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Abstract: Background: An initial diagnosis of Parkinson’s disease (PD) is challenging, especially in patients
who have early onset and atypical disease. A genetic etiology for parkinsonism, when established, ends that
diagnostic odyssey and may inform prognosis and therapy. The objective of this study was to elucidate the
genetic etiology of parkinsonism in patients with early onset disease (age at onset <45 years).
Methods: Whole-exome sequencing, copy number variability, and short tandem repeat analyses were
performed. The analyses were focused on genes previously implicated in parkinsonism and dystonia in
patients with early onset parkinsonism. Genotype-phenotype correlations were assessed using regression
models.
Results: The patient cohort was characterized by early onset, slowly progressive parkinsonism with a mean
age at onset of 39.2 � 5.0 years (n = 108). By 10 years of disease duration, the mean Hoehn & Yahr stage
was 2.6 � 0.8, the mean Unified Parkinson’s Disease Rating Scale, part III (motor part) score was 24.9 � 12.1
(n = 83), and 30 patients were cognitively impaired at the last examination (Montreal Cognitive Assessment
score ≤ 26). Ten patients with typical early onset PD harbored homozygous or compound heterozygous
mutations phosphatase and tensin homolog-induced putative kinase 1 (PINK1) (n = 4), parkin (PRKN) (n = 3), or
the leucine-rich repeat kinase 2 (LRRK2) c.6055 G to A transition (n = 3). In addition, 5 patients with more
atypical disease were compound heterozygotes for the glucocerebrosidase gene (GBA) (n = 3) 1 was
heterozygous for solute carrier family 2, member 1 (SLC2A1) and another carried a novel ataxin 2 (ATXN2) exon
1 duplication. In most patients, the cumulative mutational burden did not appear to contribute to age at onset
or progression
Conclusion: In this clinical series, 15 patients (14%) carried mutations that were linked to monogenic
parkinsonism. GBA carriers were most likely to suffer an earlier cognitive demise. Nevertheless, the etiology
for most patients with early onset PD remains to be determined.

Parkinsonism is characterized by resting tremor, rigidity, and

bradykinesia,1 and the most frequent form is Parkinson’s disease

(PD). This clinical syndrome is age-associated, neurodegenera-

tive, and starts asymmetrically. Although these motor features

respond well to dopamine-replacement therapy, several

nonmotor symptoms, including autonomic dysfunction, hypos-

mia, pain, psychiatric and sleep disorders, cognitive dysfunction,

and decline, remain problematic.2–4 PD is generally late-onset

(LOPD), affecting the elderly population (age at disease onset

[AAO], >65 years), and only 4% of patients are diagnosed with
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early onset PD (EOPD) (AAO, ≤45 years). A definitive diagno-

sis of PD is often challenging, because symptom onset is insidi-

ous; there is considerable clinical heterogeneity in presentation,

progression, and response to therapy.5 The accuracy of a clinical

diagnosis of PD ranges between 76% and 92%, depending on

the criteria used, stage of disease, and AAO.6–11 Many patients

with early onset forms of parkinsonism have dystonia, whereas

many genetic forms of dystonias have parkinsonism.12

Although clinical evaluation and imaging help establish a diag-

nosis, genetic insights may be most insightful in defining clinical

subtypes. Recessively inherited mutations in the phosphatase and

tensin homolog-induced putative kinase 1 (PINK1) and parkin

(PRKN) genes have been shown to cause a slowly progressive

and mild early onset parkinsonism, with preservation of cogni-

tive function and good response to levodopa (L-dopa) ther-

apy.13–15 In contrast, although recessively inherited mutations in

adenosine 50-triphosphatase 13A2 (ATP13A2); protein deglycase

1 DJ-1 (DJ-1); DnaJ (heat-shock protein 40) homolog, subfamily

C, member 6 (DNAJC6); phospholipase A2 group VI

(PLA2G6); F-box protein 7 (FBXO7); and synaptojanin 1

(SYNJ1) also result in juvenile/early onset parkinsonism, their

presentation is more atypical, often including dystonia, spasticity,

seizures, behavioral problems, and developmental delay, with lit-

tle response to L-dopa.16–19 Many other genes and genome-wide

association loci and have been implicated in LOPD.20

Herein, we describe the genealogy and clinical characteristics

of patients with EOPD originating in central Norway. Gen-

ome-wide genetic evaluation was performed, including whole-

exome sequencing, copy number variation (CNV), and short

tandem repeat analyses. Sequence and structural variability in

genes implicated in early/juvenile onset parkinsonism, dystonia,

and related neurological conditions are presented with their

influence on AAO and clinical outcomes.

