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PRKNmutations are themost common recessive cause of Parkinson’s disease and are a promising target for gene and
cell replacement therapies. Identication of biallelic PRKN patients at the population scale, however, remains a chal-
lenge, as roughly half are copy number variants and many single nucleotide polymorphisms are of unclear signi-
cance. Additionally, the true prevalence and disease risk associated with heterozygous PRKN mutations is unclear,
as a comprehensive assessment of PRKN mutations has not been performed at a population scale.
To address these challenges,we evaluated PRKNmutations in two cohortswith near complete genotyping of both sin-
gle nucleotide polymorphisms and copy number variants: the NIH-PD+AMP-PD cohort, the largest Parkinson’s dis-
ease case-control cohortwithwhole genome sequencing data from4094 participants, and theUK Biobank, the largest
cohort study with whole exome sequencing and genotyping array data from 200606 participants. Using the NIH-PD
participants, who were genotyped using whole genome sequencing, genotyping array, and multi-plex ligation-de-
pendent probe amplication, we validated genotyping array for the detection of copy number variants.
Additionally, in the NIH-PD cohort, functional assays of patient broblasts resolved variants of unclear signicance
in biallelic carriers and suggested that cryptic loss of function variants in monoallelic carriers are not a substantial
confounder for association studies.
In the UK Biobank, we identied 2692 PRKN copy number variants from genotyping array data from nearly half a mil-
lion participants (the largest collection to date). Deletions or duplications involving exon 2 accounted for roughly half
of all copy number variants and the vastmajority (88%) involved exons 2, 3, or 4. In the UK Biobank, we found a patho-
genic PRKNmutation in 1.8% of participants and twomutations in1/7800 participants. Those with one PRKN patho-
genic variant were as likely as non-carriers to have Parkinson’s disease [odds ratio = 0.91 (0.58–1.38), P-value 0.76] or a
parentwith Parkinson’s disease [odds ratio = 1.12 (0.94–1.31), P-value =0.19]. Similarly, those in theNIH-PD+AMP+PD
cohort with one PRKN pathogenic variant were as likely as non-carriers to have Parkinson’s disease [odds ratio = 1.29
(0.74–2.38), P-value= 0.43].
Together our results demonstrate that heterozygous pathogenic PRKN mutations are common in the population but
do not increase the risk of Parkinson’s disease.
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Introduction
Parkinson’s disease is the second most common neurodegenera-
tive disorder with a prevalence of about 0.5% in individuals ≥45
years of age.1 Five to ten per cent of cases are caused bymutation(s)
in a single gene.2 Mutations in PRKN are the most common reces-
sive form of Parkinson’s disease (PRKN-PD), and PRKN-PD, in par-
ticular, is a promising target for gene and cell replacement
therapies.3–5 Patients with PRKN-PD typically have disease onset
before the age of 40 years.6

For gene-targeted trials, the target gene needs to be identied in a
large group of individuals, ideally early in the disease course.
Cost-effective genotyping platforms, notably genotyping arrays,
have facilitated screening for mutation carriers for clinical trials,
sometimes through partnership with consumer-based genotyping
companies.7 Genotyping arrays are particularly effective for muta-
tions such as APOE E4 or LRRK2 p.G2019S, in which the locus can be
genotyped fromoneora fewsinglenucleotidepolymorphisms (SNPs).

Identication of individuals with recessive disorders like
PRKN-PD, however, presents additional challenges. Recessive dis-
orders are typically caused by loss of function variants that may
be scattered throughout the gene, two pathogenic variants must
be identied to establish causality, and both SNPs and copy number
variants (CNVs) may lead to loss of function, necessitating analytic
methods that can detect both. The challenges of identifying PRKN
mutations at the population scale have several implications.
Because large scale studies do not typically capture all PRKN SNPs
and/or all CNVs, the true prevalence of PRKNmutations in the gen-
eral population is not known, with estimates ranging from 0.17–
3.7%.8 Additionally, a large cohort study has suggested that single
PRKN mutation carriers have an increased risk of developing idio-
pathic Parkinson’s disease.9 This study, however, may be con-
founded by cases with a missed second PRKN mutation. Notably,
other smaller studies with a case-control design have failed to
nd this association, and a recent meta-analysis suggested that
the association may depend on a missed mutation in biallelic vari-
ant carriers.10 The case-control design has some limitations rela-
tive to a cohort design, as an appropriate control group must be
matched to the disease group. Improving genotyping of PRKNmuta-
tions at the population scale may help to clarify the prevalence of
PRKN in the general population and the risk of idiopathic
Parkinson’s disease conferred by a single PRKN mutation, using a
cohort study design with near complete genotyping of PRKN.

To help address these challenges, we assessed the frequency
and risk conferred by pathogenic PRKN mutations in two large co-
horts in which the PRKN gene was nearly fully genotyped: the
NIH-PD+AMP-PD cohort, which is the largest Parkinson’s disease
whole genome sequencing (WGS) study, and theUKBiobank,which
is the largest cohort study. Although smaller and with a case-
control design, the NIH subjects in the NIH-PD+AMP-PD cohort al-
lowed validation of PRKN CNV genotyping by array and assessment
of potential missing second mutations through functional assess-
ment of patient broblasts in single PRKN mutation carriers. We
then assessed PRKN mutations in the UK Biobank, a large popula-
tion study with genotyping array data available from nearly half a
million participants and whole exome sequencing (WES) data
from 200 000 participants.11 This allowed us to assess for the rst
time the frequency of PRKN mutations in the population and the
risk conferred by a single heterozygous PRKN mutation with near
complete genotyping of PRKN, using a cohort study design.
Together our results show that there is a high prevalence of hetero-
zygous pathogenic PRKN mutations in the general population and
that they do not increase Parkinson’s disease risk.

Materials and methods
NIH-PD and AMP-PD cohorts

To establish the NIH-PD cohort, study participants were recruited
to the Parkinson’s Disease Clinic of the National Institute of
Neurological Disorders and Stroke (NINDS) and the National
Institutes of Health (NIH) Clinical Centre between the years 2006
and 2019. All participants gave written informed consent according
to the Declaration of Helsinki to protocols approved by the
Institutional Review Board of NINDS before undergoing research
procedures. All patients were evaluated by a board-certied neur-
ologist with specialized training in movement disorders, using
the full Unied Parkinson’s Disease Rating Scale (UPDRS). Many
were also tested for olfaction using the University of
Pennsylvania smell identication test (UPSIT) and screened for cog-
nitive decits using the Montreal cognitive assessment. Diagnosis
of Parkinson’s disease was based on the UK Parkinson’s Disease
Society Brain Bank Diagnostic Criteria. Patients with an identied
known pathogenic mutation were invited back to the NIH for gen-
etic counselling and CLIA certied testing. The AMP-PD cohort con-
sisted of those individuals with publicly available WGS sequencing
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data made available through the AMP PD v1_release and included
participants from several multi-centre studies, including BioFIND,
Parkinson’s Disease Biomarkers Program, Parkinson’s Progression
Markers Initiative, and the Harvard Biomarker Study, as described
previously.12 Patient characteristics of the NIH-PD+AMP-PD co-
horts are shown in (Supplementary Table 1).

