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PLA2G6 has been certified as a causative gene in patients with autosomal recessive
early-onset Parkinson’s disease (EOPD). We reported an EOPD case caused by
PLA2G6 gene mutation, and performed neurological examination, genetic analysis,
and multimodal neuroimaging to describe this phenotype. A compound heterozygous
mutation ¢.991G>T/c.14724+1G>A was detected in this patient. Heterozygous for the
€c.991G>T and ¢.1472+1G>A were separately detected in his parents. Pathogenicity
of these two mutations were predicted according to the American college of medical
genetics and genomics (ACMG) guideline. MRI assessment showed absence of bilateral
“swallow tail sign” and cerebellar atrophy in this patient, while no obvious difference
in brain iron accumulation between PLA2G6 mutant PD patient and healthy controls.
Cerebellar abnormalities may be a marker for diagnosis and evaluation of PLA2G6
mutation Parkinsonism. However, the iron accumulation in PD may not be the result
of PLA2G6 mutation.
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INTRODUCTION

Parkinson’s disease (PD) is a chronic progressive neurodegenerative disorder, characterized by
complex clinical symptoms including motor symptoms like resting tremor, bradykinesia, rigidity,
gait abnormalities, and non-motor symptoms like hyposmia, dyssomnia, affective disturbance.
Both genetic and environmental factors are believed to be involved in cause of PD (1). Parkin,
PINK1, and DJ1 genes, had been identified to be responsible for autosomal recessive early-
onset Parkinsonism with typical symptoms, while atypical parkinsonism caused by mutations in
ATP13A2, FBXO7, DNAJC6, SYNJ1, and PLA2G6 genes displaying more complex phenotypes (2).
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The PLA2G6 gene encodes calcium-independent
phospholipase A2 beta enzyme (iPLA,P), which participates
in cell membrane homeostasis, mitochondrial function,
fatty acid oxidation, and calcium signaling (3, 4). PLA2G6
dysfunction has been proved as a pathogenic factor for PLA2G6-
associated neurodegeneration (PLAN) (5), including infantile
neuroaxonal dystrophy (INAD), neurodegeneration with brain
iron accumulation (NBIA), and PLA2G6-related autosomal
recessive dystonia-parkinsonism in its disease spectrum (6).
Several mutations in PLA2G6 gene were reported to be
associated with both atypical autosomal recessive parkinsonism
(3, 7, 8), and sporadic early-onset PD (9, 10). PLA2G6 mutant
parkinsonism cases showed alpha-synuclein pathology (11) in
the substantia nigra and locus ceruleus, and one third of patients
might be accompanied by iron accumulation (12).

In the present study, we reported an early-onset PD (EOPD)
patient with compound heterozygous mutation in PLA2G6 gene,
as well as compared with his mother and three health controls
using neurological examination, genetic analysis and multimodal
magnetic resonance imaging (MRI) to characterize the PLA2G6
mutation phenotype.

MATERIALS AND METHODS

Subjects

This study was approved by the ethics committee of Second
Affiliated Hospital of Zhejiang University School of Medicine.
A patient with EOPD from a Chinese family was recruited from
the outpatient clinic of the Department of Neurology, and four of
his family members were also enrolled. In addition, we recruited
three unrelated healthy controls at similar age of patient, without
mutations of PLA2G6 gene. Clinical presentations including
medical history, physical examination, and scale assessment
as well as biological sample including peripheral blood were
collected from all subjects.

Genotyping

Genomic DNA was extracted from peripheral blood leukocytes
using Blood Genomic Extraction Kit (Qiagen, Hilden, Germany).
We had routinely screened several common pathogenic genes
of early-onset parkinsonism including Parkin, PINKI1, DJ1,
ATP13A2, FBXO7, DNAJC6, SYNJ1 genes before, and no
pathogenic mutations was detected in this case. We further
amplified the exons and intron/exon boundaries of PLA2G6 gene
(Supplementary Table 1) by polymerase chain reaction (PCR)
and then directly sequenced using an ABI 3730 XL genetic
analyzer (Applied Biosystems, Foster City, USA). Alignment and
analysis of the sequencing results was carried out with DNAStar
(DNAStar, In Madison, WI). Multiplex ligation-dependent probe
amplification (MLPA) assay (SALSA MLPA kit P120-B2, MRC-
Holland) was used to detect exon deletion and duplication
of PLA2G6.