Materials and Methods
Patients
We studied 108 patients with early onset parkinsonism (AAO,

39.3 � 5.0 years; range, 20–45 years; male:female (M:F) ratio,

1.6:1) originating from central Norway (patient characteristics

are summarized in Table S1). All patients were examined and

observed longitudinally by 1 movement disorder specialist

(J.O.A.) at St. Olav’s hospital in Trondheim, Norway, and were

diagnosed according to UK Brain Bank criteria.21 All partici-

pants provided informed consent before donating a blood sam-

ple for genetic analysis. Local ethics approval, which was

independently reviewed by the University of British Columbia

Research Ethics Board, was obtained.

Leucine-rich Repeat Kinase 2
p.G2019S and Short-tandem
Nucleotide Repeat Screening
Leucine-rich repeat kinase 2 (LRRK2) c.6055 G to A (G > A)

transition (p.G2019S) parkinsonism is a frequent cause of

genetically determined PD in Central Norway22; therefore, all

patients were screened for its presence using a TaqMan probe

(Life Technologies, Carlsbad, CA).

Pathogenic short tandem nucleotide repeat expansions were

examined in ataxin 2 (ATXN2); ATXN3; protein phosphatase

2, regulatory subunit B, b isoform (PPP2R2B); and TATA-box

binding protein (TBP) using a fluorescent-labeled polymerase

chain reaction primer with capillary electrophoresis on an ABI

3730xl Genome Analyzer (Thermo Fisher Scientific, Waltham,

MA) and analyzed with Genemapper software (Life Technolo-

gies).

Whole-exome Sequencing and
Variant Selection
Exonic regions were enriched using the Ion AmpliSeq exome

kit (57.7 Mb) and sequenced on the Ion Proton (Life Tech-

nologies) with a minimum average coverage of 70 reads per

base and an average read length of 150 bases. Reads were

mapped to the National Center for Biotechnology Information

Build 37.1 reference genome using the Ion Torrent Suite 5.0

(Thermo Fisher Scientific). Sequences with a mapping Phred

quality score under 20, fewer than 10 reads, or over 95% strand

bias were excluded from further analysis. Variants were subse-

quently annotated with ANNOVAR,23 and allelic frequencies

from the Exome Aggregation Consortium (ExAC) were

included for the exclusion of frequently observed variants

(minor allele frequency, >0.01). In addition, we employed

Combined Annotation Dependent Depletion (CADD) analysis;

CADD C-scores are an integrated metric of multiple annota-

tions to rank functional, deleterious, and disease causal vari-

ants.24 A C-score ≥ 20 indicates that the variant is predicted to

be among the 1% most deleterious substitutions in the human

genome and was employed as a cutoff to suggest those most

likely to be causal of disease. All variants were validated by

means of Sanger sequencing as previously described.46 We ana-

lyzed variability in genes that were linked or associated with

early onset parkinsonism, dystonia, or related neurologic condi-

tions (Table 1).

Copy Number Analysis
Approximately 1.8 M single nucleotide polymorphisms were

assessed genome-wide using an Illumina Multi-Ethnic Genome

Array (Illumina, San Diego, CA). In addition to the patients,

165 neurologically healthy individuals from Scandinavia were

included (Norway, n = 109; Faroe Islands, n = 55 l; age,

79.1 � 9.0 years; age range, 66–100 years; M:F ratio, 0.7:1).

The Illumina iScan Reader and GenomeStudio software were

used to deduce genotype calls and CNVs from fluorescence

intensity files (Illumina). Two algorithms were employed for

the latter: CNVPartition version 3.2.0 (Illumina; using a default

confidence threshold of 35, a minimum probe count of 3, and

a minimal size window of 1 kb) and PennCNV.25 Concordant

findings were subsequently assessed. Copy number variants in

SNCA, PRKN, and PINK1 and in specific exons of DJ-1
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(exons 1, 3, 5, and 7), ATP13A2 (exons 2 and 9); lipoprotein

A (LPA) (exon 39), and tumor necrosis factor receptor super-

family member 9 (TNFRSF9) (exon 3) were confirmed using

multiplex ligation-dependent probe amplification (MRC Hol-

land, Amsterdam, the Netherlands; http://www.mlpa.com), and

exonic deletions or multiplications were subsequently verified

using quantitative polymerase chain reaction.

Statistical Analysis
Logistic regression models were used to assess mutation burden

(e.g., the number of variants across candidate genes) on AAO,

progression of motor symptoms after 10 years of disease

duration, and cognitive decline at the last examination. Similar

regression analyses were performed for specific genetic etiolo-

gies (e.g., PRKN, PINK1, glucocerebrosidase [GBA], and

LRRK2 carriers and EOPD).

