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Abstract
Mutations in PLA2G6 were identified in patients with a spectrum of neurodegenerative con-

ditions, such as infantile neuroaxonal dystrophy (INAD), atypical late-onset neuroaxonal

dystrophy (ANAD) and dystonia parkinsonism complex (DPC). However, there is no report

on the genetic analysis of families with members affected with INAD, ANAD and DPC from

India. Therefore, the main aim of this study was to perform genetic analysis of 22 Indian

families with INAD, ANAD and DPC. DNA sequence analysis of the entire coding region of

PLA2G6 identified 13 different mutations, including five novel ones (p.Leu224Pro, p.

Asp283Asn, p.Arg329Cys, p.Leu491Phe, and p.Arg649His), in 12/22 (54.55%) families

with INAD and ANAD. Interestingly, one patient with INAD was homozygous for two differ-

ent mutations, p.Leu491Phe and p.Ala516Val, and thus harboured four mutant alleles. With

these mutations, the total number of mutations in this gene reaches 129. The absence of

mutations in 10/22 (45.45%) families suggests that the mutations could be in deep intronic

or promoter regions of this gene or these families could have mutations in a yet to be identi-

fied gene. The present study increases the mutation landscape of PLA2G6. The present

finding will be useful for genetic diagnosis, carrier detection and genetic counselling to fami-

lies included in this study and other families with similar disease condition.

PLOS ONE | DOI:10.1371/journal.pone.0155605 May 19, 2016 1 / 12

a11111

OPEN ACCESS

Citation: Kapoor S, Shah MH, Singh N, Rather MI,
Bhat V, Gopinath S, et al. (2016) Genetic Analysis of
PLA2G6 in 22 Indian Families with Infantile
Neuroaxonal Dystrophy, Atypical Late-Onset
Neuroaxonal Dystrophy and Dystonia Parkinsonism
Complex. PLoS ONE 11(5): e0155605. doi:10.1371/
journal.pone.0155605

Editor: Klaus Brusgaard, Odense University
Hospital, DENMARK

Received: October 29, 2015

Accepted: May 2, 2016

Published: May 19, 2016

Copyright: © 2016 Kapoor et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information file.

Funding: This work was financially supported by a
research grant (BT/PR13307/MED/12/449/2009) from
the Department of Biotechnology, New Delhi to AK.
The funders had no role in study design, data
collection and analysis, decision to publish, or
preparation of the manuscript.

Competing Interests: The authors have declared
that no competing interests exist.

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0155605&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Introduction
Classic infantile neuroaxonal dystrophy ([INAD], MIM #256600), also known as Seitelberger’s
disease, is a rare autosomal recessive neurodegenerative disease with a typical age of onset
within the first two years of life. It is characterized by rapid progression of psychomotor regres-
sion and hypotonia evolving into spasticity and visual impairment with nystagmus due to optic
atrophy. The clinical manifestation begins between 6–24 months of age, and usually leads to
death by 10 years. This type of the disease was designated as ‘classic INAD’ [1]. The pathologi-
cal hallmarks used in INAD diagnosis are axonal swellings and spheroid bodies in pre-synaptic
terminals in both the central and peripheral nervous systems, which can be detected in skin
biopsy. It is one of the forms of neurodegeneration with brain iron accumulation (NBIA),
which is a heterogeneous group of progressive complex motor disorders characterized by the
presence of high brain iron, particularly within the basal ganglia. The axonal swellings that
occur in INAD are also seen in NBIA and other overlapping diseases such as pantothenate
kinase-associated neurodegeneration (PKAN; MIM#610217). Some individuals with INAD
show accumulation of high brain iron similar to NBIA. In some cases, the disease appears late
in childhood and progresses slowly, designated as ‘atypical’ neuroaxonal dystrophy (atypical
NAD/ANAD, MIM #610217) [2]. T2-weighted magnetic resonance imaging (MRI) of INAD
and ANAD patients typically shows cerebellar atrophy with increased signal in cerebellar cor-
tex and, occasionally, hypointensity in the pallida and substantia nigra [2].