In silico Prediction Analysis

To predict the potential pathogenicity of genetic variants, in silico
prediction analysis was performed according to the American
college of medical genetics and genomics (ACMG) guideline

(13). Multiple sequence alignment of PLA2G6 protein sequences
from different species was performed by ClustalX program to test
the gene evolutionary conservation. Three in silico algorithms,
including Mutation Taster (http://www.mutationtaster.org) (14),
PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/) (15), and
Mutation assessor (http://mutationassessor.org/r3/), were used
to predict the effect of mutations on PLA2G6 function.
Possible changes of the splice sites were predicted using
NNSplice program encoded in Mutation Taster program. 3-
D protein structures of both wild and variant type PLA2G6
protein were predicted using an ab initio modeling server,
I-TASSER program (https://zhanglab.ccmb.med.umich.edu/I-
TASSER-MR/) (16), which were then viewed and edited by
the molecular visualization system PyMOL (PyMOL Molecular
Graphics System, Version 1.5, Schrédinger, LLC). The missense
variant was classified as “Benign” (class 1), “Likely benign” (class
2), “Uncertain significance” (class 3), “Likely pathogenic” (class
4), and “Pathogenic” (class 5) using the automated pathogenicity
tool, InterVar software (http://wintervar.wglab.org/, only non-
synonymous variants have automated ACMG interpretation so
far) (17), which can generate the preliminary interpretation
according to the ACMG guideline. The splice site variant was
evaluated manually based on the ACMG guideline.

Neuroimaging Analysis

Multimodal MR images were acquired by a 7.0T MRI research
system (Magnetom, Siemens Healthcare, Erlangen, Germany)
with prototype sequences, including magnetization prepared two
rapid gradient echoes (MP2RAGE) sequence (voxel size: 0.7 x
0.7 x 0.7mm, TR = 5,000 ms, TI1/TI2 = 900/2,750 ms, TE =
2.3ms, al/a2 = 5°/3°), gradient echo (GRE) based susceptibility
weighted imaging (SWI) sequence (voxel size: 0.25 x 0.25 x
1.5mm, TR = 27 ms, TE = 15ms) and multi-band echo planar
diffusion tensor image (DTI) sequence (voxel size: 1.5 x 1.5
x 1.5mm, TR = 6,000ms, TE = 87.4ms). The DTI data was
processed using FSL, Diffusion Toolkit, and TrackVis software.

RESULTS

Clinical Presentation

A 33-year-old male patient developed gait abnormality and
posture balance disturbance at age of 30 years. In the following
3 years, his symptoms progressed and developed increasing
rigidity, bradykinesia, propulsive gait, obvious cerebellar signs
like ataxia, imbalance, low limb fatigue, and frequent falls.
Cognitive decline was also observed. He was treated with
levodopa (300 mg/day), amantadine (200 mg/day), piribedil
(50 mg/day), benzhexol (2 mg/day), showing good response
but appeared levodopa-induced dyskinesia. Certain rating scales
were performed to evaluate his clinical condition after 12h
withdrawal of anti-parkinsonism medication during “OFF” stage,
(MDS-UPDRS 1, II, III, IV, scores: 13, 27, 60, 11; Hoehn-Yahr
scale: 4; MoCA: 15; HAMA: 15; HAMD: 15). Then the patient
took his daily dose of anti-Parkinson’s disease drugs, which took
him almost 1h to show effectiveness. The clinical condition
during “ON” stage was also accessed (MDS-UPDRS III, score:
34; Hoehn-Yahr scale: 3), indicating 43.3% improvement of
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FIGURE 1 | (A) Pedigree of the family. (B) Electropherograms of the mutation ¢.991G>T and c¢.1427 + 1G>A. (C) Schematic of PLA2G6 gene (NM_003560.2) and
locations of mutations. (D) Conservation of amino acid residue across different species in PLA2G6 gene. (E) The 3-D structures of wild type and mutant-type proteins.

[ 1427+1G>A

Wild-type

motor symptoms and accompanied by mild dyskinesia. There
was no history of parkinsonism and related disease in his
previous generations, and his parents were not consanguineous
marriage (Figure 1A). Both parents showed no neurological and
neuropsychological manifestations.