Results
The cohort studied was characterized by early onset parkinson-

ism (mean AAO, 39.3 � 5.0 years; range, 20–45 years; M:F

ratio, 1.6:1; n = 108) with relatively slow motor symptom pro-

gression after 10 years of evaluation (mean Hoehn & Yahr

[H&Y] stage, 2.6 � 0.8; mean Unified Parkinson’s Disease

Rating Scale motor part [UPDRS III] score, 24.9 � 12.1;

TABLE 1 Major genes associated with early onset parkinsonism, dystonia, and related neurologic syndromes

Diseasea Inheritance RefSeq gene Position (hg19) RefSeq

I. Early onset parkinsonism
Juvenile-onset parkinsonism,
Kufor-Rakeb syndrome; PARK9

AR ATP13A2 chr1:17312453-17338423 NM_022089

Early onset parkinsonism; PARK7 AR DJ-1 chr1:8021714-8045342 NM_007262
Juvenile-onset parkinsonism; PARK19 AR DNAJC6 chr1:65775218-65881552 NM_001256864
Early onset parkinsonism; PARK15 AR FBXO7 chr22:32870707-32894818 NM_012179
PD, Gaucher’s disease IC, Mu GBA chr1:155204239-155214653 NM_000157
Early onset parkinsonism; PARK6 AR PINK1 chr1:20959948-20978004 NM_032409
Early onset parkinsonism, NBIA; PARK14 AR PLA2G6 chr22:38507502-38577761 NM_003560
Early onset parkinsonism; PARK2 AR PRKN chr6:161768590-163148834 NM_004562
Early onset parkinsonism; PARK20 AR SYNJ1 chr21:34001069-34100351 NM_003895
Early onset parkinsonism; PARK23 AR VPS13C chr15:62144590-62352664 NM_020821

II. Parkinson’s disease
PD; PARK22 AD CHCHD2 chr7:56101569-56106576 NM_001320327
PD; PARK21 AD DNAJC13 chr3:132136553-132257876 NM_015268
PD; PARK18 AD EIF4G1 chr3:184032283-184053146 NM_182917
PD; PARK8 AD LRRK2 chr12:40618813-40763086 NM_198578
PD; PARK1/4 AD SNCA chr4:90645250-90759447 NM_000345
PD; PARK17 AD VPS35 chr16:46693589-46723144 NM_018206

III. Neurologic disease with parkinsonism
Parkinsonism with spasticity XLR ATP6AP2 chrX:40440216-40465888 NM_005765
Wilson’s disease AR ATP7B chr13:52506806-52585630 NM_000053
Spinocerebellar ataxia 2; SCA2 AD ATXN2 chr12:111890018-112037480 NM_002973
Spinocerebellar ataxia 3, Machado-Joseph disease;
SCA3

AD ATXN3 chr14:92524896-92572965 NM_004993

Perry syndrome/parkinsonism AD DCTN1 chr2:74588281-74607482 NM_004082
Progressive supranuclear palsy, FTD with
parkinsonism

AR, AD MAPT chr17:43971748-44105699 NM_016835

Spinocerebellar ataxia 12; SCA12 AD PPP2R2B chr5:145969067-146258348 NM_181674
Intellectual disability with parkinsonism XLR RAB39B chrX:155258241-155264589 NM_171998
Spinocerebellar ataxia 17; SCA17 AD TBP chr6:170863421-170881958 NM_003194

IV. Dystonia
Rapid-onset dystonia-parkinsonism; DYT12 AD ATP1A3 chr19:42470734-42498428 NM_152296
Dopa-responsive dystonia, Segawa syndrome; DYT5a AR, AD GCH1 chr14:55308724-55369542 NM_000161
Adult-onset cranial-cervical dystonia; DYT25 AD GNAL chr18:11689014-11885683 NM_182978
Paroxysmal nonkinesigenic dyskinesia; DYT8 AD PNKD chr2:219135115-219211516 NM_015488
Young-onset dystonia-parkinsonism; DYT16 AR PRKRA chr2:179296141-179315958 NM_003690
Paroxysmal kinesigenic dyskinesia; DYT10 AD PRRT2 chr16:29823409-29827202 NM_145239
Myoclonic dystonia; DYT11 AD SGCE chr7:94214536-94285521 NM_001099401
GLUT1 deficiency syndrome; DYT18 AR, AD SLC2A1 chr1:43391046-43424847 NM_006516
Dopa-responsive dystonia AR SPR chr2:73114512-73119289 NM_003124
X-linked dystonia-parkinsonism; DYT3 XLR TAF1 chrX:70586114-70685855 NM_004606
Dopa-responsive dystonia, Segawa syndrome; DYT5b AR TH chr11:2185159-2193035 NM_199292
Adolescent-onset dystonia of mixed type; DYT6 AD THAP1 chr8:42691817-42698474 NM_018105
Early onset generalized dystonia; DYT1 AD TOR1A chr9:132575221-132586441 NM_000113
“Non-DYT1” dystonia, whispering dysphonia; DYT4 AD TUBB4A chr19:6494330-6502330 NM_001289123

