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Objective: Identification of genetic risk factors for Parkinson disease (PD) has to date been primarily limited to the
study of single nucleotide variants, which only represent a small fraction of the genetic variation in the human genome.
Consequently, causal variants for most PD risk are not known. Here we focused on structural variants (SVs), which rep-
resent a major source of genetic variation in the human genome. We aimed to discover SVs associated with PD risk by
performing the first large-scale characterization of SVs in PD.
Methods: We leveraged a recently developed computational pipeline to detect and genotype SVs from 7,772 Illumina
short-read whole genome sequencing samples. Using this set of SV variants, we performed a genome-wide association
study using 2,585 cases and 2,779 controls and identified SVs associated with PD risk. Furthermore, to validate the
presence of these variants, we generated a subset of matched whole-genome long-read sequencing data.
Results: We genotyped and tested 3,154 common SVs, representing over 412 million nucleotides of previously
uncatalogued genetic variation. Using long-read sequencing data, we validated the presence of three novel deletion
SVs that are associated with risk of PD from our initial association analysis, including a 2 kb intronic deletion within the
gene LRRN4.
Interpretation: We identified three SVs associated with genetic risk of PD. This study represents the most comprehen-
sive assessment of the contribution of SVs to the genetic risk of PD to date.

ANN NEUROL 2023;00:1–11

Introduction
There is substantial evidence that genetic factors contrib-
ute to the risk of developing Parkinson disease (PD). The
most recent genome-wide association study (GWAS),
which included approximately 40,000 cases, 20,000 first
degree relatives of PD cases and 1.4 million controls, iden-
tified 90 independent risk signals across 78 regions of the
genome.1 Despite these large-scale efforts, we have a lim-
ited understanding of which variants and genes are driving
the signal at the known risk loci as GWAS inherently
nominates chromosomal regions not individual variants.
Furthermore, these loci cumulatively explain 16–30% of
the heritable component of PD, meaning that most of the
common genetic variation that contributes to disease risk
is yet to be discovered.1

Previous genetic studies have focused on single-
nucleotide variants (SNVs), which represent only a
fraction of the genetic variation in the human genome.
Structural variants (SVs), which are duplications, dele-
tions, or inversions of stretches of DNA, represent over
10 times more genetic variation than SNVs.2 However,
SVs are more difficult to identify and accurately genotype
compared to SNVs due to common sequencing and align-
ment artifacts. As a result, SVs have been largely under-
studied, but recent advances in whole genome sequencing
(WGS) technology and improved SV detection algo-
rithms, may now allow for assessment of the contribution
of SVs to disease risk in large cohorts.

SVs can have a substantial phenotypic impact by dis-
rupting gene function and regulation or modifying gene
dosage. Further, recent studies have shown that SVs drive
functional changes across populations and cell and tissue
types.3,4 Although the role of SVs is yet to be comprehen-
sively assessed in the context of risk of sporadic PD,
several SVs are causative of monogenic forms of Parkin-
sonism. Examples include partial deletions in the gene

PARK2 that causes autosomal recessive PD5 and an SV
encompassing the gene SNCA that causes autosomal dom-
inant PD.6 Since then, causative SVs have been reported
in other familial PD genes, such as the genes PINK17 and
PARK7 (DJ-1).8

In this study, we performed the first genome-wide
characterization of SVs in sporadic PD. We detected a
total of 227,357 SVs in 7,772 individual samples, and val-
idated several new variants associated with PD risk. These
results demonstrate that SVs may contribute to disease
risk in PD and highlight the need for such variants to be
considered in future surveys of the genetics of neurode-
generative diseases.