Genetic Analysis

A compound heterozygous mutation ¢.991G>T/c.1472+1G>A
was detected in the patient (Figure 1B). MPLA analysis ruled
out the presence of exon deletion or duplication of PLA2G6.
His father and mother resulted heterozygous for the c¢.991G>T
and c.1472+1G>A separately. His wife didn’t carry PLA2G6
mutation. His son was detected heterozygous for the c¢.991G>T
mutation. The c.991G>T mutation is located in exon 7 of the
NM_003560 transcript (Figure 1C), which causes a p.331D>Y
transition and leads to aspartic acid-tyrosine change in the
seventh ankyrin repeats (ranging from amino acid 150 to 382)
(Figure 1E). This mutation is reported as “pathogenic” in ClinVar
database and presents in heterozygous status in EXAC and 1,000
Genomes database with fairly low allele frequency (0.00005
and 0.0002). The number 331 aspartic acid is highly conserved

across different species (Figure 1D). It is predicted to be “disease
causing” by Mutation Taster, “medium impact” by Mutation
assessor, “possibly damaging” by Polyphen2. The automated
clinical interpretation of the ¢.991G>T mutation generated by
the InterVar software is “Pathogenic” (class 5).

The ¢.14724+1G>A mutation is located in the junction
between exon 10 and intron 10, acts as a splice donor
variant affecting its splicing (Figure 1C). It is reported as
“likely pathogenic” in ClinVar database and presents in
heterozygous status in ExAC database with a very low
allele frequency (0.000008). This mutation is predicted to be
“disease causing” by Mutation Taster and “likely to disturb
normal splicing” by NNSPLICE. We classified this splice site
mutation into “Uncertain significance” (class 3), according to the
ACMG guideline.

Neuroimaging Assessment

Multimodal MRI was performed in the patient, patient’s
mother and three healthy controls. SWI images showed that
the patient presented the absence of bilateral nigrosome-
1 hyperintensity, also known as “swallow tail sign,” while
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Patient: compound
heterozygous mutation
€.991G>T/c.1472+1G>A,
34 years old

His mother:
€.1472+1G>A, het,
57 years old

Healthy control 1:
noncarrier,
37 years old, female

Healthy control 2:
noncarrier,
37 years old, female

Healthy control 3:
noncarrier,
38 years old, male

tract in the patient (red arrow).

FIGURE 2 | Brain MRI examination of the patient and controls. (A) SWI image shows substantia nigra and red nucleus. Hyperintensity is found in substantia nigra of
patient’s mother and healthy controls (yellow arrow), but not in this patient. (B) SWI image shows basal ganglia. Hypointensity can be seen in globus pallidus and
margin of putamen in all subjects. (C,D) MP2RAGE sagittal image shows deepened cerebellar fissures in this patient (red arrow). (E) Fiber tracking shows sparser

it was presented in patients mother and healthy controls
(Figure 2A). The results showed atrophy and iron deposition
of substantia nigra in the patient. Hypointense signals in
bilateral globus pallidus and margin of putamen were found
in all subjects (Figure 2B). MP2RAGE structural images also
showed cerebellar atrophy in the patient as compared with his
mother and three age-matched healthy controls (Figures 2C,D).
The cerebellar white matter fiber tracts from this patient was
sparser than controls, providing more evidence of cerebellar
atrophy (Figure 2E).

DISCUSSION

In the current study, we reported a case of early-onset
PD caused by a compound heterozygous mutation of
c991G>T/c.1472+1G>A. His initial symptoms were gait
and posture disturbance with relatively early-onset and quick
progression, developed rigidity, dyskinesia, and cognitive decline,
basically conformed to PLA2G6 mutation-induced phenotype.
The PLA2G6 gene encodes iPLA,B enzyme, participates in
various kinds of cellular functions including phospholipid

metabolism, membrane homeostasis, mitochondrial function,
calcium signaling, apoptosis, and inflammatory response
(18), which would be disturbed by gene mutations. The
c.991G>T mutation had been demonstrated that led to
degeneration of dopaminergic neurons in substantia nigra
compact by causing mitochondrial dysfunction, elevated
endoplasmic reticulum stress, and transcriptional abnormality
(4), conforming its pathogenicity. The ¢.14724+1G>A was
considered as a “likely pathogenic” mutation, which had been
found in INDA patient recorded in ClinVar database (https://
preview.ncbi.nlm.nih.gov/clinvar/variation/437465), but hadn’t
been reported in PLA2G6-related parkinsonism. Together,
this compound heterozygous mutation was first detected in
parkinsonism and could be regarded as a causative factor for
this phenotype.