RefSeq, Reference Sequence database built by the National Center for Biotechnology Information; hg19, UC Santa Cruz Human Genome
Browser-hg19 assembly; AR, autosomal recessive; NM, messenger RNA accession prefix; chr, chromosome; PD, Parkinson’s disease; IC, iso-
lated cases; Mu, multifactorial; NBIA, neurodegeneration with brain iron accumulation; AD, autosomal dominant; XLR, X-linked recessive; SCA,
spinocerebellar ataxia/atrophy; FTD, frontotemporal dementia.
aDisease “numbers” indicate disease subtype according to the Online Mendelian Inheritance in Man database.
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n = 83). No patients presented with the postural instability and

gait difficulty (PIGD) phenotype at the time of study. In total,

83 patients (77%) developed dyskinesia after 6.2 � 3.4 years

(range, 0–14 years) of treatment, with an average L-dopa

equivalent dosage (LEDD) of 688.4 � 410.6 mg/day (range,

0–2200 mg/day). Forty-three patients (42%) underwent neuro-

surgical intervention (thalamotomy, globus pallidus internus, or

subthalamic nucleus [STN] deep brain stimulation [DBS])

(Table S1). At the last examination (≥10 years after disease

onset; n = 58), the majority of patients were cognitively spared;

26 patients had mild cognitive impairment (Montreal Cognitive

Assessment [MoCA] scores, 18–26), three had moderate cogni-

tive impairment (MoCA scores, 15–17), and 1 had dementia

(MoCA score, 8). A family history of parkinsonism was

reported in 50 patients (46.3%); 28 (25.9%) had an affected

first-degree relative (20 with affected parents, and 11 with

affected siblings), 20 (18.5%) had a second-degree relative, and

9 (8.3%) had a third-degree relative with parkinsonism

(Fig. S2).

In total, 86 participants harbored 119 rare, nonsynonymous

variants in 30 genes that have been implicated in parkinsonism

and/or dystonia (Fig. 1, Table 1). However, there were no sig-

nificant correlations (P > 0.05) with mutation burden and AAO

(r2 < 0.0001; n = 108), the severity of motor symptomatology

(UPDRS score at 10 years of disease duration; r = 0.0013;

n = 86), or cognitive impairment (MoCA score beyond

10 years of disease duration; r2 = 0.0648; n = 58). There were

28 variants with CADD scores > 20, which were presumed to

be most damaging to protein function (Table 2), and 14 struc-

tural variants were identified using multiethnic genome array

and multiplex ligation-dependent probe amplification methods

(Table 3).

We identified compound heterozygous or homozygous

mutations in PINK1 (n = 4) and PRKN (n = 3). Patient P-607

is a heterozygous carrier of a PINK1 exon 4 and 5 deletion and

a hemizygous PINK1 c.1079 A>G (p.H360R) mutation in

exon 5. Her mother (F35-1) is homozygous for the same

PINK1 exon 4 and 5 deletion. P-169 carries a heterozygous

PINK1 exon 4 and 5 deletion and a homozygous exon 1 c.

230T>C (p.L77P) mutation. P-1016 was heterozygous for a

PINK1 exon 4 duplication and was compound heterozygous

for c.218C> T (p.S73L) and c.454C>T (p.R152W), with both

parents asymptomatic at ages 50 and 57 years, respectively.

P-029 carries a homozygous PRKN exon 4 deletion, with no

known family history of disease. P-936 has a heterozygous

PRKN exon 4 deletion and carries a heterozygous c.823C>T
(p.R275W) mutation in exon 7. P-966 is a homozygous PRKN

exon 3 and 4 deletion carrier. Sequence and structural variabil-

ity in PINK1 and PRKN is summarized in Tables 2 and 3.

These patients collectively developed tremor and fluctuations

early and had a typical, generally mild, L-dopa–responsive
parkinsonism (mean H&Y stage, 2.9 � 0.7; mean UPDRS III

score, 27.5 � 8.4; n = 5) without any cognitive impairment at

their last evaluation.