Functional analysis of patient broblasts

Patient broblast lineswere established from 3-mmpunch biopsies
taken from the forearm. Cell lineswere assayed at passage 11 or be-
fore. Where indicated, additional lines indicated were obtained
from the NINDS Human Cell and Data Repository (https://
stemcells.nindsgenetics.org/). For analysis of MFN1 and pS65-Ub,
cells treated with DMSO or valinomycin 10 mM overnight (>16 h)
were washed in PBS and pelleted. Cell pellets were lysed in RIPA
buffer on ice for 30 min and then cleared by centrifugation at
21 130g. Protein concentration was determined using the BCA as-
say. Twenty micrograms of protein were loaded for each sample.
Samples were separated on a 7.5% Criterion TGX precast midi pro-
tein gel (Biorad) and proteins were transferred to nitrocellulose
membranes. Membranes were blotted with MFN1 using an anti-
body from Proteintech (cat no. 13798-1-AP). Some of the same ly-
sates were blotted for pS65-ubiquitin (Sigma, cat no. ABS1513).
Indicated patient broblast lines were transduced with mt-Keima
and analysed byow cytometry as previously reported.13 For exam-
ination of PRKN exon 1–exon 2 splicing, RNA was isolated from the
indicated broblast lines using the Direct-zol RNAminiprep kit (RPI
research products, cat no. ZR2051) and reverse transcribed using a
kit fromThermosher (cat no. 4368814). The PRKN exon 1–3 product
was amplied with MyTaq DNA polymerase (Bioline) from 60 ng of
cDNA using the following primers: 5′-aggatttaacccaggagagc-3′ and
5′-aatgctctgctgatccaggt-3′. Beta-actin was amplied using primers
from Thermosher (cat no. Hs01060665_g1).

Genotyping for NIH-PD and combined NIH-PD+
AMP-PD cohorts

Genotyping of the NIH-PD cohort was performed using a genome-
wide coverage genotyping array (NeuroX or Neuro Consortium
Array, Illumina, Inc.) and/or WGS. The NeuroX array is based on
the Illumina Human Exome array v1.1 and the NeuroChip array is
based on the Innium HumanCore-24 c1.0 array.14,15 Both have
additional custom content covering neurodegenerative
disease-related variants. To identify SNPs from the genotyping ar-
ray, Illumina GenomeStudio (v.2.0) was used to cluster genotypes.
Quality-control measures included limiting to samples with call
rates of >95%, excluding samples with excess heterogeneity (F stat-
istic > ±0.25), and excluding samples whose genotyped sex did not
match the sample demographics. CNVs were identied by manual
inspection of the B allele frequency and Log R ratio for the PRKN
gene region (Chr6: 161770811–163140694, hg19), using the gglot2
visualization package for R (https://www.r-project.org/), as de-
scribed previously.16

ForWGS, 1 mg of total genomic DNAwas sheared to a target size
of 450 base pairs (bp) by ultrasonication. The library was prepped
with the TruSeq DNA PCR-free high throughput library prep kit
and IDT for Illumina TruSeq DNA UD Indexes (96 indexes, 96 sam-
ples). Samples were sequenced on an Illumina HiSeq X system
using 150 bp paired end reads. Called SNPs were annotated using
ANNOVAR.17 In the initial analysis of the NIH-PD cohort, CNVs in
the PRKN region were detected using the Manta structural variant

caller (Illumina).18 For cases with available DNA, detected PRKN
CNVs were veried by multiplex ligation dependent probe ampli-
cation with SALSAMLPA Probemixes P051 and P052 (MRC Holland).

For analysis of the NIH-PD+AMP-PD cohorts, CNVs were called
from a harmonized WGS dataset that included participants from
NIH-PD and AMP-PD with available WGS data, using the gatk-sv
caller (https://github.com/broadinstitute/gatk-sv).19 SNPs were
called as described previously.12 Quality-control measures in-
cluded excluding samples whose genotyped sex did not match
the sample demographics. One participant (NIHPD_B3 in
Supplementary Table 3), who came from the NIH-PD cohort, was
identied as having three pathogenic mutations (two deletions
and R275W variant). Comparison to multiplex ligation dependent
probe amplication and microarray results suggested that an add-
itional exon 3 deletion had been miscalled within the exon 3–4 de-
letion. This participant’s genotype was corrected prior to analysis.
Ancestry of participants was determined by clustering of genetic
SNPs with HapMap3 populations, using principal component ana-
lysis (PCA).

UK Biobank data

To identify CNVs in the UK Biobank data,20 the UK Biobank B allele
frequency and Log R ratio data were downloaded from UK Biobank
(v2), containing 488 377 participants. B allele frequency and Log R
ratio data were extracted for the PRKN gene region (Chr6:
161770811–163140694, hg19). Potential CNVs were detected using
three algorithms. The rst, PRKN deletion nder 1, averaged the
Log R ratio for SNPs within or immediately anking each exon of
PRKN. It agged an exon as possibly deleted if the exon average
was 1.5 SD less than the average of all the exons or possibly dupli-
cated if it was greater than 2 SD of the average of all the exons. The
second algorithm, PRKN duplicate nder, divided the PRKN locus
into 12 regions anking each PRKN exon, and then counted the
number of SNPs with a B allele frequency in the ranges of 0.125–
0.375 and 0.625–0.875. Samples were agged if ≥2 positive SNPs
were identied in any region. Finally, the third algorithm, PRKN de-
letion nder 2, counted the number of SNPs with low Log R ratio in-
tensities in these same regions anking each exon. Samples were
agged if therewere≥3 positive SNPs in any region. Allagged sam-
ples were then assessed visually for CNVs by plotting the B allele
frequency and Log R ratio values with the gglot2 visualization pack-
age for R (https://www.r-project.org/). The following phenotypic
data were obtained from the UK Biobank: ICD10 codes (eld code:
41270), Parkinson’s disease (eld code: 131023), parkinsonism (eld
code: 42031), illnesses of father and mother (eld codes: 2017 and
20110), genetic ethnic grouping (eld code: 22006), year of birth
(eld code: 34), and age of recruitment (eld code: 21022).
Assessment of proband Parkinson’s disease statuswas based on in-
dication of Parkinson’s disease or parkinsonism in eld codes
131023, 42031, and 41270. Thus, the assessment that resulted in a
diagnosis of Parkinson’s disease may have been established by a
health care professional other than a neurologist. UK Biobank
exome sequencing data (FE dataset, eld code: 23156) were down-
loaded from the UK Biobank. Variants were annotated using
ANNOVAR.17 Pathogenicity of variants was determined using their
ClinVar annotation (https://www.ncbi.nlm.nih.gov/clinvar/). Likely
pathogenic variants were grouped with pathogenic and likely be-
nign variants were grouped with benign. We inspected the evi-
dence for variants annotated as ‘conicting interpretations of
pathogenicity’ and categorized as pathogenic if most reports listed
the variant as pathogenic or likely pathogenic and benign if most
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reports listed it as benign or likely benign. The primary association
test for Parkinson’s disease risk due to PRKN variants was testing
whether having one pathogenic PRKN variant identied by WES or
genotyping array increases risk of Parkinson’s disease relative to
having no pathogenic PRKN variants. Additional tests were per-
formed to assess sensitivity of the analysis including testing
whether one PRKN variant increases the risk of having a parent
with Parkinson’s disease, testing different classes of variants separ-
ately, and testing detected variants in the larger sample with just
genotyping array data. As these secondary sensitivity analyses
were considered exploratory, reported P-values were not adjusted
for multiple comparisons. No assumptions about Hardy-Weinberg
equilibrium were made. No methods were used to infer genotypes
or haplotypes. No specic methods were used to address popula-
tion stratication in the primary analysis, although subgroup ana-
lysis tested by groups split by ancestry. No method was used to
address relatedness among participants.