Methods
Short-Read WGS Samples
The following 10 cohorts were used in this study: Biofind
(https://biofind.loni.usc.edu/), Harvard Biomarkers Study
(HBS) (https://amp-pd.org/unified-cohorts/hbs), North
American Brain Expression Consortium (NABEC),9 Lab-
oratory of Neurogenetics pathologically confirmed collec-
tion, the NINDS Parkinson’s Disease Biomarker Program
(PDBP) (https://pdbp.ninds.nih.gov/), samples from the
National Institutes of Health Parkinson’s Disease Clinic
(NIH PD CLINIC), the Parkinson’s Progression Markers
Initiative (PPMI) (https://www.ppmi-info.org/), Wellderly
(controls), and the United Kingdom Brain Expression
Consortium (UKBEC). Clinical and demographic charac-
teristics of the cohorts under study are shown in
(Supplementary Table 1). Participants included PD cases
clinically diagnosed by experienced neurologists. All PD
cases met criteria defined by the UK Parkinson’s Disease
Society Brain Bank.10 Each cohort abided by the ethics
guidelines set out by their institutional review boards, and
all participants gave informed consent for inclusion in
both their initial cohorts and subsequent studies. The
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research using data from the NIH Parkinson’s Disease
clinic cohort was approved by the NIH Intramural Insti-
tutional Review Board (IRB) under protocol number
01-N-0206. The overall study, working with genetic
information, is deemed “not human subjects research” by
the NIH Office of IRB Operations, waiving IRB
approval.

Short-read WGS data generation through AMP-PD
has been reported in detail previously by Iwaki et al.11

Briefly, DNA sequencing was performed using two pro-
viders, Macrogen or Uniformed Services University of the
Health Sciences (USUHS). Paired-end read sequences
were processed in accordance with the pipeline standard
developed by the Centers for Common Disease Geno-
mics.12 The GRCh38DH reference genome was used for
alignment as specified in the standardized functional
equivalence (FE) pipeline.13 The Broad Institute’s imple-
mentation of this FE standardized pipeline, which incor-
porates the GATK (2016) Best Practices,14 is publicly
available and used for WGS processing. SNVs and indels
were called from the processed WGS data using the
GATK (2016) Best Practices14 using the Broad Institute’s
workflow for joint discovery and Variant Quality Score
Recalibration (VQSR).15 For quality control, each sample
was checked using common methods for genotypes and
sequence related metrics.

Structural Variant Discovery
For SV discovery and downstream filtering, the Broad
Institute GATK-SV pipeline was run in cohort mode
https://github.com/broadinstitute/gatk-sv.16 All computa-
tions were finished on the Google Cloud Platform
(https://cloud.google.com). We filtered the dataset using
10 QC measurements (median sequencing coverage in
100 bp bins, dosage bias score δ, autosomal ploidy spread,
Z-score of outlier 1 Mb bins, chimera rate, pairwise align-
ment rate, read length, library contamination, ambiguous
sex genotypes, and discordant inferred and reported sex)
and excluded 164 samples (2.03%) for failing at least one
criterion. We kept samples with non-canonical sex chro-
mosome configurations in their batches and manually
removed all raw SV calls on X/Y from their raw VCF files.
We followed the batch scheme designed by Collins et al
to subdivide all samples that passed QC into 20 batches
with �400 samples per batch.16 The ratio of female sam-
ples and male samples in each batch is around 1:1.19, bal-
anced across all batches.

The complexity of calling SVs from short-read
sequencing data requires the use of multiple SV calling
tools in order to accurately and completely capture the dif-
ferent types of SVs. For example, calling copy number var-
iants requires a different algorithm than calling mobile

element insertions; hence, separate SV tools are needed.
Once the individual tools are run separately a multi-
algorithm pipeline such as GATK-SV is then required to
merge the overlapping SV calls from the multiple callers
into one final call set and perform downstream filtering.
In this present study, the SV evidence was collected from
three different SV algorithms (Manta v1.4,17 MELT
v2.2.0,18 and Wham v1.719) and CNV calls using cn.
MOPS v1.20.120 and GATK gCNV.21 The GATK-SV
pipeline integrates the SV calls from the three algorithms
and the CNV calls of each sample and standardizes the
calls to meet specifications required for the SV discovery
pipeline.

