to the human
reference genome (GRCh37, hg19 build) with Burrows-Wheeler
algorithm software and the mem algorithm. Alignments were
converted to binary bam file, and variant calling was performed
using three different variant callers (GATK HaplotypeCaller,
freebayes, and samtools). Variants were annotated using Annovar
and in-house ad hoc bioinformatic tools (12).

GWAS Loci Screening: Variant Selection
We investigated 71 susceptibility genes within 56 loci identified
in the two most recent PD GWAS (9, 10), which nominated
71 susceptibility genes within 56 loci (Supplementary Table 2).
The two most recent GWAS publications were used: 32 possible
genes within 17 identified associated loci were nominated by
Chang et al. (9), and 39 possible genes within 39 identified
associated loci were nominated by Nalls et al. (4). We first
examined our discovery cohort (109 exomes) to detect novel
disease-associated variants for PD in the 71 nominated genes,
although power was a limitation. We selected variants with
(1) minor allele frequency < 0.01 in Genome Aggregation
Database v2.1.1(gnomAD) (13), (2) functional impact: non-
synonymous, stop-gain, frameshift, and splicing variants, (3)
combined annotation-dependent depletion (CADD) score > 15,
and (4) Phred quality score > 20, coverage > 20×, and variant
allele fraction > 40% of called reads. All the selected variants
identified in two or more patients were validated by Sanger
sequencing. An overview of the study design is illustrated in
Figure 1.

FIGURE 1 | Overview of study design. n, number of subjects; MAF, minor

allele frequency; IPDGC, International Parkinson’s Disease Genetics

Consortium; gnomAD, Genome aggregation database; PD, Parkinson’s

disease. * 23/85 patients have likely pathogenic variants in known genes for

PD. # performed using non-Finish European controls n = 24,146.
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Replication Association Test Statistics
Subsequent association tests were performed in the International
Parkinson’s Disease Genomics Consortium (IPDGC) replication
cohort for six nominated variants in five genes (Figure 1,Table 1)
(DNAH1, STAB1, ANK2, SH3GL2, and NOD2). Summary
statistics were obtained from the exome sequencing data on a
PD database query. Each patient carrying variant of interest from
these five genes was obtained from the full IPDGC cohort for
further association testing. Genetic association testing on specific
variants found in the original German discovery cohort was
also performed by comparing the 2,859 unrelated individuals
from the IPDGC and 24,146 individuals from the non-Finnish

European population (we excluded the Finnish European
population because of reduced genetic diversity) from gnomAD
(13) using Fisher’s exact test. After correcting for multiple testing,
p values <0.0085 were considered statistically significant.

RESULTS

Identification of Rare Variants in PD Loci
and Candidate Genes
Exome sequencing on 109 individuals resulted in an overall
average coverage >100×. The average PD onset age is 35.9
years (range, 6–80) across 85 patients. The average age at
collection is 55.8 years (range, 19–89) for PD patients and
66.4 years (range, 56–81) across 24 controls. The percentage
of male patients is 62% in the patient cohort and 38% in the
control cohort. We did not have the power for association
analysis when separating individuals with a FH and sporadic
cases. No individuals were related to each other besides the

one set of siblings reported in this study. After applying our
standard filtering criteria of (1) minor allele frequency < 0.01
in Genome Aggregation Database (gnomAD), (2) functional
impact: non-synonymous, stop-gain, frameshift, and splicing
variants, (3) CADD score > 15, and (4) Phred quality score
> 20, coverage > 20×, and variant allele fraction > 40% of
called reads, we identified 54 unique variants in 71 candidate
genes; of these variants, 49 were not observed in healthy
controls (Supplementary Table 3). However, we acknowledge
the limitation of the small sample size of our discovery cohort.
Furthermore, 6 out of 49 variants were present in multiple
PD cases and located in five genes (DNAH1: c.10915G>A:
p.A3639T (NM_015512), STAB1: c.3265A>G: p.S1089G
(NM_015136), ANK2: c.10901T>A: p.V3634D (NM_001148),
ANK2: c.11716C>T: p.R3906W (NM_001148), SH3GL2:
c.827G>T: p.G276V (NM_003026), NOD2: c.2722G>C:
p.G908R (NM_022162) (Table 1).

Rare Variants in Idiopathic PD
Out of 62 patients with idiopathic PD, we found 9 rare variants
fulfilling the selection criteria and not in controls. Three patients
(L-7378, L-1371, and L-2035) are carriers of an ANK2: p.V3634D
variant. Two patients are ANK2 p.R3906W carriers with an age
at onset (AAO) of 28 years (L-377 and L-3672). Two patients are
carriers of the SH3GL2 p.G276V variant (L-3094 and L-7888). L-
3094 and L-7888 have an AAO of 51 and 80 years, respectively.
NOD2 p.G908R was found in two patients with a negative FH of
PD. The other NOD2 p.G908R carrier (L-587) had an AAO of
28 years.

TABLE 1 | Patients with candidate variants in nominated GWAS loci.