PLA2G6 consists of 17 exons and encodes an 806 amino acid long protein with a lipase
motif (residues 517–521) and seven ankyrin repeats (residues 151–382) [3]. It is expressed in
the brain, spinal cord, lung, kidney, gut, pancreas etc (http://www.proteinatlas.org). PLA2G6
catalyses hydrolysis of the membrane phospholipids at the sn-2 position of glycerophospholi-
pids, leading to the production of a free fatty acid, usually arachidonic acid, and a lysophospho-
lipid. Both catabolites have profound effects on the maintenance of cell membrane
homeostasis or serve as precursors for biologically active metabolites involved in cell signal
transduction [3]. In 2006, Morgan et al. [4] and Khateeb et al. [5] have independently shown
that mutations in PLA2G6 (phospholipase A2 Group 6), encoding a calcium-independent
group VIA phospholipase A2 enzyme (iPLA2-VIA), cause INAD and ANAD. Mutations in
this gene were also found in DPC [5]. Subsequently, mutations in this gene have been reported
in individuals with INAD, ANAD and DPC from several countries [4–30]. However, there is
no report on the genetic analysis of PLA2G6 in Indian families with INAD, ANAD and DPC.
Here, we report on the genetic analysis of 22 Indian families with INAD, ANAD and DPC.

Materials and Methods

Families
A total of 22 families (Fig A in S1 File) with INAD, ANAD and DPC were ascertained at the
outpatient clinic of the Department of Neurology, National Institute of Mental Health and
Neuro Sciences, Bangalore, Karnataka. Of 22 families, 13 showed clinical symptoms of INAD
(family# 1, 2, 3, 5, 7, 9, 10, 11, 13, 15,16, 20 and 23), eight were diagnosed with ANAD (family#
4, 8, 12, 14, 18, 21, 24 and 25), and one (family# 22) had DPC. All patients with INAD had the
classical clinical features characterized by neuroregression, ocular signs, optic atrophy, hypoto-
nia, pyramidal signs and cerebellar atrophy. Magnetic resonance imaging also showed poste-
rior periventricular white matter signal changes (Fig 1A). Patients with ANAD showed clinical
features characterized by neuroregression and varying combinations of ataxia and extrapyra-
midal features, optic atrophy, cerebellar atrophy and hypointense globus pallidi (Fig 1B).
Patients with DPC had dominant extrapyramidal features in the form of dystonia and
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parkinsonian features along with evidence of hypointense globus pallidi and cerebellar atrophy.
A total of 15 patients underwent muscle biopsy. The muscle biopsies were snap frozen in
chilled isopentane, cryosectioned and stained with hematoxylin-esoin and Masson's trichrome
staining. Enzyme histochemical stains routinely used to study muscles biopsies included oxida-
tive enzymes (NADH-TR that delineates sarcoplasmic reticulum and mitochondria) and
ATPase stains (for fibre typing). Z serial sections were also subjected to immunohistochemistry
by indirect immunoperoxidase method, using antibodies against phosphorylated neurofila-
ment (monoclonal, 1:500 dilution) and ubiquitin (polyclonal, 1:100 dilution). Antibodies were
purchased from Leica Biosystems (Chennai, India). The characteristic axonal spheroids on
intramuscular nerve twigs were observed in five patients with INAD. An example is shown in
Fig 2. The intramuscular nerve twigs within the muscle revealed distension of few axons
(reaching 30–40 microns) forming "spheroids" (Fig 2A). Organelles and tubular proteins were
reflected by accumulation of NADH-TR (Fig 2B). The distended axoplasm revealed dystrophic
changes with contained abnormally phosphorylated neurofilament (Fig 2C) and ubiquitin (Fig
2D). All patients with dystonia symptoms were given a trial of levodopa in adequate dosages.
Even though some patients showed mild improvement, the response was not satisfactory in
most of them. Details of the clinical and imaging features of all the patients are given in
Table 1.

Genetic analysis
For genetic analysis, 3–5 ml of peripheral blood sample was drawn from each individual in a
VacutainerTM EDTA tube (Becton Dickinson, Franklin Lakes, NJ) and used for genomic DNA
isolation using a Wizard Genomic DNA extraction kit (Promega, Madison, WI). Participants
provided their written informed consent to participate in this study, which was approved by
the ethics committee of National Institute of Mental Health and Neuro Sciences. For mutation