For filtering, we ran all four downstream filtering steps
included in the GATK-SV pipeline: minGQ filtering, Fil-
terOutlierSamples, BatchEffect, and FilterCleanupQualRecal-
ibration. The final filtering step usually requires trio data,
however since the PD cohort lacks family structures, we ran
minGQ filtering using the table pre-trained with 1,000
genomes samples at the 1% FDR thresholds. One hundred
forty-two outliers were removed in the FilterOutlierSamples
step, executed the procedures of BatchEffect, and ran
FilterCleanupQualRecalibration on the remaining cleaned
7,772 samples. The final SV callset included 366,555 SV
calls.

Genetic Analysis
Filtering. Initial sample inclusion criteria included: age at
disease onset or last examination at 18 years of age or
older, no genetically ascertained relation to other samples
(proportional sharing at a maximum of 12.5%) at the
cousin level or closer, and majority European ancestry
confirmed through principal-components determined by
HapMap3. All individuals recruited as part of a biased
and/or genetic cohort, such as GBA and LRRK2 rare vari-
ant carriers within a specific effort of PPMI cohort, were
also excluded. After sample QC, a total of 2,585 PD cases
and 2,779 neurologically healthy controls were included.
PD cases ranged from 19 to 92 years of age of onset. Con-
trol subjects ranged from 19 to 110 years of age. For the
association analyzes in order to assess the impact of high-
quality variants, SVs with the filter label “PASS” were
extracted from the final SV callset leaving a total of
227,357 biallelic autosomal SVs.

Genome-Wide Association Study. We performed an SV
PD GWAS (n = 2,585 cases, 2,779 controls) using logis-
tic regression in PLINK (v2.0) with a minor allele fre-
quency threshold of >1%. Principal components (PCs)
were generated in PLINK (v1.9) for the common SNV
datasets and common SV dataset separately. The step
function in R MASS package was used to identify the
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minimum number of PCs required to correct for popula-
tion substructure22 using both sets of PCs. Based on this
analysis sex, age and 18 PCs were incorporated in the
model. Overall genomic inflation was minimal with a
lambda estimate of 1.011 and a lambda scaled to 1,000
cases and 1,000 controls at 1.004. Multiple test correction
was handled using standard Bonferroni correction in
PLINKv1.9 under default settings.

Linkage Disequilibrium Analysis. We next integrated the
new SV dataset with the corresponding SNV data to iden-
tify if any SV tags any of the 90 PD risk SNVs. LD
between SNVs and SVs was computed with the “—r2
inter-chr dprime” parameter in Plink v1.9.23

Rare Variants Within PD Genes. We wanted to identify
variants within PD causal genes that were only present in
PD cases. To do this we included 21 genes that have been
reported to carry mutations that cause PD. The following
genes were included: SNCA, PRKN, UCHL1, PARK7,
LRRK2, PINK1, POLG, HTRA2, ATP13A2, FBX07,
GIGYF2, GBA, PLA2G6, EIF4G1, VPS35, DNAJC6,
SYNJ1, DNAJC13, TMEM230, VPS13C, and LRP10.

Long-Read Structural Variant Confirmation
Matched Oxford Nanopore Technologies (ONT) long-
read sequencing data were generated for eight PPMI sam-
ples from blood to in silico validate the SV of interest that
were discovered from the short-read sequencing data. The
samples were processed and sequenced using a protocol
optimized for population scale long-read sequencing from
frozen human blood (https://doi.org/10.17504/protocols.
io.ewov1n93ygr2/v1).

Fast5 files containing raw signal data were obtained
from sequencing performed using minKNOW v21.05.13.
All fast5 files were used to perform “super accuracy” bas-
ecalling on each sample with Guppy v6.0.1. Fastq files
that passed quality control filters in the basecalling step
were then mapped to the GRChg38 reference genome.
The resulting sam files were sorted, converted to bams
and indexed using samtools,24 and one final bam file per
sample was created. Chimera rate was calculated using the
Liger2LiGer tool.25

To detect and genotype SVs in the matched long-
read sequencing data Sniffles226 v2.0.3 was run using
default parameters. To improve SV calling in repetitive
regions, the “–tandem-repeats” option was used. To filter
out possible false positive SV calls Survivor27 v1.0.7 was
used with the “–filter” option to remove SV below 50 bp.