In addition, we identified heterozygous mutations in LRRK2

(n = 3) and GBA (n = 3) (Tables 2 and 4). LRRK2 p.G2019S

was identified in 3 patients (P-089, P-369, and P-824), and the

former 2 have previously been reported.22 They all developed

tremor early and had a typical, generally mild, L-dopa–respon-
sive parkinsonism (mean H&Y stage, 2.7 � 0.6; mean UPDRS

III score, 26.0 � 15.;, n = 3). All three had STN DBS. Both

P-369 and P-824 are cognitively spared, whereas P-089 now

has moderate cognitive impairment (MoCA score, 15). We

identified 3 compound heterozygote GBA carriers (P-221,

P-261, and F78-1) who had the c.1226A>G (p.N370S) muta-

tion, and none had any features of Gaucher’s disease. In addi-

tion, P-221 is a carrier of a novel heterozygous c.1478G>A
(p.G454D) mutation, whereas P-261 and his affected sister

(F78-1) both carried a heterozygous c.1093G>A (p.E326K)

variant. Both siblings also carry a pathogenic mutation for dys-

tonia in torsin family 1 member A (TOR1A), namely,

c.613T>A (p.F205I), albeit without this symptom. All 3 GBA

carriers have STN DBS, which manages their parkinsonism

(mean H&Y stage, 3.5 � 0.7; mean UPDRS III score,

37.0 � 8.5; n = 3) but have since developed cognitive impair-

ment (MoCA score, 8–26) (Tables 3 and 4). In addition, 19

heterozygous carriers of GBA variants were identified, namely,

c.1093G>A (p.E326K; n = 11), c.1223C>T (p.T369M; n = 6),

c.1186T>A (p.W359R; n = 1), and c.595_597delinsC

(p.L160fsTer1; n = 1) (Fig. 1).

One female patient (ES-117) is a heterozygous carrier of

solute carrier family 2, member 1 (SLC2A1) c.805C>T
(p.R269C). Her disease started with oculogyric crisis and early

onset parkinsonism, which now more closely resembles an

L-dopa–responsive dystonia (Tables 3 and 4). She has had

symptoms for 19 years and is now severely affected, with an

H&Y stage of 4 or 5. The mutation is de novo, because neither

of her unaffected parents are carriers. One patient (P-459) was

identified with a duplication of ATXN2 exon 1, although his

symptoms manifest as typical L-dopa–responsive PD. He has

STN DBS and becomes akinetic-rigid every time his stimulator

stops and the battery needs to be replaced. His son (DNA not

available at this time) has the same disease presentation.

MoCA scores differed significantly between patients with and

without pathogenic mutations (after adjusting for disease dura-

tion; P = 0.010), with the greatest difference observed between

GBA and PRKN patients (�0.922 � 0.443; P = 0.037). Other-

wise, no significant differences were observed between AAO,

H&Y stage, motor scores (UPDRS III), or known family his-

tory of parkinsonism (P > 0.05).

In addition to known disease-causing variability (Table 4),

we identified an additional 13 “putatively pathogenic” sequence

variants with minor allele frequencies < 0.01 and CADD

scores > 20 (Table 2). We did not find any additional homozy-

gous or compound heterozygous carriers of the genes implicated

in recessively inherited disease or any repeat expansions in

ATXN2, ATXN3, PPP2R2B, or TBP. Among the patients,

and compared with control samples, there was no excess of

CNVs (Table 3). Excluding the CNVs presented within

PINK1, PRKN, and ATXN2, only 3 of the called CNVs were

absent from controls, all of which were duplications (with 3

copy numbers). The carriers of CNVs in G protein subunit a L
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(GNAL) and paroxysmal nonkinesigenic dyskinesia (PNKD) do

present with typical EOPD and no overlap with dystonia 8

(DYT8) (PNKD) or DYT25 (GNAL), suggesting the these

CNVs are not the cause of their disease.

Discussion
In this study, we describe longitudinal clinical characteristics

and comprehensive genetic analyses of 108 unrelated patients

with EOPD (Table 1). The patients who were included are

representative of those with early onset parkinsonism, although

they were seen by a movement disorder specialist after referral

by family physicians and general neurologists from the sur-

rounding region. Although Central Norway maintains close-

knit communities with relatively high kinship coefficients

among seemingly unrelated individuals (data not shown), and

the sample size is relatively small and subject to bias, the heri-

tability of disease among affected individuals is considerable.

Notably, 49 individuals (46.7%) reported a positive family his-

tory of parkinsonism versus 30.6% of patients with EOPD in

Finland, and 10% to 14% of patients globally with LOPD.26,27

Nevertheless, shared environmental factors may not be

excluded.