Fig 1. Magnetic resonance imaging findings. (A) Upper panel: Brain MRI of the 21-month old affected individual II-1 from family 2 with INAD showing
cerebellar atrophy (arrow) on T2W coronal image (left side image), and bilateral peritrigonal hyperintensities (arrow) on FLAIR sequences (right side image).
Lower panel: Compare with normal MRI sequences from a 2-year old boy. (B) Upper panel: Brain MRI of the 10-year affected individual II-1 from family 8 with
ANAD showing bilateral global pallidus hypointensity (arrow) on T2W images (left side image) and blooming in globus pallidus and substantia nigra (arrow)
on susceptibility weighted imaging (middle and right panels). Lower panel: Compare with normal MRI sequences from a 10-year old boy.

doi:10.1371/journal.pone.0155605.g001
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analysis, the entire coding region of PLA2G6 (GenBank accession no. NM_003560.2), includ-
ing intron-exon junctions, was amplified using 16 pairs of primers (Table A in S1 File). Primers
were designed using the gene sequence from the UCSC Genome Bioinformatics site (http://
www.genome.ucsc.edu). Sequence variants were identified by sequencing the PCR product
from one affected individual from each family on an ABIprism A310-automated sequencer
(Life Technologies, Carlsbad, CA). PCR was performed in a total volume of 25 μl containing 50
ng of genomic DNA, 1.5 mMMgCl2, 200 μM of each dNTP, 1X buffer and 1 unit of Taq DNA
polymerase (Biotools, Bangalore, India), using an EppendorfTM Thermocycler. Before sequenc-
ing, PCR products were purified using a Gen EluteTM gel extraction kit (Sigma-Aldrich,
St. Louis, MO). Once a sequence variant was identified, all available first degree family mem-
bers were sequenced to identify the variant. Allele-specific PCR (Table B in S1 File) or DNA
sequencing was performed to determine if a specific variant was present in 100 ethnically
matched normal controls.

Fig 2. Muscle nerve pathology of affected individual II-1 from family 7. (A) Muscle biopsy reveals marked
axonal distension of intramuscular nerve twig (arrow), using Masson's trichrome staining. (B) The intraaxonal
contents in the distended axon contain NADH-TR (arrow). (C) Phosphorylated neurofilament staining (arrow).
(D) Ubiquitin staining (arrow). Magnifications: (A) 200X; (B) 200X; (C) 400X; and, (D) 200X.

doi:10.1371/journal.pone.0155605.g002
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To find the functional significance of changed amino acid residues, PLA2G6 protein
sequences from different species were aligned by the ClustalW2 program (http://www.ebi.ac.
uk/Tools/msa/clustalw2/). To predict the effect of mutations on PLA2G6 function, we used
two bioinformatics programs: PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/) and Muta-
tion Taster (http://www.mutationtaster.org). The output score from the PolyPhen-2 program
ranges from 0 to a positive number, where 0 is neutral, and a high positive number is damaging
to protein function. The output from the Mutation Taster program is a p (probability) value. A
p value close to 1 indicates that the mutation is damaging to protein function.

Results and Discussion
DNA sequence analysis of the entire coding region, including intron-exon junctions, of
PLA2G6 identified five known mutations (viz., p.Arg70�, p.Ala80Thr, p.Gly347Arg, p.
Gly638Arg and p.Arg741Trp) (Table B and Table C in S1 File) and eight novel sequence vari-
ants (viz., p.Leu224Pro, p.Asp283Asn, p.Arg329Cys, p.Leu491Phe, p.Ala516Val, p.Arg538His,
p.Arg649His and p.Arg677Leu) (Figs B-D in S1 File) in 12/22 (54.55%) families. Based on the
following criteria, we considered the eight novel sequence variants as mutations. 1) The
changes were segregating in the family. 2) The changed amino acids were highly conserved
across species (Fig 3). 3) The changes were not observed in 100 normal controls (data not

Fig 3. Conservation of amino acid residues across different species in PLA2G6. Arrows mark the conservation of amino acid residues Leu224, Asp283,
Arg329, Leu491, Ala516, Arg538, Arg649 and Arg677 across different species. The number refers to the position of amino acid residue.