Next to calculate the overall in silico confirmation
rate of the short-read GATK-SV calls and validate the PD
associated short-read SV of interest, Truvari28 v3.1.2 was

run using the default parameters along with the
--pctsim = 0 parameter to turn off sequence comparison.
To note, Truvari only classifies SVs as “confirmed” if the
SV type (e.g., INS, DEL, DUP) is an exact match
between the two callsets being compared. Because the
naming of SVs was different between the two tools
(i.e., with GATK-SV the type is named SVTYPE = DUP
and with Sniffles2 SVTYPE = INS) before we ran Truvari
all SVTYPE = DUPs in the GATK-SV callset were
converted to SVTYPE = INS.

Results
Structural Variant Discovery and Distribution
Using the largest PD WGS short-read sequencing dataset
available, we surveyed 7,772 individuals at a mean
genome coverage of 30X. For SV discovery and
genotyping we used the GATK-SV pipeline to capture the
main classes of SVs. Using this approach, we genotyped a
total of 366,555 SVs and then filtered for high-quality
variants, leaving a total callset of 227,357 SVs (Figure 1).
In line with recent population studies that estimate that
401–10,884 SVs can be detected per short-read
genome,16, 29–32 our final callset contained on average
5,626 SVs per genome with a median of 1,361 insertions,
2,991 deletions, 1,194 duplications, 115 complex SVs
and 11 inversions (Figure 2). Also, in line with previous
population-scale SV studies, the majority of the SVs were
small (median 329 bp in size) with 21.40% < 100 bp and
62.12% < 1 kb in size (Figure 3). As expected, we
observed three main peaks of insertion size at around
300 bp, 2.5 kb and 6 kb, corresponding to Alu, SVA and
LINE mobile elements insertions.16 The majority of SVs
are only discovered in one individual, or rare (46.69%
minor allele frequency >0.01%). Overall, these results
demonstrate that our dataset of SV discovery in this PD
series contains variants consistent with expectations from
other surveys of the human genome.

Structural Variants Are Candidate Causal
Variants at Parkinson Disease Risk Loci
Previous studies have shown that SVs are often localized
to GWAS loci and are strong candidate causal variants for
hundreds of human traits.16,33,34 To identify SVs that
may drive signals at PD risk loci we integrated our SV
data set with prior, SNV, based GWAS for PD risk. After
filtering for SVs that are co-inherited with the lead GWAS
risk variant at each locus, we nominated eight SVs that
may explain PD risk at eight distinct genomic regions.

SV detection from short-read sequencing data can
lead to false positive identification of SVs, especially in
repetitive regions35; hence, it is crucial to validate nomi-
nated events. We therefore performed extensive SV
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validation by generating matched long-read sequencing
data on a subset of individuals from the discovery cohort.
We first optimized a protocol to yield high-quality long-
read sequencing data from frozen human blood samples
(see materials and methods). An SV was considered con-
firmed if there was evidence of the SV in the
corresponding long-read sequencing data and high geno-
type concordance across samples (defined here as >60% of
genotypes matching between the two datasets). Of the
eight variants tested from the short read sequencing data,
three SVs were confirmed with the matched long-read
sequencing data with high confidence (Supplementary
Table 2).