Mutation ID Sex Age AAO FH Population Pathogenic variants

(A) IDIOPATHIC PD

DNAH1 p.A3639T L-1523 Female 65 32 No Polish n.a

ANK2 p.V3634D L-7378 Male 65 56 No German n.a

L-1371 Female 58 32 No German n.a

L-2035 Male 35 30 n.a. Polish n.a

ANK2 p.R3906W L-377 Male n.a. 28 Yes German n.a

L-3672 Male 64 28 No G‘erman n.a

SH3GL2 p.G276V L-7888 Male 82 80 No German n.a

L-3094 Female 61 51 n.a German n.a

NOD2 p.G908R L-587 Female 44 28 No German n.a.

(B) CARRIERS OF PATHOGENIC VARIANTS

DNAH1 p.A3639T L-295 Female n.a. 45 Yes. German LRRK2 het p.R1441C

L-2501 Male n.a. n.a. Yes German LRRK2 het p.R1441C

STAB1 p.S1089G L-2124 Female 68 53 Yes German PINK1 homo p.Gln456*

L-2126 Female 72 47 Yes German PINK1 homo p.Gln456*

ANK2 p.V3634D L-3035 Male 40 35 No n.a. PRKN het Ex3-4 Del.+ het Ex7-9 Dupl

SH3GL2 p.G276V L-649 Male n.a. 16 Yes German PRKN het p.R275W

NOD2 p.G908R L-1888 Female 25 19 No German PRKN het p.R275W and Ex1 Dupl

ID, identifier; AAO, age at onset; FH, family history; n.a., not available; het, heterozygous; homo, homozygous; Dupl, duplication.
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Rare Variants in Pathogenic Variant
Carriers
Although this is an underpowered assessment of double
mutations with only 23 patients, we thought that a descriptive
and exploratory analysis is still warranted for pathogenic
mutation carriers in this cohort. Out of the 23 patients
having a known genetic cause of PD, 7 patients also
have an additional rare variant in either DNAH1, STAB1,
ANK2, SH3GL2, and/or NOD2 (Table 1). Two patients
(L-295 and L-2501) with a LRRK2 p.R1441C mutation
also carry a DNAH1 p.S1089G variant. Two sisters with
the STAB1 p.S1089G variant in our discovery cohort
harbor a homozygous PINK1 p.Q456X variant. One patient
with a negative FH of PD and an AAO of 35 years is
compound heterozygous for pathogenic PRKN variants
(deletion of 3–4 and duplication of exon 7–12) and also
an ANK2 p.V3634D variant. Patient L-649 is a carrier of
a heterozygous PRKN p.R275W and an SH3GL2 p.G276V
variant, with a positive FH of PD and an AAO of 16 years.
Lastly, patient L-1888 had compound heterozygous PRKN
variants (p.R275W and exon one duplication) and a NOD2
p.G908R variant.

The MDSGene database was used as a comparison tool as
a systematic approach to check if combination of mutations
leads to a more severe phenotype. The MDSGene database aims
to provide a comprehensive, systematic overview of published
data on movement disorder patients and currently contains
data on 1,613 different mutations, from 1,227 publications.
To systematically assess this, we filtered for the pathogenic
variants identified and the clinical features that are associated
with the pathogenic variants. We found that the median
AAO for a LRRK2 p.R1441C heterozygous mutation carrier
is at 58 years of age. In comparison, patient L-295 (with a
DNAH1 p.A3639T variant) had an AAO of 45 years. Patient
L-649 with SH3GL2 p.G276V and PRKN p.R275W has an
earlier onset of 16 compared to the median AAO of 41 for
PRKN p.R275W carriers. Lastly, the NOD2 p.G908R variant
carrier has an AAO of 19, which is earlier than the average
PRKN compound heterozygous carrier of either the Ex1Dupl or
PRKN p.R275W. The other double mutation carriers (patients
with STAB1 and ANK2 variants) had AAO comparable to
the median AAO of patients with mutations in a single gene
(Supplementary Table 4).

IPDGC Replication
We then further assessed the identified six variants that
were present in two patients and no controls (DNAH1
p.A3639T, STAB1 p.S1089G, ANK2 p.V3634D, ANK2
p.R3906W, SH3GL2 p.G276V, and NOD2 p.G908R) in the
IPDGC cohort. Significant association testing was found
for three variants (p < 0.0001) with an odds ratio (OR)
of 2.08 [95% confidence interval (95% CI), 1.40–3.08]
for SH3GL2 p.G276V, 3.45 (95% CI, 2.77–4.28) for NOD2
p.G908R, and 2.87 (95% CI, 1.51–5.13) for STAB1 p.S1089G
(Supplementary Table 5).

DISCUSSION

Although GWAS associations in larger cohorts are valuable,
there has not been a detailed evaluation of rare exome-derived
variants. To investigate whether genes showing common variant
association with PD in previously published GWAS loci also
harbor rare variants of potential functional effect, we used exome
sequencing in a German cohort and subsequent replication in
the IPDGC exome data from patients of European descent. The
power of our initial discovery cohort is a limitation of this study,
as we only had 62 idiopathic PD patients. Considering the small
sample size and lack of power, we attempted to replicate our
findings in a larger cohort [IPDGC cohort (n= 2,859)]. Notably,
previous studies have also yielded interesting candidates even
with small sample sizes: Guo et al. have nominated interesting
variants in NUS1 from 39 trios with healthy parents and early-
onset patients with PD (14), and a smaller study of exome
sequencing in 50 early-onset patients with PD has nominated
interesting variants in SPG7 (11). The SPG7 implication in
PD has been independently identified (15). Taken together,
although there are limitations, smaller discovery cohorts can
still be valuable, and further replication in larger cohorts
are warranted.