We observed that 15 patients were carriers of previously

described, disease-causing variability (Table 4), representing a

diagnostic yield of 14%. Nevertheless, when susceptibility is

attributed to a single, specific mutation(s), the outcomes in

terms of AAO, motor and cognitive progression, and response

to therapy appear to be complex. There is considerable hetero-

geneity in symptom onset and disease development among our

participants. Importantly, 83 patients (86%) remain unexplained,

for which, further investigation is warranted. Surprisingly, 86 of

the 108 patients were carriers of 1 or more rare nonsynony-

mous variant(s) in a disease-causing gene. However, some vari-

ability may have been overlooked, because whole-exome

sequencing does not fully cover all exonic or intronic regions.

Nevertheless, accumulation of such variants does not appear to

influence disease progression in terms of AAO, motor symptom

severity, or cognitive function. This suggests that that disease

outcomes in terms of AAO, progression, and cognitive impair-

ment are more likely attributed to specific disease-causing muta-

tions and/or environmental or stochastic factors.

Figure 1 Mutation landscape in disease implicated genes from whole-exome sequencing of 108 patients with early onset parkinson-
ism. This waterfall plot represents a total of 119 rare (minor allele frequency < 0.01), nonsynonymous variants across 30 genes, as
labeled horizontally, in 86 patients (presented vertically). The type of variant is depicted by colored squares: Purple squares represent
nonsense variants, red squares are frameshift deletions, orange squares are frameshift insertions, pink squares are splice variants, and
green squares are missense variants.
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The clinical phenotype of LRRK2, PINK1, PRKN, GBA/

TOR1A, and ATXN2 carriers is that of typical L-dopa–respon-
sive parkinsonism, of which 10 of 12 patients had a disease

duration > 5 years (Table 4). LRRK2 carriers are generally

indistinguishable from patients who have typical PD, with vari-

able AAO (range, 28–82 years).28,29 Although onset is generally

TABLE 2 Rare, nonsynonymous, damaging variants (Combined Annotation Dependent Depletion score > 20) identified in genes associated
with early onset parkinsonism, dystonia, and related syndromes

RefSeq gene Position (hg19) Nucleotide change Amino acid change rs ID ExAC frequency CADD score No. of
carriers

I. Early onset parkinsonism
ATP13A2 Chr1:17319033 c.1793delinsGA p.Q598RfsTer2 NA NA 32 1 (Het)
FBXO7 Chr22:32894183 c.1235delinsTC p.V412VfsTer2 NA NA 23.6 1 (Het)
GBA Chr1:155205634 c.1226A>G p.N370S rs76763715 2.20E-03 22.7 2 (Het)

Chr1:155205013 c.1478G>A p.G454D NA NA 24.8 1 (Het)
Chr1:155206167 c.1093G>A p.E326K rs2230288 9.80E-03 20.33 12 (Het)

PINK1 Chr1:20960259 c.218C>T p.S73L rs202048763 2.82E-04 23.6 1 (Het)
Chr1:20960271 c.230T>C p.L77P NA NA 24.5 1 (Hom)
Chr1:20964401 c.454C>T p.R152W rs45608139 2.47E-05 35 1 (Het)
Chr1:20972172 c.1079A>G p.H360R NA NA 25.3 1 (Het)

PLA2G6 Chr22:38531041 c.848A>G p.D283G NA 3.34E-05 28.5 1 (Het)
PRKN Chr6:161771219 c.1310C>T p.P437L rs149953814 1.50E-03 25.5 1 (Het)

Chr6:162206852 c.823C>T p.R275W rs34424986 2.10E-03 20.1 1 (Het)
Chr6:162864410 c.101_103delinsG p.Q34RfsTer5 NA 3.00E-04 23.6 1 (Het)

II. Parkinson’s disease
DNAJC13 Chr3:132247160 c.6509T>G p.L2170W rs140537885 2.30E-03 23 2 (Het)

Chr3:132196983 c.2708G>A p.R903K rs141952333 2.00E-03 23.6 1 (Het)
LRRK2 Chr12:40734202 c.6055G>A p.G2019S rs34637584 3.87E-04 35 3 (Het)

Chr12:40713856 c.4894G>C p.E1632Q rs200580973 NA 25.8 1 (Het)
III. Neurologic disease with parkinsonism

ATXN2 Chr12:111893991 c.3586G>A p.A1196T rs369512638 3.30E-05 25.1 1 (Het)
Chr12:111907995 c.3233C>T p.A1078V NA 4.12E-05 36 1 (Het)

MAPT Chr17:44067341 c.1280C>T p.S427F rs143956882 1.50E-03 20.2 1 (Het)
TBP Chr6:170878719 c.697G>A p.A233T NA NA 26.8 1 (Het)

IV. Dystonia
SGCE Chr7:94259062 c.201T>A p.F67L NA NA 26.7 1 (Het)
SLC2A1 Chr1:43395326 c.805C>T p.R269C rs200247956 2.85E-04 35 1 (Het)
TH Chr11:2192979 c.38G>C p.G13A NA NA 26.9 1 (Het)