Two of the validated SVs; PD_DEL_chr4_14749
and PD_DEL_chr6_2338 are in moderate LD with the
PD risk SNVs rs62333164(r2 = 0.33, D0 = 0.82) (Nalls
2019 PD GWAS, p value of SNV = 2x10–10,
OR = 0.94) and rs4140646 (r2 = 0.20, D0 = 0.65)
(Nalls 2019 PD GWAS, p value of SNV = 5.62 � 10–
12, OR = 1.09), respectively. PD_DEL_chr4_14749 is a
0.42 kb intragenic deletion 35 kb downstream of the gene
NEK1. PD_DEL_chr6_2338 SV is a 0.33 kb intragenic
deletion 2.5 kb upstream of the gene ZSCAN9. Both SVs
are deletions of a reference Alu mobile element. In addi-
tion, the validated SV, PD_DEL_chr20_597 (Figure 4A)
is in strong LD with the PD risk SNV rs77351827
(r2 = 0.89, D0 = 0.95) (Nalls 2019 PD GWAS, p value
of SNV = 8.87 � 10�9, OR = 1.08) (Figure 4B).

PD_DEL_chr20_597 is a 1.95 kb intronic deletion
within intron three of the gene LRRN4 (Figure 4C) that
spans two reference Alu mobile elements.

Furthermore, to assess whether the SVs could be
driving the PD risk signals at these loci, we attempted to
run conditional analyses; however, due to the current sam-
ple size of our dataset, no signal existed at the three loci
(Supplementary Figure S1). In summary, here we identify
three structural variants that are strong candidates for
causal variants for future follow-up functional studies.

Structural Variant Genome-Wide Association
Analysis
Using a GWAS approach with 2,585 cases and 2,779
controls, we identified a total of nine genome-wide signifi-
cant SV association signals (Supplementary Figure S2)
with a genome-wide inflation factor λ1000 of 1.004
(Supplementary Figure S3). However, in silico confirma-
tion using the matched long-read sequencing data indi-
cated that the nine “hits” were potentially false positive
signals because either (1) there was no evidence of the SV
in the matched long-read data or (2) the SV genotyping
accuracy was low across the eight tested long-read samples.
To note, for the majority of loci, although a non-reference
SV was present in that region, the genotype concordance
was low across samples, so we could not confirm the asso-
ciation signal. Detailed summary statistics from the SV
GWAS can be found in (Supplementary Table 4).

Figure 1: SV analysis workflow. This figure describes the study design behind the analyses included in this report.
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Of interest are two large deletions (PD_DEL_
ch17_4739 and PD_DEL_chr17_4744) at the 17q.21.31
locus containing the MAPT gene that were significant hits in
our GWAS analysis. This locus lies within a 1.5 Mb inver-
sion region with two distinct haplotypes, H1 and the
inverted H2 haplotype. The major haplotype H1 has been
associated with risk of many neurodegenerative diseases
including Alzheimer Disease,36 Progressive supranuclear
palsy,37 and PD.38 While these deletions do not validate in
the long-read sequencing data the variants are in high LD
with the H1/H2 tagging SNV rs8070723 (PD_DEL_
ch17_4739; r2 = 0.98, D0 = 0.99 and PD_DEL_chr17_
4744 r2 = 0.98, D0 = 0.99) suggesting that they are
artifacts that likely represent the known large inversion in
this region with correct genotyping accuracy but inaccurate
SV detection.

Further analysis of the 17q21.31 locus identified
that a large 675 kb inversion (PD_CPX_chr17_84) is pre-
sent in the non-filtered short-read GATK-SV callset, how-
ever it was removed from downstream analyses due to the
Hardy Weinberg filtering. If this inversion is the known
large inversion in the 17q21.31 locus it should be in com-
plete LD with rs8070723 the H1/H2 proxy SNV. How-
ever, the LD was r2 = 0.65 and D0 = 0.90, suggesting
that the genotyping accuracy of this large inversion is
moderate in the short-read callset and also inaccurate with
SV detection given the difference in size (i.e., our long-
read sequencing data reported 675 kb compared to the
900 kb reported in the literature). We next aimed to

investigate carriers of the inversion in the long-read data.
Two of the long-read samples were predicted to carry the
inversion based on rs8070723 and PD_CPX_chr17_84
genotypes. Analysis of this region in the long-read
genomes identified that the two predicted carriers in fact
carried a 150 kb duplication as called by Sniffles2. This
suggests an artifact-based detection on the large inversion
with inaccurate SV detection but with correct genotype
like that of the two deletion SVs called from the short-
read sequencing data in the MAPT region. So, for this
large inversion that is associated with many neurodegener-
ative diseases, we highlight that both the short and long-
read datasets were unable to both accurately detect and
genotype the SV using current algorithms.