In this study, we used a CADD score of 15 as cutoff (e.g.,
top 5% most likely deleterious) to select rare variants which
scored high for the deleteriousness. The >15 inclusion threshold
has been suggested by the developers of CADD to identify
potentially pathogenic variants, as it is the median value for
all possible canonical splice site changes and non-synonymous
variants (16). However, the optimal threshold of CADD C-score
to uncover causal variants may depend on several factors. In
this study, the particular interest regarding the contribution
that low frequency and rare variants can have an impact
on PD.

Thus, these variants have a higher probability of
damaging functional impact. In the German cohort, 6
out of 54 variants were found in two or more patients
and were not observed in healthy controls: DNAH1
p.A3639T, STAB1 p.S1089G, ANK2 p.V3634D, ANK2
p.R3906W, SH3GL2 p.G276V, and NOD2 p.G908R.
Subsequently, in the IPDGC cohort, we detected a
significant association with PD status (p < 0.001) for
three variants: STAB1 p.S1089G and SH3GL2 p.G276V and
NOD2 p.G908R.

Unfortunately, no additional family members were
available from patients with idiopathic PD to test for
cosegregation with disease. However, evidence of association
within a larger replication cohort suggests the importance
of these low-frequency variants for PD risk. The OR is
relatively low compared to usual OR for rare variants that
are disease causing (range OR, 2.08–3.45); however, it
is comparable to the LRRK2 p.G2385R effect size. Thus,
they seem to be weaker risk variants that might have
an impact if present in a cumulative fashion within the
same gene.

Although, we only have 23 patients with previously described
pathogenic or likely pathogenic variants, we also identified
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several variants of interest that is worth further analysis.
Since, we identified 6 variants of potential interest in these
71 genes in 85 PD cases, we used the probability of 6/85
(0.0697) as a reference. Thus, within 23 patients already
carrying a pathogenic mutation, we would theoretically
expect two patients with double mutations. Here, we identify
seven patients with double mutations, which is more than
the expected.

We utilized MDSGene (1, 2) database for further analysis
and systematic comparisons across double mutation carriers for
assessment of AAO. For example, L-649 had one SH3GL2 variant
and one heterozygous PRKN variant with an early AAO (16
years). PRKN heterozygous mutation carriers normally do not
present with PD. However, patient L-649 with an SH3GL2 variant
had an even earlier onset of PD (AAO = 16) compared to the
average PRKN homozygous p.R275W carrier (median AAO =

41). The average age of onset of all PRKN mutation carriers is
31 years (interquartile range, 23–38 years) (usually early onset
patients are described as <45 years) (1). These two cases could
indicate a modifying effect for AAO but cannot be determined in
this study, as this is still on an exploratory level. How these rare
variants contribute to disease pathology is of importance, and
future mechanistic studies are necessary to elucidate the disease
biology of these nominated GWAS candidates. SH3GL2 encodes
endophilin A1, and it disrupts in the synaptic vesicle endocytosis
and maintains axonal terminal integrity (17–20). The SH3GL2
p.G276V variant is within the N-terminal amphipathic helix
Bin/Amphiphysin/Rvs-homology (N-BAR) domain, responsible
for insertion into the lipid membrane through the BAR domain
(19). SH3GL2 is also responsible for recruitment of dynamin
to clathrin-coated vesicles (20). Parkin interacts with NOD2
for regulation of stress and inflammation; Parkin knockdown
in mouse dopaminergic neurons exhibited increased NOD2
expression and endoplasmic reticulum stress and cytokine release
(21). NOD2 deficiency was protective against 6-OHDA-induced
DA degeneration and neuronal death (22), suggesting that the
identified NOD2 variants in our patients may be toxic gain of
function. The average AAO within the cases of the exome dataset
was mostly early onset [AAO, 35.9 years (range, 6–80)], which is
significantly younger than the AAO of patients from published
GWAS. The differences between the AAO and the published
GWAS studies and the potential differences in genetic etiology
are a caveat in our study. Further studies with more patients
would be warranted. However, using the IPDGC replication
cohort and an additive model, with 2,859 cases and 24,146
controls, disease prevalence of 1%, MAF of 1%, and significance
level of p = 0.0001, the sample was adequately powered (90.1%)
to detect an effect of relative risk 2.0. Our study has identified rare
variants in STAB1, NOD2, and SH3GL2 within newly described
GWAS loci, which may contribute to PD risk. All variants are
reported in the Human Gene Mutation Database. Additional
follow up of these variants, assessing familial segregation with
PD, and functional studies are required to elucidate their possible
impact on disease pathophysiology.
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