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TABLE 1 Association between the m.2158 T > C variant in Parkinson’s disease cases (n = 4358), proxies (n = 779), and controls (n = 16,609)

Dataset PD cases (F:M) Controls (F:M) Mean (SD) AO Total P-value OR (95% CI)

All of Us 1021 (0.64) 12,787 (1.69) 60.0 (4.0) 14,587 0.45 0.50 (0.08–3.05)

All of Us maternal PD proxy 779 (1.86) 12,787 (1.69) – 0.64 0.69 (0.14–3.33)

AMP-PD 1914 (0.55) 902 (1.05) 60.35 (10.33) 2816 0.31 3.89 (0.29–52.93)

100KGP early-onset familial PD 501 (0.69) 2691 (1.14) 44.37 (12.61) 3192 0.81 1.15 (0.37–3.56)

GP2 PD cohort 922 (0.62) 229 (0.39) 61.0 (12.86) 1151 0.51 0.32 (0.01–9.29)

Meta-analysis 4358 (0.60) 16,609 (1.51) 58.57 (�) 20,967 1 1.56 (0.42–2.40)

Maternal proxies are individuals whose mothers have Parkinson’s disease but do not have the condition themselves. Logistic regression was performed adjusted by age at onset

for cases, age for controls, sex, and the first 10 principal components. I2 = 0, heterogeneity P-value = 0.55. AO, age at onset; CI, confidence interval; OR, odds ratio; PD,

Parkinson’s disease; SD, standard deviation.
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Long-Read Sequencing Unravels
the Complexity of Structural
Variants in PRKN in Two

Individuals with Early-Onset
Parkinson’s Disease

About 5% to 10% of Parkinson’s disease (PD) cases are
monogenic; otherwise PD is generally known to be idio-
pathic. Although more than a dozen genes that contain

disease-causing mutations have been identified to date,
PRKN is the most frequently mutated gene in autosomal
recessive early-onset PD (EOPD).1 However, the genetic
cause of patients with a typical PRKN phenotype is some-
times elusive because of the limitations of traditional genetic
methods to detect complex structural mutations that are fre-
quent in PRKN.2

The phenotype is usually specific, consisting of a slowly
progressive EOPD with a good and long-standing response
to levodopa. Dystonia, dyskinesia, and motor fluctuations
are typical, whereas autonomic dysfunction, psychotic symp-
toms, and cognitive decline are usually absent.3 We report
2 siblings of European ancestries exhibiting PRKN pheno-
type left undiagnosed for years after multiple genetic investi-
gations (Fig. 1).

Siblings II-2 and II-4 presented at age 31 and 33 years,
respectively, with asymmetrical limb akinesia associated with
resting tremor with no medical history and no parental con-
sanguinity. Cerebral magnetic resonance imaging was normal,
and Wilson’s disease biomarkers were negative. Focal and
paroxysmal dystonia was present in II-4. The disease slowly
evolved with a low off-medication state UPDRS (Unified
Parkinson’s Disease Rating Scale) 13 and 16 years after dis-
ease onset (scores of 33 and 35 for II-2 and II-4, respectively).
Initial response to levodopa was remarkable for both (90%
and 80%). At last examination, II-4 had dyskinesia and
motor fluctuations. Of note, at the most recent examination
(age 45 and 47 years), cognitive impairment, postural instabil-
ity, neurogenic bladder, and bowel dysfunction were absent.

Because this presentation was consistent with PRKN-PD, we
first performed PRKN multiple ligation probe amplification
(MLPA) and Sanger sequencing, which revealed one copy of
exon 4 for both individuals and the absence of pathogenic
single-nucleotide variant, interpreted as a heterozygous exon
4 deletion (Fig. S1). Multiple genetic investigations, including
another MLPA, digital droplet polymerase chain reaction, and
targeted and exome sequencing, confirmed the presence of one
copy of exon 4, without any additional pathogenic variant.
Thus, this result was not sufficient to explain the phenotype.

Next we performed Oxford Nanopore long-read sequenc-
ing (LRS) for one individual using a protocol reported previ-
ously (https://www.protocols.io/view/processing-frozen-cells-
for-population-scale-sqk-l-6qpvr347bvmk/v1). LRS detected a
large compound heterozygous 178-kb deletion and 106-kb
duplication, encompassing exons 3 and 4 and exon 3, respec-
tively (Fig. 1). Both DNA loss and gain of the same exons
3 and 4 are described in typical PRKN-PD individuals, as
reported in the movement disorders society gene database
(https://www.mdsgene.org/d/1/g/4). Breakpoint junction PCR
confirmed the presence of the two structural variants and rev-
ealed both variants in the second individual (Fig. S2). LRS did
not identify any additional variants in PD known genes.
Because both deletion and duplication breakpoints were
located in deep intronic regions and genetic dosage of exon
3 was normal, short-read sequencing and other methods could
not detect the complex and balanced rearrangement. Overall,
these results demonstrated that biallelic PRKN variants were
the cause of PD in this family.

As shown by a previous study, we here confirm the poten-
tial of LRS to determine complex PRKN structural variants in
unsolved PRKN-PD cases.4

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
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