Statistical analyses

In analyses of patient broblasts, statistical signicance was deter-
mined using one-way ANOVA followed by Tukey’smultiple compari-
sonstest implemented inPrism9(GraphPad).OddsratiosandP-values
for contingency tables were calculated in R using Fisher’s exact test
(https://www.r-project.org/). For calculating the frequency and odds
ratio for eachmutation, samples with missing data were omitted.

Data and code availability

UK Biobank data is publicly available upon application at the UK
Biobank website (https://www.ukbiobank.ac.uk/). AMP-PD data is
publicly available upon application at the AMP-PD website
(https://amp-pd.org/). gnomAD v2.1.1 summary statistics are avail-
able from (https://gnomad.broadinstitute.org/). MDS gene database
summary statistics are available from (http://www.mdsgene.org/).
Code used for analysis is available on our GitHub repository
(https://github.com/NarendraLab/Parkin/).

Results
Identication of biallelic PRKN patients in NIH-PD
cohort by WGS

To validate genotyping methods used in both the NIH-PD+AMP-PD
and the UK Biobank cohorts, we rst assessed PRKN mutations
among the NIH-PD participants (the NIH-PD cohort) (Fig. 1A). This
helped establish the ground truth for analysis in both cohorts. The
NIH-PD participants had been genotyped both byWGS and by geno-
typing array and, inmost cases, DNAwas available to conrm CNVs
by MLPA, allowing validation of WGS and genotyping array for CNV
calls. Additionally, phenotypic and functional assessment was pos-
sible formany of the NIH-PDparticipants to verify variant pathogen-
icity and rule out missed pathogenic variants as a substantial
confounder. This analysis was not possible for the AMP-PD and UK
Biobank participants for whom only coded data were available.

In the NIH-PD cohort, WGS data were available for 742 patients
seen consecutively at the NIH from 2006–2019 and for whom DNA
was available (hereafter, the NIH-PD cohort). A total of 17 known
pathogenic SNPs and 13 exon-spanning deletions in PRKN were
identied (Fig. 1B, in black, and Table 1). Multiplex ligation-
dependent probe amplication veried the deletions in 12/12 sam-
ples that were available for testing.

In addition to the known pathogenic SNPs, we identied a novel
intronic variant, c.7+5G>A, in a patient with early-onset
Parkinson’s disease, who also carried an exon 3–4 deletion
(Fig. 1B, in red, and 1C). This variant was absent in MDSGene
v3.5.95, gnomAD 2.1.1, and ClinVar.6,21 On further inspection, we
determined that this variant lies in the predicted splice acceptor
of intron 1 andwould disrupt base pairingwith theU1 small nuclear
RNA (Fig. 1C, left).22 To phase the variants, we tested DNA from the
proband’s unaffected sister and detected only the exon 3–4 dele-
tion, demonstrating that the proband’s variants are in trans
(Fig. 1C, right). Consistent with c.7+5G>A interfering with RNA spli-
cing, a PCR productwas not detected from the patient’s cDNAusing
primers that spanned the predicted splice site (Fig. 1C, right). Based
on these ndings and additional functional studies described be-
low, we considered the c.7+5G>A variant to be pathogenic.
Altogether, 31 pathogenic variants were found in at total of nine
biallelic PRKN patients and 13 monoallelic PRKN patients by WGS.

Validating PRKN CNV detection by genotyping array

Wenext assessed the accuracy of a genotyping array for identifying
PRKN biallelic patients, using theWGS genotyping as the reference.
Genotyping array data (from the NeuroX or Neuro Consortium ar-
rays14,15) were available for 732/742 patients in the NIH cohort, in-
cluding all but one patient with an identied PRKN mutation.
Genotyping array identied 60% of the pathogenic variants, includ-
ing all PRKN deletions (12/12) and a third of pathogenic SNPs (5/17)
(Fig. 1D, right, and Table 1). Notably, the missense variant p.R275W
and deletions involving exon 2, exon 3, and/or exon 4 accounted for
the majority (51.5%) of pathogenic PRKN mutations. All SNPs that
were probed on the genotyping array, namely p.R275W, were con-
cordant with WGS calls. As expected, all SNPs without probes
were missed. These included the frameshift mutations p.N34fs,
p.N52fs, and p.113fs; a stop gain mutation, p.E409X; and the splice
site mutation, c.7+5G>A. Deletion span was likewise concordant
between the genotyping array and WGS, as visualized in the Log R
ratio and B allele frequency plots of the genotyping array data
with the WGS calls overlayed (Fig. 1D, left). Altogether at least one
pathogenicmutation was identied by genotyping array in 7/8 bial-
lelic PRKN patients and 5/13 monoallelic PRKN patients.

Phenotypic differences between Parkinson’s disease
patients with one and two PRKN mutations

Next, we compared the phenotypes of monoallelic and biallelic
PRKN patients. We reviewed charts for themonoallelic and biallelic
PRKN groups identied by WGS, LRRK2 p.G2019S (n=16) and GBA
p.N409S (n=14) patient groups identied from genotyping array or
WGS data, and the idiopathic Parkinson’s disease patients with
an available chart enrolled before each genetic Parkinson’s disease
patient. We also reviewed charts for a second group of six biallelic
PRKN patients seen at the NIH (Supplementary Table 2).

We found that age-at-onset was signicantly younger and
UPSIT was signicantly higher for both biallelic PRKN groups com-
pared to the idiopathic Parkinson’s disease and monoallelic PRKN
groups (Table 2), similar to what has been reported in other cohorts
previously.23,24 In contrast, Montreal cognitive assessment and
UPDRS subscales were not signicantly different among the groups
(Table 2). Notably, all PRKN biallelic patients in our cohort had an
age-at-onset ≤38 years and an UPSIT ≥20.

UPSIT and age-at-onset scores were separately available for a
subset (334/739) of the WGS sequenced group. This allowed us to
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Figure 1 Study design and investigation of PRKN variants in the NIH-PD cohort. (A) PRKN variants were investigated in two large cohorts, the US based
NIH-PD+AMP-PD cohort and the UK Biobank cohort. More extensive investigation was undertaken for NIH-PD participants, which cross-validated
genotypingmethods used in the two cohorts and provided context for the overall study through phenotypic and functional analysis of PRKNmutation
carriers. (B) Proportion of PRKN variants detected in the NIH-PD cohort by whole genome sequencing is shown in the pie chart (left). The position of
pathogenic PRKN variants (black) and anovel variant of unclear signicance (VUS) (c.7+5G>A) detected bywhole genome sequencing are shown in sche-
matic of the PRKN gene (right). CNVs are shown on the top and SNPs on the bottom. (C) Schematic of the exon 1–intron 1 junction is shownwith the pos-
ition of the intronic substitution c.7+5G>A in red (left). This is predicted to disrupt a base pairing with the U1 small nuclear RNA of the spliceosome.
Pedigree of family with this mutation appears on the top right. RT-PCR of RNA isolated from broblast cell lines from a control (CTRL), the unaffected
sister of the proband with a single exon 3–4 deletion, and the proband with an exon 3–4 deletion and c.7+5G>A variants is depicted on the bottom right.
The c.7+5G>A mutation disrupted the PCR product from primers in exons 1 and 3. An aberrant product (asterisk) was seen in both exon 3–4 deletion
carriers. β-Actin served as a loading control. (D) Correspondence between CNV calls byWGS and by genotyping array is shown for a representative case
with compound heterozygous PRKN deletions (left). The x-axis represents the relative genomic position. The position of the exons is indicated by the
dotted lines. Log R ratio is shown on the y-axis. A value of −0.5 corresponds to a single deletion and a lower value is expected for two deletions. The
relative position of the deletions called fromWGS is shown above. Log R ratio is around −0.5 for probes in the non-overlapping regions of the deletions
and <−2 for probes in the overlapping region. The graph on the right represents the proportion of PRKN variants (either SNPs or CNVs) detected by geno-
typing array.
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estimate how many patients with early onset and relatively pre-
served olfaction in our study have biallelic PRKNmutations. In total,
21 (6.3%) patients had age-at-onset ≤38 years and UPSIT ≥20. Of
these, three (14.2%) were biallelic for PRKN mutations. Comparing
the age-at-onset and UPSIT for all available PRKN biallelic and
monoallelic patients, biallelic PRKN patients formed a tight cluster,
whereas monoallelic PRKN patients were distributed in a similar
pattern as idiopathic Parkinson’s disease patients (Fig. 2A). Of
note, ve patients with variants that were novel or of uncertain sig-
nicance clusteredwith the other biallelic PRKN patients, providing
additional support for the variants’ pathogenicity.