Chr11:2190989 c.296delinsAAAAAT p.L99QfsTer3 NA NA 24.5 1 (Het)
TOR1A Chr9:132585071 c.229_233delinsT p.I78KfsTer1 NA NA 25.8 2 (Het)

Chr9:132581031 c.613T>A p.F205I rs267607134 2.47E-05 36 1 (Het)
TUBB4A Chr19:6495588 c.1075delinsTG p.G308Ter NA NA 34 1 (Het)

RefSeq, Reference Sequence database built by the National Center for Biotechnology Information; hg19, UC Santa Cruz Human Genome
Browser-hg19 assembly; rs ID, reference single nucleotide polymorphism number; ExAC, Exome Aggregation Consortium; CADD, Combined
Annotation Dependent Depletion; Chr, chromosome; delins, deletion or insertion; NA, not applicable; Het, heterozygous; Hom, homozygous.

TABLE 3 Copy number variability within genes associated with early onset parkinsonism, dystonia, and related syndromes

RefSeq gene Chromosomal band Exons Copy no. No./total no. (%)

Affected carriers Control carriers

I. Early onset parkinsonism
PINK1 1p36.12 Ex4 3 1/105 (1.0) 1/165 (0.0)

Ex4-5 0–1 3/105 (2.9) 0/165 (0.0)
PRKN 6q26 Ex3-4 0 1/105 (1.0) 0/165 (0.0)

Ex4 1 1/105 (1.0) 0/165 (0.0)
Ex5 0 1/105 (1.0) 0/165 (0.0)

GBA 1q21.3-q22 Complete gene 3 6/105 (5.7) 4/165 (2.4)
III. Neurologic disease with parkinsonism

ATXN2 12q24.12 Ex1 3 1/105 (1.0) 0/165 (0.0)
IV. Dystonia

ATP1A3 19q13.2 Complete gene 3 6/105 (7.6) 4/165 (2.4)
Complete gene 1 0/105 (0.0) 1/165 (0.6)

GCH1 14q22.2 Ex1 3–4 4/105 (3.8) 0/165 (0.0)
Ex1 1 0/105 (0.0) 1/165 (0.6)

GNAL 18p11.21 Ex1 3 1/105 (1.0) 0/165 (0.0)
PNKD 2q35 Complete gene 3 3/105 (1.9) 0/165 (0.0)
PRRT2 16p11.2 Complete gene 3 10/105 (9.5) 7/165 (4.2)

Ex1-2 3 11/105 (10.5) 1/165 (0.6)
TUBB4A 19p13.3 Complete gene 3–4 4/105 (3.8) 2/165 (1.2)

RefSeq, Reference Sequence database built by the National Center for Biotechnology Information; hg19, UC Santa Cruz Human Genome
Browser-hg19 assembly.
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after age 50 years, these patients all have early disease onset. It

was demonstrated previously that the LRRK2 p.G2019S variant

in Norway stems from a common ancestor, which could

explain the high frequency of carriers with an earlier disease

phenotype.30 Carriers of LRRK2, PINK1, PRKN, GBA/

TOR1A, and ATXN2 mutations benefit well from L-dopa and

DBS with regard to their movement disorder and are suitable

candidates for such therapeutic intervention.31,32 However, cog-

nitive performance in GBA carriers defined the most readily

apparent clinical subtype, for which GBA/TOR1A carriers had

the most severe and rapid decline, similar to previous reports.33

Although the GBA p.E326K polymorphism does not cause dis-

ease, it has been suggested that it predicts a more rapid progres-

sion of cognitive impairment, as observed in these patients.33

Nevertheless, no Gaucher’s disease symptoms were manifest,

although they were often noted in past reports.34,35 We did not

observe a significant difference in the frequency of disease-caus-

ing variability among patients with or without a known family

history of parkinsonism (10 of 50 and 5 of 58 patients, respec-

tively). However, we do not want to rule out this possibility

only because it is difficult to examine relatives. In such

instances, this information relies on the recollection of the

patient and might not always be known, especially for a reces-

sive disorder that generally does not manifest in every genera-

tion. Quantitative meta-analyses of larger EOPD cohorts are

warranted to better define how different etiologies contribute to

progression and treatment.