Overall, we highlight that short-read sequencing SV
studies can result in a high number of false positives even
when very stringent QC filtering is used. Therefore, it is
important to perform experiments to validate these hits so
false associations are not reported.

Long-Read Sequencing Is Required to Capture
Most Structural Variants in the Genome
We sought to characterize the genome-wide distribution
of SV in long-read datasets. In line with recent population
studies that report �25,000 SV per long-read genome,39, 40

each genome carried a mean of 27,277 SVs. Unlike the
short-read callset, which contains predominantly dele-
tions, over half of the long-read SVs were insertions.
Overall a median of 14,481 insertions, 12,532 deletions,

Figure 2: Properties of SVs detected in the average genome. We analyzed a total of 7,772 short-read genomes after quality
control. The plots show the breakdown across SV class and size. (A) Overall, on average each genome carried 5,626 SV, with a
median of 1,361 insertions, 2,991 deletions, 1,194 duplications, 115 complex SVs, and 11 inversions. (B) The majority of SVs
were small with a medium size of 329 bp. Overall, only a total of 8% of SV per genome were larger than 2.5 kb and 1% of SVs
per genome were > 50 kb.
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43 duplications, 98 inversions, and 123 translocations were
discovered per genome.

To assess the sensitivity and specificity of the short-
read SV callset we performed a detailed comparison of the
short-read and matched long-read sequencing data. It is
important to note here that although recent benchmarking
using 30X ONT data reported high accuracy with
Sniffles2,26 the following confirmation rates assume that
the long-read SV calls represent the absolute ground truth,
which will not be the case for 100% of the long-read SVs.

To benchmark our dataset against other large scale
SV studies, we compared our confirmation rates to those
from Collins et al16 In line with this prior approach, we
only focused on “high-confidence” SVs that had
breakpoint-level read support (‘split-read’ evidence) and
that did not span annotated simple repeats or segmental
duplications. When we focused on this restricted list of
variants the overall confirmation rate was �80%, lower
than the 94% reported by Collins et al. The final filtering
step in GATK-SV removes variants based on the genotype
quality across populations. Usually this step requires trio
families to build the minGQ filtering model. However we
used a model pre-trained with the 1,000 Genomes sam-
ples as there were no trios present in our short-read WGS
dataset. Although we implemented a very stringent final
FDR cut off (1%) for our calls, as expected this likely
leads to a higher false-positive rate compared to a filtering
model based on family data.

If we expand the comparison and focus on all the
“PASS” short-read SVs that were used in the genetic

analysis here, on average 72% of the tested SVs were con-
firmed in the long-read sequencing data (Figure 5). A, SV
was classed as confirmed if there was evidence of that vari-
ant in the matched long-read data. For the confirmed
SVs, on average the genotype concordance was 78% per
genome. As expected, the majority of confirmed SVs were
deletions (85% of the tested short-read deletions were
confirmed). In line with recent studies that highlight the
difficulty of calling SV in repetitive regions with short-
read sequencing data,35 duplications represented 40% of
the false positives in the short-read callset. When we
assessed the overlap between the long-read and short-read
sequencing data, 84% of the SV in the long-read data
were not present in the short-read callset and the majority
(58%) of the SV detected solely by long-read sequencing
were insertions (Figure 5).