Together these data suggested that age-at-onset and UPSIT
scores can distinguish biallelic from monoallelic PRKN patients.

Assessing loss of PARKIN function in patient
broblasts

Three patients in our study clustered phenotypically with biallelic
PRKN patients but had only one detected PRKN mutation (Fig. 2A).
This raised the question of whether they may have a second un-
detected PRKN variant that was missed in our initial analysis of
WGS data, such as a deep intronic variant or an exon inversion.25

Table 1 Pathogenic PRKN variants detected in NIH-PD cohort by WGS

RSID Consequence Position start Position end Deletion size MLPA Array

Biallelic 1 Mut 1 E3 del 162226 958 162426 701 199 743 E3 del E3 del
Mut 2 E3-4 del 162159 903 162332 253 172 350 E3-4 del E3-4 del

Biallelic 2 Mut 1 E3-4 del 162090 797 162375 645 284 848 E3-4 del E3-4 del
Mut 2 E3-4 del 162090 797 162375 645 284 848 E3-4 del E3-4 del

Biallelic 3 Mut 1 E3-4 del 162199 998 162278 845 78 847 E3-4 del E3-4 del
Mut 2 rs34424986 p.R275W p.R275W

Biallelic 4 Mut 1 E3 del 162215 325 162405 338 190 013 E3 del E3 del
Mut 2 rs34424986 p.R275W p.R275W

Biallelic 5 Mut 1 E3–4 del 162121 439 162381 034 259 595 E3-4 del E3-4 del
Mut 2 rs34424986 p.R275W p.R275W

Biallelic 6 Mut 1 E5–7 del 161748 422 162084 070 335 648 E5-7 del E5-7 del
Mut 2 rs754809877 p.N52fs NT

Biallelic 7 Mut 1 E3–4 del 162155 184 162290 716 135 532 E3-4 del E3-4 del
Mut 2 c.7+5G>A NT

Biallelic 8 Mut 1 rs754809877 p.N52fs NT
Mut 2 rs754809877 p.N52fs NT

Biallelic 9 Mut 1 E3–4 del 162090 797 162375 645 284 848 NT NT
Mut 2 rs754809877 p.N52fs NT

Monoallelic 1 Mut 1 rs1554252213 p.E409X NT
Monoallelic 2 Mut 1 rs771529549 p.P113fs NT
Monoallelic 3 Mut 1 rs754809877 p.N52fs NT
Monoallelic 4 Mut 1 rs34424986 p.R275W p.R275W
Monoallelic 5 Mut 1 rs771529549 p.P113fs NT
Monoallelic 6 Mut 1 E2 del 162439 838 162454 794 14 956 E2 del E2 del
Monoallelic 7 Mut 1 rs55777503 p.Q34fs NT
Monoallelic 8 Mut 1 E2 del 162334 681 162444 403 109 722 E2 del E2 del
Monoallelic 9 Mut 1 rs34424986 p.R275W p.R275W
Monoallelic 10 Mut 1 rs754809877 p.N52fs NT
Monoallelic 11 Mut 1 E2–3 del 162227 931 162466 456 238 525 E2-3 del E2-3 del
Monoallelic 12 Mut 1 rs55777503 p.N34fs NT
Monoallelic 13 Mut 1 rs754809877 p.N52fs NT

del =deletion; E= exon; MLPA=multiplex ligation dependent probe amplication; Mut=mutation; NT=not tested; RSID= reference SNP cluster ID.

Table 2 Clinical characteristics of NIH-PD cohort

Clinical Idiopathic
Parkinson’s

disease

GBA LRRK2 PRKN 1
mut

PRKN 2 mut
(group 1)

PRKN 2 mut
(group 2)

P-value
(unadjusted)

P-value
(corrected)

Age-at-onset
(years)

52.7 ± 11.8 58.1 ± 6.9 53.8 ± 8.8 51.8 ± 15.2 26.5 ± 8.3*** 30.7 ±5.5** <0.0001 <0.0001

UPSIT 20.3± 7.9 20.7 ± 8.2 23.5 ± 7.1 20.8 ± 6.7 31.9 ± 6.5** 33.7 ±4.5** 0.0002 0.0014
MoCA 24.8± 4.5 26.9 ± 3.3 26.7 ± 2.3 24.2 ± 5.2 24.6 ± 2.9 26.8 ±3.1 0.4733 3.3131
UPDRSI 2.9 ± 2.9 3.8 ± 1.8 3.3 ± 2.3 3.9 ± 3.0 3.0 ± 3.0 1.8 ±1.7 0.7627 5.3389
UPDRSII 11.3 ± 8.2 13.5 ± 5.4 11.0 ± 5.1 15.7 ± 8.9 16.0 ± 5.7 11.0 ±8.0 0.642 4.494
UPDRSIII 26.8 ± 12.8 27.9 ± 10.0 23.4 ± 12.9 32.7 ± 15.6 31.1 ± 8.8 22.4 ±9.4 0.9547 6.6829
UPDRSIV 4.9 ± 3.3 2.1 ± 1.5 4.1 ± 4.2 6.6 ± 3.8 4.0 ± 3.0 4.3 ±5.8 0.3235 2.2645

MoCA = Montreal cognitive assessment. **<0.01 and ***<0.001 for Dunnett’s multiple comparison test.

P-value (corrected) is a Bonferrori correction of the one-way ANOVA P-value.
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Figure 2 Biallelic and monoallelic PRKN mutation carriers can be distinguished by their phenotype and functional assays in their broblasts. (A)
Scatterplot depicts scores from smell identication test (UPSIT, y-axis) and age-at-onset (x-axis) for genotyped Parkinson disease patients in the
NIH-PD cohort with no PRKN mutations (grey), one PRKN mutation (magenta), or two PRKN mutations (blue). A second group of patients with two
PRKN mutations (black) was identied outside of the consecutive series. Those with a novel variant or VUS are shown as open symbols. Two patients
with one PRKNmutation and whose broblasts were evaluated in C have a black border. (B and C) Patient broblasts were treated with vehicle (DMSO)
or 10 mMof valinomycin (val) overnight (o/n), separated on SDS-PAGE gels, and immunoblotted for the PARKIN substrateMFN1, as shown in represen-
tative blot. The ratio of MFN-Ub1 (corresponding to the slowermigrating band) to MFN1 was calculated for each cell line treated with val. Each cell line
was assayed in two biological replicates with exception of lines C1 and C2, which were assayed in one replicate each. All cell lines from PRKN carriers
were from individuals with Parkinson’s disease, except for M3, who was the unaffected sibling of B1-7. Graphs of the summary data are shown on the
bottom. (C) Individual data for experiment described in B.