The SLC2A1 p.R269C carrier in our study initially presented

with parkinsonism, which subsequently progressed to an L-dopa–
responsive, dystonic phenotype with early oculogyric crisis. The

mutation appears to be de novo, which is a frequent occurrence

for pathogenic mutations in SLC2A1.36–38 Nevertheless, in

infants, such mutations are more typical of glucose transporter

type 1 deficiency syndrome (GLUT1-DS), which is associated

with seizures (epilepsy). Only 10% have a nonepileptic form that

includes a broad phenotypic spectrum of paroxysmal manifesta-

tions, intermittent ataxia, choreoathetosis, dystonia, parkinsonism,

and alternating hemiplegia39,40 Predicting the disease outcome of

SLC2A1 carriers is challenging; however, early implementation

of a ketogenic diet may lessen the severity of multiple symptoms,

including movement disorders.41–44

The patient who had an exon 1 duplication of ATXN2

developed symptoms of parkinsonism at age 37 years. He has

spinocerebellar ataxia type 2 (SCA2), which looks like L-dopa–
responsive PD with a moderate cognitive impairment, and he

had STN DBS many years ago. He still benefits from the sur-

gery and deteriorates every time his battery needs to be

replaced. ATXN2 contains a polyglutamine tract located in

exon 1, which is covered by the CNV duplication, in which

long repeat expansions cause SCA2 and susceptibility to PD.

However, to fully establish the pathogenicity of this CNV, fur-

ther genotyping is warranted. In addition, whether this CNV

and the damaging repeat expansions cause the same functional

effect remains to be investigated.

Additional rare, putatively damaging variability was

observed, although it not sufficient to cause recessively

inherited, early onset parkinsonism. Both DNAJC13

c.6509T>G (p.L2170W) and c.2708G>A (p.R903K) have been

described as risk factors for parkinsonism in Norwegians.44,45

LRRK2 c.4894G>C (p.E1632Q) has not been described previ-

ously in any patients with parkinsonism, nor is it present in

the ExAC database (version 0.3.1); however, 1 individual with

chronic obstructive pulmonary disease has been described.47

Microtubule-associated protein s (MAPT) c.1280C>T
(p.S427F), although rare, has been observed in 123 non-Finish

Europeans from the ExAC database. Even considering incom-

plete penetrance, this is almost 4-fold higher than the expected

number of individuals with early onset parkinsonism within

that population. e-Sarcoglycan (SGCE) c.201T>A (p.F67L)

was identified in 1 patient who had parkinsonism starting at

age 31 years and developed dyskinesia 1 year later. SGCE

generally results in myoclonus dystonia with onset in child-

hood or early adolescence, without parkinsonism, suggesting

that such variability might be a contributing factor to dyskine-

sia.48 Inferences about genome-wide CNVs were not made

beyond known risk loci. However, not including CNVs

within PINK1, PRKN, and ATXN2, no other CNVs were

found that would explain disease.

Genetic analysis of patients who initially present with early

onset parkinsonism may assist in a differential diagnosis and in

predicting disease prognosis and response to treatment.

Although it is critically dependent on an individual’s clinical

assessment and further studies, early diagnosis might allow DBS

to be implemented sooner rather than later, especially in GBA

mutation carriers.49,50 Cognitive dysfunction is part of the natu-

ral history of PD, and such medical comorbidities increase with

age and debility. Hence, a definite genetic diagnosis may enable

earlier therapeutic intervention and thus enhance the quality of

life for patients.

In this cohort, the most patients remain idiopathic, suggesting

that there are additional genetic and/or environmental contri-

butions. Although we have nominated additional sequence and

copy number variability, its significance without segregation

analysis is unclear. Currently, further affected family members

are not available to study. Far larger case and control series are

needed to elucidate the relevance of these rare variants to dis-

ease or to test the hypothesis that parkinsonism is an oligogenic

or multifactorial trait.

In the absence of reliable diagnostic markers, a clinical diag-

nosis of parkinsonism is based on characteristic features that may

be quite subtle early in the disease course. A differential diagno-

sis is especially challenging without longitudinal follow-up.

However, both types of diagnoses can be supported by genetic

analysis; because a definite diagnosis informs management strate-

gies, treatment, and quality of life. A genetic yield of 14% in

EOPD (< 45 years) should warrant genetic testing as a standard

in the clinic. Nevertheless, subsequent meta-analyses of larger

patient series are recommended to confirm results and identify

novel genes with pathogenic mutations. In this effort, several

groups have created mechanisms to connect clinicians and

researchers with common interests in specific genes and variants.

While we encourage their use (https://genematcher.org/about),
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we have also created a disease-specific Web application to

enable researchers’ access to the exome data generated in this

study (http://annex.can.ubc.ca).
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Figure S1. Map showing the region of central Norway,

including Nord-Trøndelag and Sør-Trøndelag, from which 108

patients with early onset Parkinson’s disease were recruited.

Figure S2. Venn diagram of family history of parkinsonism

among the 108 patients with early onset parkinsonism from

Norway.
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