Rare Variants Within Reported Causal or
High-Risk Genes for Parkinson Disease
Although the primary focus of this present study was to
characterize the role of common variants in PD given the
utility of this new SV dataset, we aimed to report rare SV
of potential interest. To date, rare variants in more than
20 genes have been reported to cause PD.41 We explored
this in our SV callset by extracting SVs within these genes
that were only present in PD cases. A total of 106 rare
variants lay within these genes in cases only
(Supplementary Table 5). It is important to stress here
that this list of SVs were not validated and based on the

Figure 3: Size and allele frequency distribution of “PASS” SVs in the short-read data. (A) The majority of SVs are small and rare.
As previously reported in other large-scale short-read studies three peaks are observed at 300 bp, 2 kb and 6 kb, representing
Alu, SVA and LINE1 mobile element insertions, respectively. (B) Most SVs were singleton variants (46.87%) or rare
(AF <1%) (46.69%).
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rate of validation between our short-read and long-read
SV callsets some of the variants may be false positives.

Discussion
Gaining a full understanding of the genetic architecture
underpinning PD is critical for the development and
application of therapeutic treatments that could slow or
stop disease. Despite this, most of the common variants
driving disease are unknown and even for well-
characterized loci, the identity of the functional effector
variant remains unknown. One reason for this is that

previous genetic studies have focused solely on SNVs
which represent only a fraction of the genetic variation in
the human genome. SVs are a major source of genetic
diversity, however this type of variability, while wide-
spread and of significant functional consequence, has been
difficult to assay accurately, even with the evolution of
short read whole genome sequencing.42 Here we report
the first comprehensive genome-wide analysis of SVs in
PD to date. We characterized SVs in 7772 individuals,
representing over 412 million nucleotides of unexplored
genetic variation and validated three new variants associ-
ated with PD risk.

Figure 4: A 2 kb deletion within intron 3 of LRRN4 is a strong candidate for causal variant at the chr20 rs77351827 locus. (A) A
samplot image showing the �2 kb deletion at chr20. Aligned regions are marked in orange and the gap represents the deletion
coded in black. The height of the alignment is based on the size of its largest gap. The three sequence alignment tracks follow,
each alignment file plotted as a separate track in the image. The coverage for the region is shown with the gray-filled
background. The SV genotypes (homozygous deletion, heterozygous deletion, and homozygous reference allele/no deletion)
that were predicted by GATK-SV from the short-read sequencing data are annotated on the left of the corresponding tracks.
Each genotype was confirmed in silico by the matched long-read sequencing data. (B) An LDheatmap showing pairwise LD
measurements measured in R2 between the 2 kb PD_DEL_chr20_597 deletion and rs77351827. High R2 values are shown in red
and low R2 values in blue. PD_DEL_chr20_597 is in high LD with the lead PD risk SNV of this locus rs77351827(r2 = 0.89,
D0 = 0.95). (C) Locuszoom plot of the association signal at the chr20 rs77351827 PD risk locus from the Nalls 2019 PD SNV meta-
analysis. The gene LRRN4 lies directly under the risk signal and the schematic below shows the location of the deletion within
intron 3 of the gene.
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A major bottleneck in genetics is determining the
true causal variant(s) and functionally affected gene(s)
within the associated risk loci. Consequently, only a few
PD risk loci have been functionally validated and these
mainly consist of genes that are known to cause mono-
genic forms of PD. One of the main motivations of this
present study was to integrate new SV data at these loci
with the hope that a more complete understanding of the
genetic variation at these regions would provide insight
into the biology driving risk of disease. Although this ini-
tial work is the largest and most complete assessment of
SV in PD to date, it is still of relatively modest size for
genetic discovery, hence no genome-wide significant vari-
ants were identified in the GWAS. However, we identified
three SVs that are located at a known risk loci in strong
(PD_DEL_chr20_597) or moderate LD (PD_DEL_
chr4_14749 and PD_DEL_chr6_2338) with the lead risk
SNV at each locus. Of interest, all three variants were
deletions of one or more reference Alu mobile elements.
Alu mobile elements are usually �300 bp in length and
constitute �11% of the human reference genome with
over 1 million copies.43 Recent studies have shown that

presence/absence variation within reference Alu elements
can have a profound functional impact.44,45