Heterozygous PRKN mutations are common BRAIN 2022: 145; 2077–2091 | 2083



Additionally, ve patients had novel variants or variants annotated
as of uncertain signicance (Fig. 2A, C and Supplementary Fig. 1),
raising the question of whether the variants (namely, c.7+5G>A,
p.V56G, and p.G429D) are pathogenic. To resolve denitively which
patients had complete loss of PRKN function, we tested available
broblast lines for ubiquitination of PRKN substrate Mitofusin-1
(MFN1) following PRKN activation by mitochondrial membrane
depolarization.26–30 This assay has been used previously to differ-
entiate biallelic PRKN carriers from healthy controls and PRKN car-
riers within a family, but to our knowledge has not been previously
used to differentiate unrelated monoallelic and biallelic PRKN car-
riers.30,31 Altogether we tested broblast lines from nine biallelic
PRKN patients (including ve with variants that were novel or of un-
clear signicance), one patient with the novel c.7+5G>A PRKNmuta-
tion (in trans with an exon 3–4 deletion, as discussed above and in
Fig. 1C), threemonoallelic PRKN patients (including two that pheno-
typically clustered with biallelic PRKN patients), and four healthy
controls (Fig. 2B, C and Table 3). Monitoring the change in
MFN1-Ub1/MFN1 ratio following depolarization with valinomycin
distinguished all healthy controls and monoallelic PRKN patients
from all biallelic PRKN patients (Fig. 2B, C and Table 3).
Additionally, as a group, monoallelic PRKN carriers had an average
MFN1-Ub1/MFN1 ratio that was about half that of the controls, con-
sistent with their possessing intermediate PRKN activity (Fig. 2B).
Total MFN1 levels were also signicantly decreased biallelic in
PRKN cell lines compared to the control and monoallelic cell lines,
consistent with the PRKN-dependent degradation of MFN1 (Fig. 2B).
To further validate the assay, we tested three publicly available
monoallelic PRKN broblast lines and four publicly available biallelic
PRKN lines, obtaining similar results (Supplementary Fig. 1A and B).
Two other measures of PRKN activity, levels of phospho-ubiquitin
(Ser65) and mitophagy using the mt-Keima assay, failed to distin-
guish individual biallelic and monoallelic carriers, suggesting that
these assays may not sensitive enough in broblasts with low en-
dogenous PRKN levels (Supplementary Fig. 1C–E).

In summary, functional assessment of patient broblasts re-
solved three VUSs (c.7+5G>A, p.V56G, and p.G429D) as pathogenic
in ve of our biallelic patients. Additionally, it ruled out a missed
PRKN mutation in two early onset patients with one detected
PRKN variant, validating our discovery cohort. Together these re-
sults suggested that ‘cryptic’ second PRKN mutations (such as
from deep intronic mutations or exon inversions) are likely not a
substantial source of missed second mutations.

Identifying PRKN copy number variants in the UK
Biobank cohort

Wenext used our high-condence discovery cohort to develop sen-
sitive screening algorithms for identifying PRKN CNVs in genotyp-
ing array data (see Methods). These optimized algorithms were
then applied to genotyping array data from 488 264 subjects in the
UK Biobank. Collectively, they agged 25 906 subjects in the UK
Biobank as potentially carrying a CNV, of which 2687 were con-
rmed to have a CNV on visual inspection of the Log R ratio and B
allele frequency plots. From the whole cohort a deletion was de-
tected in 0.30% of samples, and a duplication in 0.25% of samples.
This was close to the percentage of deletions (0.34%) and duplica-
tions (0.26%) that we detected by visual inspection of every 100th
sample in the UK Biobank. Altogether, we estimated that 92% of
detectable CNVs were identied in the UK Biobank.

To visualize the CNVs, we generated heatmaps for all single de-
letions and duplications, aswell as the average values for each class
of CNV (Fig. 3). Exon 2 deletions and exon 2 duplications were the
most common classes of deletion and duplication, respectively, to-
gether accounting for 48.9% of all CNVs. Interestingly, while the
lengths of exon 2 deletions were highly variable, the lengths of
exon 2 duplicationsweremore uniform.Although genotyping array
does not provide the resolution to dene exact breakpoints, this
suggests that exon 2 duplications may be composed of fewer dis-
tinct CNVs compared to exon 2 deletions.

To provide additional support for this observation,we examined
PRKN exon 2 duplications and exon 2 deletions called from a har-
monized WGS dataset that included both participants in the
NIH-PD cohort and participants in the US based AMP-PD cohort
(the NIH-PD+AMP-PD cohort). In this cohort we identied two
pathogenic PRKN mutations in 20 individuals, all of whom were
cases, and one pathogenic PRKN mutation in 78 individuals (57
cases and 17 controls; Supplementary Tables 3 and 4). Although
age-at-onset was not available in the harmonized dataset, the age
at last evaluation was signicantly younger for cases with two
PRKN mutations than those without PRKN mutations, as expected
(Supplementary Fig. 2A). In contrast, the age of those with one
PRKN did not signicantly differ from those with no mutations
(Supplementary Fig. 2A). Assessment of the participants ancestry
by PCA analysis of their genetic data showed the cohort was of pre-
dominately European ancestry (Supplementary Fig. 2B).We also ex-
amined PRKN exon 2 duplications and exon 2 deletions in the
gnomAD structural variants v2.1 database.19

Consistent with results from the UK Biobank, a common exon 2
duplication in the European population (Chr6:162296324–
162494975) accounted for 40–75% of all exon 2 duplications, where-
as the most frequent exon 2 deletion accounted for only 13–17% of
exon 2 deletion in both gnomAD structural variants v2.1 and the
NIH-PD+AMP-PD cohort. This conrmed that there is greater diver-
sity among exon 2 deletions than exon 2 duplications (Fig. 3). The
common exon 2 duplication identied in the European population
was absent in all non-European populations in gnomaAD structural

Table 3 PRKN mutations in broblast lines

Sample Variant ClinVar

Monoallelic 1 Mut 1 p.Q34RfxX5 Pathogenic
Monoallelic 2 Mut 1 exon 2 deletion
Monoallelic 3 Mut 1 exon 3–4 deletion
Biallelic 2-1 Mut 1 p.T415N Likely pathogenic

Mut 2 p.T415N Likely pathogenic
Biallelic 2-2 Mut 1 exon 11 deletion

Mut 2 p.G429D Not reported
Biallelic 2-3 Mut 1 exon 11 deletion

Mut 2 p.G429D Not reported
Biallelic 2-4 Mut 1 exon 7 deletion

Mut 2 p.V56G VUS
Biallelic 2-5 Mut 1 exon 7 deletion

Mut 2 p.V56G VUS
Biallelic 1-1 Mut 1 exon 3 deletion

Mut 2 exon 3–4 deletion
Biallelic 1-3 Mut 1 exon 2–3 deletion

Mut 2 p.R275W Pathogenic
Biallelic 1-5 Mut 1 exon 3–4 deletion

Mut 2 p.R275W Pathogenic
Biallelic 1-7 Mut 1 exon 3–4 deletion

Mut 2 c.7+5G>T Not reported

Variants present in each of the broblast lines tested in Fig. 2B and C. Mut =

mutation.
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Figure 3 Identication of PRKN CNVs in UK Biobank from genotyping array data.Heatmaps represent Log R ratio across the PRKN locus (on the x-axis).
Deletions (dels) are shown on the left and duplications (dups) on the right. The top heatmaps depict all individual cases (on the y-axis) in which a single
CNVwas detected. The locations of exon 2 deletions and exon 2 duplications are shown. Heatmaps (bottom) represent the average Log R ratios for each
class of CNV. Graphs (right) show the distributions of exon 2 deletions (top) and exon 2 duplications (bottom) for the non-Finnish European population in
the gnomADstructural variant database and theNIH-PD+AMP-PD cohort. A common exon 2 duplication detected in European populations is indicated
by the arrow.
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variants v2.1, suggesting that its prevalence may be due to a foun-
der effect in the European population.