On review of previous literatures, we summarized PLA2G6
homozygous and compound heterozygous mutations reported
in the PLA2G6-related parkinsonism (Table 1). These mutations
were discovered in various races, classified into “Uncertain
significance” (Class 3), “Likely pathogenic” (class 4) or
“Pathogenic” (class 5) according to the ACMG guideline.
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TABLE 1 | Homozygous and compound heterozygous mutations of patients with PLA2G6-related Parkinsonism.

Mutation Protein change change ACMG class? Reference
c.4C>A/Del Ex 3 p.GIn2Lys/p.Leu71_Ser142del 4 (19)
¢.109C>T/c.1078-3C>A p.Arg37X/- 5 (20)
c.109C>T/c.2321G>T p.Arg37X/p.Ser774lso 5 21)
€.216C>A/c.1904G>A p.Phe72Leu/p.Arg635GIn 4 (©6)
c.610-1G>T/c.1627C>T —/p.Argb43Cys 3 (11)
c.758G>T/c.2341G>A p.Gly253Val/p.Ala781Thr 3 (1)
c.991G>T p.Asp331Tyr 5 (22-24)
€.991G>T/c.1077G>A p.Asp331Tyr/p.Met358llefsX 5 (23)
¢.1039G>A/c.1670C>T p.Gly347Arg/p.Serb57Leu 3 (25)
€.1354C>T/c.1904G>A p.GIN452X/p.Arge35GIn 5 (6)
c.1495G>A p.Ala499Thr 3 (26)
c.1547C>T p.Ala516Val 3 ©7)
c.1715C>T p.Thr572lle 3 (20)
¢.1791delC p.His597x69 5 (10)
€.1894C>T p.Arg632Trp 3 (28)
¢.1966C>G p.LeuB56Val 3 (10)
c.2077C>G p.LeuB93Val 3 (10)
€.22156G>C p.Asp739His 4 (29)
€.2222G>A p.Arg741GIn 4 (8, 12, 30, 31)
€.2239C>T p.Arg747Trp 4 (30, 32, 33)
C.2339A>G p.Asn780Ser 3 (34)
c.2341G>A p.Ala781Thr 3 (34)

aACMG classification: 5, pathogenic; 4, likely pathogenic; 3, uncertain significance; 2, likely benign; and 1, benign.

Most cases initiated symptoms in their childhood or early
adult, the onset age varies from 8 to 36. Although there is
clinical heterogeneity, patients commonly showed obvious
dystonia, ataxia, good Levodopa response, Levodopa-induced
dyskinesia, and cognitive decline. Our case also conforms to the
common phenotype.

Iron accumulation generates toxic a-synuclein or tau
aggregates bring damage to the dopaminergic neurons, which
contribute to the pathogenesis of PD (35). PLAN cases are
often accompanied by iron accumulation (5), while one of those
types, the PLA2G6 mutant Parkinsonism cases are observed
with or without iron accumulation. We found no difference in
hypointense signal in bilateral basal ganglia between patient and
controls indicated that the PLA2G6 mutant PD patient had no
obvious iron deposit. Guo et al. (36) found that decreased iPLA23
activity might cause decreased uptake activity and increased
iron storage activity, but didn’t lead to iron accumulation. We
assume that PLA2G6 mutation may not be the main cause of iron
accumulation of PD.

Cerebellar atrophy is an early sign commonly seen in
patients with PLAN, such as infantile neuroaxonal dystrophy
(INAD), neurodegeneration with brain iron accumulation
(NBIA) and PARKI14-linked autosomal recessive early-onset
dystonia-parkinsonism (12, 37), and also observed in this case.
Zhao et al. found that the absence of PLA2G6 might cause
neuroinflammation and loss of Purkinje cell, and eventually
leaded to cerebellar atrophy. Darling et al. (37) performed
quantitative assessment of cerebellar atrophy, and found it

correlated with the severity of disease phenotype. We suggested
that the cerebellar abnormalities may be an important feature
of PLAN.

In conclusion, we identified a pathogenic compound
heterozygous mutation of PLA2G6 in an EOPD patient,
exhibiting PLA2G6 mutation-induced phenotype. Results of
multimodal MRI showed cerebellar atrophy while normal iron
level in basal ganglia indicated that cerebellar abnormalities
might be a marker for diagnosis and evaluation of PLA2G6
mutation Parkinsonism. Furthermore, we demonstrated that
PLA2G6 mutation might not result in iron accumulation in PD.
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