doi:10.1371/journal.pone.0155605.g003
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shown). 4) The PolyPhen-2 program predicted all eight changes to be probably damaging
(Table 2). 5) The Mutation Taster program predicted all eight changes to be disease causing
(Table 2). 6) All eight novel variants were absent in the 1000 Genomes database (http://www.
1000genomes.org/). 7) Except p.Ala516Val (rs151108668), p.Arg538His (rs535486098) and p.
Arg677Leu (rs369038599), all other five missense novel variants were absent in the ExAC
(Exome Aggregation Consortium; http://exac.broadinstitute.org/) database, which contains
whole-exome sequencing (WES) data of 60,706 unrelated individuals. The three variants, p.
Ala516Val, p.Arg538His and p.Arg677Leu were found in the ExAC database in a heterozygous
state only with the frequency of 1/20,836, 1/120,738 and 13/109,150 alleles, respectively. Of
these, p.Ala516Val and p.Arg538His were found in a homozygous state in affected individuals
of family 20 and 23, respectively (Table 2). Whereas p.Arg677Leu present in the affected indi-
vidual II-1 of family 13 was found in a heterozygous state (Table 2). We were not successful in
identifying the second mutation in this family. Taken together, 5/13 mutations (viz., p.Leu224-
Pro, p.Asp283Asn, p.Arg329Cys, p.Leu491Phe and p.Arg649His) identified are novel. The C
scores ([31]; http://cadd.gs.washington.edu/), which highly rank pathogenic variants within
individual genomes, ranges from 9.93 to 36 (Table 2). Further, all the 13 variants were found to
be “pathogenic”, using the guidelines developed by the American College of Medical Genetics
and Genomics (ACMG) for the interpretation of sequence variants [32].

Of 13 mutations, only p.Leu224Pro was recurrent and observed in a heterozygous state in
family 2 and in a homozygous state in family 10 (Table 2). Of the remaining 12 mutations, one
mutation p.Arg677Leu (family 13) was identified in a heterozygous state, nine mutations (viz.,
p.Arg70�, p.Ala80Thr, p.Asp283Asn, p.Arg329Cys, p.Gly347Arg, p.Leu491Phe, p.Ala516Val,
p.Arg538His, and p.Arg741Trp) were observed in a homozygous state, and the remaining two
mutations, p.Arg649His and p.Gly638Arg, were observed in a compound heterozygous state in
family 24 (Table 2). Interestingly, the affected individual II-2 from family 20 was homozygous
for two novel mutations, p.Leu491Phe and p.Ala516Val (Fig C in S1 File), and thus harboured
four mutant alleles.

A spectrum of neurodegenerative disorders with mutations in PLA2G6 is called ‘‘PLA2-
G6-associated neurodegeneration” (PLAN), which is a heterogeneous group of neurodegenera-
tive condition representing INAD, ANAD and DPC. To date, 121 mutations (Table C in S1
File) in PLA2G6 have been reported in patients with INAD, ANAD and DPC worldwide [4–
30]. We found PLA2G6mutations in INAD and ANAD patients only (Table C in S1 File).
With novel mutations identified during the present study, the total number of mutations in
this gene reaches 129 (Table C in S1 File). These mutations are scattered throughout the exons
of PLA2G6, suggesting that its entire coding region needs to be sequenced to find mutations in
the patients (Table C in S1 File).

As stated above, we were not successful in identifying mutations in 10/22 families, suggest-
ing that the mutations may reside in the promoter or deep intronic regions of this gene, which
we have not sequenced, or these families could have mutations in a yet to be identified gene. Or
these families may have differential diagnosis of similar clinical presentations, which include
other causes of neurodegeneration with brain iron accumulation such as atypical Pantothenate
kinase associated neurodegeneration (PKAN), Kufor-Rakeb syndrome and Mitochondrial
membrane protein-associated neurodegeneration [33]. Similar to our observation, Gregory
et al. [1] have screened 73 families for mutations in this gene and could not identify mutations
in 27 families. Further, Zhang et al. [24] could not identify mutations in 2/25 families from
China. Moreover, Morgan et al. [4] have suggested that INAD is genetically heterogeneous, as
their linkage data supported the existence of at least one additional INAD locus. Of 12/22 fami-
lies with PLA2G6mutations, two families (viz., family 2 and 13) were heterozygous for a single
mutant allele, without a second mutation. Other studies have also identified heterozygous
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Table 2. Details of the PLA2G6mutations identified during the present study.