We next compared the distribution of the 2693 CNVs (identied
in 2687 carriers) in the UK Biobank to NIH-PD+AMP-PD and three

other studies/databases with >100 CNVs each: the deCode study

of the Icelandic population, which detected CNVs from genotyping

array (993 CNVs)9; the MDS gene database (435 CNVs), a curated

database of the published literature6; and the gnomAD structural

variants v2.1 database,19 which called CNVs from WGS data (171
CNVs) (Fig. 4A and B and Supplementary Table 5). In all studies,
most deletions and duplications involved exon 2, exon 3, or exon
4 (88.2% in the UK Biobank, 96.4% in deCode, 65.7% in the MDS
gene database, and 94.7% in gnomAD, and 93.3% in the NIH-PD+
AMP-PD cohort). Notably, the two most common classes of dele-
tions in UK Biobank, exon 2 and exon 3–4 deletions, were among
the top four in MDSGene and the top three in deCode, NIH-PD+
AMP-PD, and gnomAD. An exon 6–9 deletion that was particularly
common in deCode (21% of deletions) was uncommon in UK
Biobank (1.2% of deletions) and absent in MDSGene and gnomAD.
This suggests that the high exon 6–9 deletion frequency may be
due to a founder effect in the Icelandic population.

Among duplications, the exon 2 duplication was the most com-
mon duplication in the UK Biobank, the deCode study, and
gnomAD, although it was rare in the MDS gene database.
Interestingly, an exon 3 duplication accounted for 18.8% of duplica-
tions in gnomAD and 17.8% of duplications inMDSGene butwas ab-
sent in the UK Biobank. In gnomAD all nine exon 3 duplications had
the same breakpoints (Chr6:162638588–162730211) and the allelic
frequency was highest for the African/African-American popula-
tion, suggesting that it may reect a founder effect.

Overall, duplications were less common in the literature as re-
presented in the MDS gene database than in the population-based
studies (10% of CNVs in MDSGene versus 28% in gnomAD, 29.7% in
NIH-PD+AMP-PD, 48% in UK Biobank, and 70% in deCode). This
could reect a bias in their detection or reporting. Alternatively,
one or more dup affecting an exon may not result in complete
loss of function. Notably, while dups represented 20% of mutations

in single PRKNmutation carriers in NIH-PD+AMP-PD, only one (5%
of total) was found among the two PRKN mutation carriers
(Supplementary Fig. 2C).

Overall, the distribution in CNVs was similar in the UK Biobank
as in other studies and databases with PRKN CNV data with most
CNVs affecting exons 2, 3, or 4. Founder effects may account
for the increased prevalence of exon 2 duplications in the UK
and Icelandic populations relative to others. Similarly, an exon
6–9 deletion and an exon 3 duplication may be due to founder
effects in the Icelandic andAfrican-American/African populations,
respectively.

Estimating pathogenic PRKN variant frequency in the
UK Biobank

To obtain a more complete view of the prevalence of pathogenic
PRKN variants in the UK population, we next examined the fre-
quency of pathogenic PRKN missense variants in the UK Biobank.
The UK Biobank genotyping array contains probes for four known
pathogenic PRKN missense variants: p.R275W, p.C253Y, p.T240M,
and p.K211N. To validate these probes, we benchmarked their per-
formance againstWES data from 192490 participants genotyped on
both platforms. Genotyping array calls agreed with WES calls for
p.R275W and p.T240M variants in most samples (98.5% and 100%,
respectively), but were less reliable for p.C253Y and p.K211N var-
iants (4.4% and 70%, respectively). Thus, we restricted further ana-
lysis of genotyping array data to p.R275W and p.T240M variants.

Assessed in the entire UK Biobank from genotyping array data,
p.R275W and p.T240M mutations had allelic frequencies of 0.0039
and 0.00022, respectively (Supplementary Table 6). These were
similar to their allelic frequencies in the subset of samples with
WES data (0.0038 and 0.00019, respectively), as well as their fre-
quency in the non-Finnish European population in gnomAD
v2.1.1 database (0.0033 and 0.00023, respectively). In the UK
Biobank, p.R275W was more common in Europeans, whereas
p.T240M was more common in non-Europeans. The latter nding
may reect the higher allelic frequency of p.T240M in the South

Table 4 Odds of Parkinson’s disease or parent with Parkinson’s disease in PRKN heterozygous mutation carriers in UK Biobank

Mutation Mut_Cases Mut_controls NoMut_Cases NoMut_controls Odds CI P-value

For single PRKN mutation carriers
Odds of Parkinson’s disease in UK Biobank participants with WES and array (n=200606)
Frameshift_SNP 2 683 1372 198 549 0.42 0.05–1.54 0.35
AnySNP 15 2517 1359 196 715 0.86 0.48–1.43 0.71
AnyMut 23 3648 1351 195 584 0.91 0.58–1.38 0.76
Odds of parent with Parkinson’s disease in UK Biobank participants with WES and array (n=200606)
Frameshift_SNP 29 656 7465 192 456 1.14 0.76–1.65 0.48
AnySNP 104 2428 7390 190 684 1.11 0.90–1.35 0.32
AnyMut 152 3519 7342 189 593 1.12 0.94–1.31 0.19
Odds of Parkinson’s disease in NIH–PD+AMP–PD (n=2862 cases versus 1099 controls)
Frameshift_SNP 8 1 2853 1098 3.08 0.41–136.70 0.46
AnySNP 27 7 2834 1092 1.49 0.63–4.05 0.44
AnyCNV 30 10 2831 1089 1.15 0.55–2.66 0.86
AnyMut 57 17 2804 1082 1.29 0.74–2.38 0.43

For double PRKN mutation carriers
Odds of Parkinson’s disease in UK Biobank Participants with WES and microarray (n=200606)
AnyMut 2 22 1351 195 584 13.16 1.50–53.57 0.012
Odds of Parkinson’s disease in NIH–PD+AMP–PD (n=2862 cases versus 1099 controls)
AnyMut 20 0 2804 1082 Innity 1.90–innity 0.0020
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Figure 4 Distribution of PRKN CNVs in UK Biobank and other studies. (A and B) Graphs depict distributions of PRKN deletions (A) and duplications (B)
reported here for the UK Biobank and NIH-PD+AMP-PD cohorts versus those reported in the deCode study, the gnomAD structural variant database,
and theMDS gene database. Major peaks identied in theUK Biobank are indicated by black arrows. Grey arrows signifymajor peaks (>15% of deletions
or duplications, respectively) that were detected in one of the other databases andwere rare in theUK Biobank (<1%). (C andD) Graphs represents PRKN
variants detected in the UK Biobank for participants with bothWES and genotyping array data (C) and PRKN variants detected in the NIH-PD+AMP-PD
cohort by WGS (D).