This study suggests that a 2 kb deletion within
intron 3 of the gene LRRN4 (Leucine-rich repeat neuronal
protein-4) is a strong candidate for causal variant at the
PD risk locus at chromosome 20 (Locus 77 -https://
pdgenetics.shinyapps.io/GWASBrowser/). LRRN4 is a
type I transmembrane protein that is a member of the
LRRN family. Previous studies report that it is expressed
in the lung, heart, ovary, hippocampus and cortex and
suggest it may be involved in hippocampus dependent
memory retention in mice.46 Clearly, it will be important
to further understand the importance of these and other
yet to be identified SVs on risk loci, and this will likely
require a combination of higher powered genetic investiga-
tion, along with the integration of functional modalities to
include genomic and transcriptomic regulatory assays.

Although this study marks a significant step forward
for cataloging structural variation in PD, indicative of any
SV analysis from short-read sequencing data, it has several
limitations. First, very stringent variant QC parameters
were used to reduce the false positive rate of the short-read

Figure 5: Comparison of SVs called with short-read and long-read in eight matched PPMI blood samples - ONT long-read
sequencing detects significantly more SV than the short-read sequencing on average per genome. (A) On average 5,626 SVs
were detected per short-read genome compared to 27,277 with long-read sequencing. Of the 5,626 SV discovered in the short-
read sequencing data, 72% of the SV were confirmed in silico with long-read sequencing. As expected, duplications drove the
false positive rate. (B) The majority of the SV in the genome cannot be detected with sequencing data alone. Of the 27,277 SVs
detected with long-read sequencing, only 14% of the SVs were present in the short-read callset. Most of these false negative
calls, ie, SVs that were detected by long-read sequences but not present in the short-read callset were insertions.
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SV calls. Therefore, it is possible that disease relevant SVs
detectable via short-read sequencing may have been fil-
tered out from the downstream analyses. Second, as
shown by our long-read and short-read comparison, most
SVs are not detectable using short-read sequencing data
alone, suggesting that we have only been able to assess a
small fraction of the SVs present in each genome. Taken
together, these factors highlight that this study likely rep-
resents a massive underestimate of the contribution of SV
to risk of PD.

Our study emphasizes that long-read sequencing
data is needed to resolve much of the genetic variation in
the human genome. Generating population-scale long-
read WGS datasets to capture SVs that are currently hid-
den from traditional methods is an essential step toward
solving the architecture of complex genetic disorders.47

For neurodegenerative diseases specifically, there are two
large-scale initiatives underway to generate such datasets.
The first is a Global Parkinson’s Genetics Program (GP2,
www.gp2.org) led initiative. GP2 is the first supported
resource project of the Aligning Science Across
Parkinson’s.48 Through this endeavor, GP2 will long-read
sequence �1,000 PD cases and control blood samples.
The second initiative is led by the NIH Center of
Alzheimer’s Dementias and Related Dementias (CARD,
https://card.nih.gov), whereby CARD is generating long-
read WGS in a total of �4,000 brain samples to catalog
SVs in Alzheimer’s disease, Lewy Body Dementia,
Frontotemporal Dementia and neurologically healthy
controls.

Conclusion
In conclusion, this present study represents a step forward
in understanding the genetic factors contributing to PD
risk. We performed the first SV GWAS of PD and ran
comprehensive validation analyses, identifying three struc-
tural variants associated with PD risk. These variants are
strong candidates for causal variants at these loci, therefore
an essential next step will be to run follow-up functional
studies to identify the true gene or genes driving the risk
of disease at these regions. Without a complete under-
standing of the gene(s) truly involved in disease, identify-
ing viable therapeutic targets is extremely challenging.
Through this study, we also show the limitations of using
short-read sequencing data for calling SVs and report that
even with very stringent QC a high number of false posi-
tive associations are observed, thus extensive experimental
validation studies are required. Finally, we show the bene-
fits of using long-read sequencing data and present a
workflow for generating high quality long-read sequencing

data. With this data we are powered to detect many new
variants once invisible with previous methods.
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