SI.
#

Family
#

Diagnosis
of the
family

Mutation Polyphen-2
score

Mutation
Taster
score

C
score

Zygosity in the
affected
individual

Novel/
known

ExAC database Reference

1 1 INAD c.2221C>T
(p.Arg741Trp)

Probably
damaging
with a score

of 1

Disease
causing with
a p value of

0.88

21.9 Homozygous Known Homozygous
individual not known
(1/17,550 alleles;
only heterozygous
individual known)

1,4,9,30

2 2 INAD c.671T>C
(p.Leu224Pro)

Probably
damaging
with a score

of 1

Disease
causing with
a p value of

0.99

31 Heterozygous Novel Not present Present
study

3 3 INAD c.1039G>A
(p.Gly347Arg)

Probably
damaging
with a score

of 1

Disease
causing with
a p values of

0.99

29.4 Homozygous Known Not present 1,4

4 4 ANAD ND

5 5 INAD c.208C>T
(p.Arg70*)

Probably
damaging
with a score

of 1

Disease
causing with
a p value of

1

35 Homozygous Known Not present 11

6 7 INAD c.985C>T
(p.Arg329Cys)

Probably
damaging
with a score

of 1

Disease
causing with
a p value of

0.99

36 Homozygous Novel Not present Present
study

7 8 ANAD c.238G>A
(p.Ala80Thr)

Possibly
damaging
with a score

of 0.85

Disease
causing with
a p value of

1

25.3 Homozygous Known Homozygous
individual not known
(1/105,640 alleles;
only heterozygous
individual known)

1,4,11,24

8 9 INAD ND

9 10 INAD c.671T>C
(p.Leu224Pro)

Probably
damaging
with a score

of 1

Disease
causing with
a p value of

0.99

31 Homozygous Novel Not present Present
study

10 11 INAD ND

11 12 ANAD ND

12 13 INAD c.2030G>T
(p.Arg677Leu)

Possibly
damaging
with a score

of 0.83

Disease
causing with
a p value of

0.86

22.4 Heterozygous Known Homozygous
individual not known
(13/109,150 alleles;
only heterozygous
individual known)

Present
study

13 14 ANAD ND

14 15 INAD c.847G>A
(p.Asp283Asn)

Probably
damaging
with a score

of 1

Disease
causing with
a p value of

0.99

9.93 Homozygous Novel Not present Present
study

15 16 INAD ND

16 18 ANAD ND

17 20 INAD c.1471C>T
(p.Leu491Phe)

Probably
damaging
with a score

of 1

Disease
causing with
a p value of

0.99

26.8 Homozygous Novel Not present Present
study

18 20 INAD c.1547C>T
(p.Ala516Val)

Possibly
damaging
with a score

of 0.77

Possibly
damaging
with a score

of 0.77

26.8 Homozygous Known Homozygous
individual not known
(1/20,836 alleles;
only heterozygous
individual known)

Present
study

(Continued)
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mutations in this gene [7–8, 11, 24]. Our inability to find the second mutation in these families
could be due to the presence of large deletions, duplications and insertions, which are not ame-
nable to Sanger sequencing.

The PLA2G6 (iPLA2-VIA) protein harbours the following domains from the N-terminus to
C-terminus: ankyrin repeats, proline-rich motif, glycine-rich nucleotide binding motif, lipase
motif and calmodulin binding site (Fig 4). The glycine-rich nucleotide binding motif, a lipase
motif (GTSTG) and a binding site for calmodulin, all contribute to the regulation of the enzy-
matic activity. The seven ankyrin-like repeats are involved in oligomerization of the enzyme,
which is a crucial step for full enzymatic activity [3]. Deficiency of PLA2G6 activity may dis-
rupt membrane homeostasis by altering the phospholipid composition of cellular and sub-cel-
lular membranes leading to structural damage [34–35]. It also leads to changes in membrane

Table 2. (Continued)

SI.
#

Family
#

Diagnosis
of the
family

Mutation Polyphen-2
score

Mutation
Taster
score

C
score

Zygosity in the
affected
individual

Novel/
known

ExAC database Reference

19 21 ANAD ND

20 22 DPC ND

21 23 INAD c.1613G>A
(p.Arg538His)

Possibly
damaging
with a score

of 0.89

Disease
causing with
a p value of

0.99

27.1 Homozygous Known Homozygous
individual not known
(1/120,738 alleles;
only heterozygous
individual known)

Present
study

22 24 ANAD c.1912G>A
(p.Gly638Arg)

Probably
damaging
with a score

of 1

Disease
causing with
a p value of

0.99

22.9 Compound
heterozygous

Known Not present 1,4

23 24 ANAD c.1946G>A
(p.Arg649His)