Heterozygous PRKN mutations are common BRAIN 2022: 145; 2077–2091 | 2087



Asian population, as also seen in gnomAD v2.1.1 (0.0017 versus
0.00023). A total of 217 rare PRKNmissense variants thatwere anno-
tated as VUSs or not annotated were present in an additional 1% of
samples (Supplementary Table 7). Combining WESandgenotyping
array estimates, we found a pathogenic PRKN mutation in 1.84% of
samples. Twenty-four (1/8400) carried biallelic pathogenic var-
iants. The frequency of pathogenic PRKN variants was similar in
the US based NIH-PD+AMP-PD cohort (Fig. 4D).

Risk of Parkinson’s disease in single mutation
carriers

Altogether, we detected single pathogenic mutations in 6612 of
samples in all UK Biobank samples and 3671 in samples with
WESandarray data, more than has been reported in any previous
study to date.10 Given its size, near complete genotyping of PRKN,
and its cohort study design, we reasoned the UK Biobank dataset
may be particularly valuable for testing whether heterozygous
PRKN variants increase the risk of developing Parkinson’s disease.
We also tested whether PRKN carriers were more likely to have a
parent with Parkinson’s disease, given one of the parents is an obli-
gate PRKN carrier in most cases. Additionally, while themedian age
of UK Biobank participants at enrollment (i.e. 58years) is less than
the average age of Parkinson’s disease onset, their parents’ age is
likely greater than the average age of onset. Thus, Parkinson’s dis-
ease prevalence is likely higher in the parents than the probands.

Among the 200 606 fully genotyped participantswith zero or one
detected heterozygous PRKN mutations, those with one detected
PRKN mutation were as likely as those with no mutation to have
Parkinson’s disease (odds ratio = 0.91, 95%CI =0.58–1.38, P-value =
0.76) or a parent with Parkinson’s disease (odds ratio=1.12, 95%CI=
0.94–1.31, P-value = 0.19; Table 4). As expected, those with two
detected PRKN mutations were more likely to have Parkinson’s
disease (odds ratio = 13.16, 95%CI = 1.50–53.57, P-value = 0.012;
Table 4). Not all participants with two detected PRKN mutations
were reported to have Parkinson’s disease, most likely representing
incomplete ascertainment of disease status. Similarly, amongall 488
341 participants with array data in the UK Biobank those carrying
one detected heterozygous PRKN mutation were as likely as those
without a mutation to have Parkinson’s disease (odds ratio=1.18,
95%CI=0.88–1.54, P-value=0.24) or a parentwith Parkinson’s disease
(odds ratio =1.06, 95%CI=0.93–1.20, P-value=0.39; Supplementary
Table 8).We obtained similar ndings testing each class ofmutation
individually.

We additionally assessed the risk of Parkinson’s disease in the
NIH-PD+AMP-PD cohort. Although smaller than the UK Biobank
and a case-control design, it was the largest publicly available
WGS Parkinson’s disease dataset. It had more complete ascertain-
ment of Parkinson’s disease status, as evidenced by the fact that
all participants with two PRKN mutations were among the cases
(Table 4). Additionally, it had about twice as many Parkinson’s dis-
ease patients overall and represented a different (albeit predomin-
ately European population) drawn from the US rather than the UK.
Consistent with results from the UK Biobank, those with one de-
tected PRKN mutation were as likely as those with no mutation to
have Parkinson’s disease (odds ratio = 1.29, 95%CI =0.74–2.38,
P-value =0.43; Table 4). Similar results were obtainedwhen limiting
to participants with European ancestry or to only subjects in the
AMP-PD cohort (Supplementary Table 8). As expected, simulating
incomplete genotyping by considering only SNPs or only CNVs led
to higher odds ratios (2.03 and 1.50, respectively), conrming that
missed second mutations can falsely inate the odds ratio.

Together ourndings show thatmonoallelic heterozygous PRKN
mutations do not signicantly increase the risk of having
Parkinson’s disease or a parent with Parkinson’s disease.

Discussion
In this study, we assessed the frequency and risk conferred by
pathogenic PRKN mutations in two large cohorts in which the
PRKN gene was nearly fully genotyped, including the NIH-PD+
AMP-PD cohort and the UK Biobank. The NIH cohort allowed us to
validate that both WGS and genotyping array capture the vast ma-
jority of CNVs. Additionally, through functional studies of patient
broblasts, it allowed us to establish that ‘cryptic’ PRKN mutations
(such as deep intronicmutations or exon inversions) are likely not a
substantial source of missed second mutations. Finally, sampling
nearly half million individuals in the UK Biobank, we found that
PRKN mutations were common in the general population, and
that carrying a single heterozygous PRKN mutation did not signi-
cantly increase the risk of having Parkinson’s disease or a parent
with Parkinson’s disease. These results were validated in the inde-
pendent US based NIH-PD+AMP-PD cohort.

Notably, genotyping array detected the majority of PRKN muta-
tions in both the NIH-PD cohort and the UK Biobank. In the NIH-PD
cohort, genotyping array identied all deletions that were also
called by WGS, as well as a third of PRKN SNPs. Genotyping array
performed similarly in the UK Biobank, identifying an estimated
74.1% of pathogenic variants, including most pathogenic SNPs.
Notably, similar results were achieved in these two cohorts even
though different genotyping platforms were used (Illumina in
NIH-PD versus Affymetrix in the UK Biobank).

Genotyping array performed well compared to next-generation
sequencing, identifying at least one PRKN mutation in 87.5% of
PRKN-PD patients. The strong performance of genotyping arrays
in our cohortswas due to good coverage of the PRKN locus by the ar-
rays used and the high frequency of the missense variant p.R275W
and CNVs involving exon 2, exon 3, and/or exon 4 in our cohorts.
Together these accounted for 51.5% of mutations in the NIH-PD co-
hort and 72% of mutations in the UK Biobank. Similar results are
likely achievable with other genotyping arrays in populations with
high European ancestry, provided they genotype the p.R275W vari-
ant and they have adequate coverage of exon 2, exon 3, and exon 4
to determine their copy number (typically at least four probes per
exon). For arrays that currently do not have this coverage, the add-
ition of 13 probes would allow for screening of most PRKN-PD pa-
tients in populations of predominantly European-ancestry for
PRKN-PD targeted trials.

In non-European populations, the p.R275W variant is less fre-
quent, and, therefore, genotyping arrays may not capture the ma-
jority of PRKN variants. This highlights the need for PRKN
sequencing in populations of non-European ancestry, and inclu-
sion of PRKN SNPs from these populations on genotyping arrays.
The novel NeuroBooster array, used as part of GP2, the Global
Parkinson’s Genetics Program, will help address these needs.32

Nonetheless, genotyping arrays are still likely to be effective for
identifying a substantial portion of PRKNCNVs innon-European po-
pulations. We found CNVs were present in >0.5% of participants in
the UK Biobank, regardless of ancestry. This likely reects the di-
versity of CNVs detected. The most common classes of deletions,
for instance,were composed of several CNVs of distinct length, sug-
gesting that they were generated by several independent recom-
bination events. This diversity makes it more likely that CNVs are
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evenly distributed among populations. The frequency and diversity
of PRKN CNVs is likely related the large size of the gene (1.38 Mb),
making recombination events more likely.