Probably
damaging
with a score

of 1

Disease
causing with
a p value of

0.99

23.1 Novel Not present Present
study

24 25 ANAD ND

ND, mutation not detected in PLA2G6.

doi:10.1371/journal.pone.0155605.t002

Fig 4. Schematic representation of PLA2G6 and location of mutations identified in present study. PLA2G6 consists of seven ankyrin repeats
(diamond), a proline-rich motif (gridded box), a nucleotide binding motif (hexagon), a lipase motif (oval) and a binding site for calmodulin (circle). Numbers
shown below are the amino acid positions. Five novel mutations are shown in bold.

doi:10.1371/journal.pone.0155605.g004
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permeability, fluidity or ion homeostasis and may cause accumulation of membranes, organ-
elles, and protein in distal axons that represent spheroids [34–35]. A direct connection between
defects in PLA2G6 and development of the neurodegenerative process is not understood yet.
However, on the basis of the relevant role of PLA2G6 in maintaining membrane phospholipid
homeostasis, it could be speculated that the perturbation of membrane lipid homeostasis may
lead to structural abnormalities and may underlie axonal degeneration, which is the essential
pathological hallmark of INAD [8, 11].

A mouse model with an amino acid substitution in the ankyrin repeat domain of PLA2G6
has provided the evidence of motor impairment at the age of 2 months, which progressively
worsened [36]. The mice died between 18 and 24 weeks of age, and the pathology was charac-
terized by the presence of numerous spheroids, very similar to those observed in INAD [36].
We speculate that the three novel missense mutations (viz., p.Leu224Pro, p.Asp283Asn and p.
Arg329Cys) located in the ankyrin repeat domains may interfere with the oligomerization of
the enzyme. Since all the novel missense mutations reported in this study occurred at amino
acid positions that are highly conserved, we speculate that they could be important for the nor-
mal functioning of the protein. However, further functional studies are necessary to illustrate
the exact pathogenesis due to these mutations.

Even though no clear genotype/phenotype correlation exists, the early onset and more
aggressive forms of INAD are associated with truncating PLA2G6mutations, while the ‘atypi-
cal’ presentation is more common in individuals with missense mutations [24]. Interestingly, a
majority (85/129) of the mutations reported here are missense (Table C in S1 File). Engel et al.
[37] have demonstrated that the catalytic function of PLA2G6 was impaired by mutations asso-
ciated with INAD, but not with DPC. However, further functional studies are required to eluci-
date the exact pathogenesis caused by mutations in this gene.

In conclusion, we have identified a total of 13 different mutations in PLA2G6, including five
novel ones, in 12/22 families. The absence of mutations in the remaining 10/22 families sug-
gests that the mutations could be in deep intronic or promoter regions of this gene or these
families have large deletions, which are not amenable to Sanger sequencing. It is also possible
that INAD in these families is due to mutations in a yet to be identified gene. Further, with the
five novel mutations reported here, the total number of mutations described to date in PLA2G6
reaches 129 (Table C in S1 File). The present finding will be useful for genetic diagnosis, carrier
detection and genetic counselling to families included in this study and other families with sim-
ilar disease condition.

Supporting Information
S1 File. Supporting multiple Figures and Tables (pdf).
(PDF)

Acknowledgments
We thank the patients and their family members for their participation in the study. We also
thank four reviewers for their suggestions to improve the manuscript.

Author Contributions
Conceived and designed the experiments: AK PSB. Performed the experiments: SK MHS VB
SG NS MIR AK. Analyzed the data: PSB. Contributed reagents/materials/analysis tools: AK.
Wrote the paper: SK AK. Provided blood samples and clinical details of patients: ABT SS MN
RDB AMGN YTC PSB.

PLA2G6Mutations in Indian Families

PLOS ONE | DOI:10.1371/journal.pone.0155605 May 19, 2016 10 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0155605.s001


References
1. Gregory A, Westaway SK, Holm IE, Kotzbauer PT, Hogarth P, Sonek S, et al. Neurodegeneration asso-

ciated with genetic defects in phospholipase A(2). Neurology. 2008; 71:1402–1409. doi: 10.1212/01.
wnl.0000327094.67726.28 PMID: 18799783

2. Gregory A, Polster BJ, Hayflick SJ. Clinical and genetic delineation of neurodegeneration with brain
iron accumulation. J Med Genet. 2009; 46:73–80. doi: 10.1136/jmg.2008.061929 PMID: 18981035

3. Balsinde J, Balboa M. Cellular regulation and proposed biological functions of group VIA calcium-inde-
pendent phospholipase A2 in activated cells. Cell Signal. 2005; 17:1052–1062. PMID: 15993747

4. Morgan NV,Westaway SK, Morton JE, Gregory A, Gissen P, Sonek S, et al. PLA2G6, encoding a phos-
pholipase A2, is mutated in neurodegenerative disorders with high brain iron. Nat Genet. 2006;
38:752–754. PMID: 16783378

5. Khateeb S, Flusser H, Ofir R, Shelef I, Narkis G, Vardi G, et al. PLA2G6mutation underlies infantile
neuroaxonal dystrophy. Am J HumGenet. 2006; 79:942–948. PMID: 17033970

6. Paisan-Ruiz C, Bhatia KP, Li A, Hernandez D, Davis M, Wood NW, et al. Characterization of PLA2G6
as a locus for dystonia-parkinsonism. Ann Neurol. 2009; 65:19–23. doi: 10.1002/ana.21415 PMID:
18570303

7. Biancheri R, Rossi A, Alpigiani G, FilocamoM, Gandolfo C, Lorini R, et al. Cerebellar atrophy without
cerebellar cortex hyperintensity in infantile neuroaxonal dystrophy (INAD) due to PLA2G6mutation.
Eur J Paediatr Neurol. 2007; 11: 175–177. PMID: 17254819

8. Carrilho I, Santos M, Guimarães A, Teixeira J, Chorão R, Martins M, et al. Infantile neuroaxonal dystro-
phy: what’s most important for the diagnosis? Eur J Paediatr Neurol. 2008; 12:491–500. doi: 10.1016/j.
ejpn.2008.01.005 PMID: 18359254

9. Kurian MA, Morgan NV, MacPherson L, Foster K, Peake D, Gupta R, et al. Phenotypic spectrum of neu-
rodegeneration associated with mutations in the PLA2G6 gene (PLAN). Neurology. 2008; 70:1623–
1629. doi: 10.1212/01.wnl.0000310986.48286.8e PMID: 18443314

10. Sina F, Shojaee S, Elahi E, Paisán-Ruiz C. R632Wmutation in PLA2G6 segregates with dystonia-par-
kinsonism in a consanguineous Iranian family. Eur J Neurol. 2009; 16:101–104. doi: 10.1111/j.1468-
1331.2008.02356.x PMID: 19087156

11. Wu Y, Jiang Y, Gao Z, Wang J, Yuan Y, Xiong H, et al. Clinical study and PLA2G6mutation screening
analysis in Chinese patients with infantile neuroaxonal dystrophy. Eur J Neurol. 2009; 16:240–245. doi:
10.1111/j.1468-1331.2008.02397.x PMID: 19138334

12. Crompton D, Rehal PK, MacPherson L, Foster K, Lunt P, Hughes I, et al. Multiplex ligation-dependent
probe amplification (MLPA) analysis is an effective tool for the detection of novel intragenic PLA2G6
mutations: implications for molecular diagnosis. Mol Genet Metab. 2010; 100:207–212. doi: 10.1016/j.
ymgme.2010.02.009 PMID: 20226704

13. Tan EK, Ho P, Tan L, Prakash KM, Zhao Y. PLA2G6mutations and Parkinson's disease. Ann Neurol.
2010; 67:148. doi: 10.1002/ana.21663 PMID: 20186954

14. Tonelli A, Romaniello R, Grasso R, Cavallini A, Righini A, Bresolin N, et al. Novel splice-site mutations
and a large intragenic deletion in PLA2G6 associated with a severe and rapidly progressive form of
infantile neuroaxonal dystrophy. Clin Genet. 2010; 78:432–440. doi: 10.1111/j.1399-0004.2010.01417.
x PMID: 20584031

15. Yoshino H, Tomiyama H, Tachibana N, Ogaki K, Li Y, FunayamaM, et al. Phenotypic spectrum of
patients with PLA2G6mutation and PARK14-linked parkinsonism. Neurology. 2010; 75:1356–1361.
doi: 10.1212/WNL.0b013e3181f73649 PMID: 20938027