This is the rst comprehensive population scale study to esti-
mate the frequency of pathogenic PRKN mutations using methods
that capture bothmost SNPs (byWES) andmostCNVs (by genotyping
array). Altogether we detected a pathogenic PRKN mutation in 1.8%
of participants in the UK Biobank. We found a similar frequency
among cases and controls in the US based NIH-PD+AMP-PD cohort.
Although higher than some estimates based on SNP frequency
alone, our estimate is generally in linewith those from smaller stud-
ies that have employedmethods to capturemost SNPs andCNVs. Yu
et al.,33 for instance, recently found that 1.8% of control subjects car-
ried a PRKNmutation. Along these lines,we found biallelic PRKNmu-
tations in1/8400UKBiobankparticipants,whichwould correspond
to 7900 biallelic PRKN carriers in the UK and close to a million
world-wide. Together these ndings suggest that pathogenic PRKN
variants are common in the general population.

Strikingly, the clinical signicance of many PRKN variants re-
mains unknown. Although individually rare, 217 PRKN missense
variants of unclear signicance or without annotation in ClinVar
were found in 1% of UK Biobank samples. This represents about a
1/3 of variants that affect an exon and are not annotated as benign.
In theNIH-PD cohortwe found that assaying PRKN function in PRKN
broblasts can differentiate unrelated sampleswith one or two het-
erozygous pathogenic mutations.

One of our key ndings was that functional assays of broblasts
from unrelated patients can resolve PRKNVUS and rule outmissing
variants in monoallelic carriers. This allowed us to resolve the
pathogenicity of three variants that were novel or annotated as
VUSs in the NIH-PD cohort. This also allowed us to rule out cryptic
pathogenic variants in two patients with single pathogenic PRKN
variants and a PRKN-PD phenotype (i.e. early age-at-onset and pre-
served olfaction), suggesting that these are unlikely to be a substan-
tial confounder of association studies. Functional studies may help
to clarify which of the 217missense VUSs in theUK Biobank are loss
of function and therefore likely pathogenic.

Whether heterozygous PRKN variants increase the risk of
Parkinson’s disease has been unclear. A large cohort study of the
Icelandic population involving 105 749 genotyping array samples
found that heterozygous PRKN CNVs increased the odds of
Parkinson’s disease (with an odds ratio of 1.69), however, this study
was not able to fully assess PRKN SNPs as it was limited to genotyp-
ing array data.9 A recent study nominally replicated this associ-
ation in a case-control study and meta-analysis but found that
the association is lost if missed mutations in biallelic PRKN carriers
are taken into account.10 Here, in the rst population scale cohort
study with near complete genotyping of PRKN, we did not nd an
association between heterozygous PRKN mutations and
Parkinson’s disease risk. Similarly, heterozygous PRKN mutations
did not increase the odds of having a parent with Parkinson’s dis-
ease. This is notable as one parent of most PRKN carriers is an obli-
gate carrier, andmost parents are beyond the age-at-onset formost
Parkinson’s disease cases. The number of parents with Parkinson’s
disease in the UK Biobank is much larger than the number of
Parkinson’s disease cases (17 675 versus 3465), which increases
the power to detect an association. In contrast to the lack of associ-
ation between heterozygous PRKN variants and Parkinson’s disease
in the UK Biobank, association of common variants with
Parkinson’s disease risk has been replicated in the UK Biobank pre-
viously.34 We additionally replicated this nding in a large case-
control study using the NIH-PD+AMP-PD cohort.

Possible reasons for the lack of association between single PRKN
mutations in our study versus the positive association in previous
studies include: (i) the cohort design of the UK Biobank, which
avoids potential confounding effects inherent to matching cases
and controls; (ii) near complete genotyping of PRKN at the popula-
tion scale through the combined use of WES and microarray; and
(iii) not limiting analysis to predominately early onset cases.
While a recentmeta-analysis by Lubbe et al.10 found a positive asso-
ciation between single PRKN mutations and Parkinson’s disease,
they found this association was no longer signicant if they ex-
cluded studies with two of these confounding factors, namely, in-
complete genotyping and inclusion of predominately early onset
Parkinson’s disease cases. Consistent with incomplete genotyping
potentially leading to a false association, in the NIH-PD+AMP-PD
cohort, we likewise found that simulating only CNV detection or
only SNP detection inated the odds ratio for association between
single PRKN mutations and Parkinson’s disease.

Although our data suggest that single pathogenic PRKN muta-
tions do not increase the risk of Parkinson’s disease, single PRKN
mutationsmay still have a subclinical effect on dopamine neurons.
Single PRKNmutation carriers have a slight dopamine decit in the
striatum compared to controls, when measured by PET.35–40

Progression of this dopamine decit, however, is slow, with an es-
timated annual decrease of 0.62% in themost affected region (com-
pared to 2% in biallelic PRKN mutation carriers and 9–12% in
idiopathic Parkinson’s disease).38 The gradual nature of the striatal
dopamine loss and compensatory changes in cortical regions con-
tributing tomotor control have been creditedwith preventing overt
motor symptoms in single PRKN mutation carriers.38,41,42 Thus,
PRKN-PD may be similar to other recessive disorders such as cystic
brosis and sickle cell anemia, in which haploinsufciency has a
subtle physiological effect but does not predispose to overt disease.

In summary, through comprehensive analysis of PRKN muta-
tions in a large Parkinson’s disease cohort and a population scale
cohort, we validated genotyping array screening for the detection
of biallelic PRKN patients. Additionally, we demonstrated that func-
tional assays in patient cell can resolve PRKN VUSs in biallelic pa-
tients and can rule out second cryptic variants in patients with
one heterozygous pathogenic mutation. Finally, we demonstrate
that heterozygous PRKN variants are common in the population
but do not increase the risk of Parkinson’s disease.

Study limitations

We detected92% of CNVs in the UK Biobank that can be identied
by visual inspection. However, small CNVs that were not well cov-
ered by probes on the genotyping arraymay have beenmissed, par-
ticularly those involving single exons 1, 5, 9, 10, and 12. These likely
makeupasmallproportionofPRKNCNVs,however; theyaccount for
only 0.6% of all CNVs in gnomAD (all are absent except exon 5 dupli-
cations; Supplementary Table 3). These would tend to underesti-
mate the prevalence of PRKN mutations in the UK population but
arenotpredictedtoaffect theassociationbetweensinglepathogenic
PRKNvariantsandParkinson’sdiseaserisk,as theyareas likely tooc-
cur in cases as controls. Ascertainment of Parkinson’s disease in the
UK Biobank is based on medical codes placed in the health record
andmaybe incompleteand/ormayhavebeenobtainedbyamedical
professional other than a movement disorders specialist. As even
specialists following established criteria may incorrectly diagnose
Parkinson’s disease in as many as 18% of cases, some cases may be
misdiagnosed as Parkinson’s disease and subtle parkinsonian signs
may have been missed or not reported in participants classied as
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controls.43 However, asmisclassication of Parkinson’s disease sta-
tus is as likely to occur in carriers of no or one PRKN mutation, it
should not affect the association between single pathogenic PRKN
variants and Parkinson’s disease risk, apart from decreasing statis-
ticalpower.Additionally, as thecontrols in theNIH-PD+AMP-PDco-
hort may not have received the same level of assessment as the
cases, there is thepotential for bias thatwoulddecrease the odds ra-
tio due to misclassication of a case as a control. However, because
Parkinson’s disease is likely uncommon among the controls, this
bias is unlikely to have ameaningful impact on the results. A limita-
tion of this study is analysis of participants of predominately
European ancestry. It will be important to replicate these in
non-European cohorts as data becomes available from efforts such
as GP2.32
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