16. Bower MA, Bushara K, Dempsey MA, Das S, Tuite PJ. Novel mutations in siblings with later-onset
PLA2G6-associated neurodegeneration (PLAN). Mov Disord. 2011; 26:1768–1769. doi: 10.1002/mds.
23617 PMID: 21520282

17. Kauther KM, Höft C, Rissling I, Oertel WH, Möller JC. The PLA2G6 gene in early-onset Parkinson's dis-
ease. Mov Disord. 2011; 26:2415–2417. doi: 10.1002/mds.23851 PMID: 21812034

18. Shi CH, Tang BS, Wang L, Lv ZY, Wang J, Luo LZ, et al. PLA2G6 gene mutation in autosomal reces-
sive early-onset parkinsonism in a Chinese cohort. Neurology. 2011; 77:75–81. doi: 10.1212/WNL.
0b013e318221acd3 PMID: 21700586

19. Tomiyama H, Yoshino H, Ogaki K, Li L, Yamashita C, Li Y, et al. PLA2G6 variant in Parkinson's dis-
ease. J HumGenet. 2011; 56:401–403. doi: 10.1038/jhg.2011.22 PMID: 21368765

20. Lu CS, Lai SC, Wu RM, Weng YH, Huang CL, Chen RS, et al. PLA2G6mutations in PARK14-linked
young-onset parkinsonism and sporadic Parkinson's disease. Am J Med Genet B Neuropsychiatr
Genet. 2012; 159B:183–191. doi: 10.1002/ajmg.b.32012 PMID: 22213678

PLA2G6Mutations in Indian Families

PLOS ONE | DOI:10.1371/journal.pone.0155605 May 19, 2016 11 / 12

http://dx.doi.org/10.1212/01.wnl.0000327094.67726.28
http://dx.doi.org/10.1212/01.wnl.0000327094.67726.28
http://www.ncbi.nlm.nih.gov/pubmed/18799783
http://dx.doi.org/10.1136/jmg.2008.061929
http://www.ncbi.nlm.nih.gov/pubmed/18981035
http://www.ncbi.nlm.nih.gov/pubmed/15993747
http://www.ncbi.nlm.nih.gov/pubmed/16783378
http://www.ncbi.nlm.nih.gov/pubmed/17033970
http://dx.doi.org/10.1002/ana.21415
http://www.ncbi.nlm.nih.gov/pubmed/18570303
http://www.ncbi.nlm.nih.gov/pubmed/17254819
http://dx.doi.org/10.1016/j.ejpn.2008.01.005
http://dx.doi.org/10.1016/j.ejpn.2008.01.005
http://www.ncbi.nlm.nih.gov/pubmed/18359254
http://dx.doi.org/10.1212/01.wnl.0000310986.48286.8e
http://www.ncbi.nlm.nih.gov/pubmed/18443314
http://dx.doi.org/10.1111/j.1468-1331.2008.02356.x
http://dx.doi.org/10.1111/j.1468-1331.2008.02356.x
http://www.ncbi.nlm.nih.gov/pubmed/19087156
http://dx.doi.org/10.1111/j.1468-1331.2008.02397.x
http://www.ncbi.nlm.nih.gov/pubmed/19138334
http://dx.doi.org/10.1016/j.ymgme.2010.02.009
http://dx.doi.org/10.1016/j.ymgme.2010.02.009
http://www.ncbi.nlm.nih.gov/pubmed/20226704
http://dx.doi.org/10.1002/ana.21663
http://www.ncbi.nlm.nih.gov/pubmed/20186954
http://dx.doi.org/10.1111/j.1399-0004.2010.01417.x
http://dx.doi.org/10.1111/j.1399-0004.2010.01417.x
http://www.ncbi.nlm.nih.gov/pubmed/20584031
http://dx.doi.org/10.1212/WNL.0b013e3181f73649
http://www.ncbi.nlm.nih.gov/pubmed/20938027
http://dx.doi.org/10.1002/mds.23617
http://dx.doi.org/10.1002/mds.23617
http://www.ncbi.nlm.nih.gov/pubmed/21520282
http://dx.doi.org/10.1002/mds.23851
http://www.ncbi.nlm.nih.gov/pubmed/21812034
http://dx.doi.org/10.1212/WNL.0b013e318221acd3
http://dx.doi.org/10.1212/WNL.0b013e318221acd3
http://www.ncbi.nlm.nih.gov/pubmed/21700586
http://dx.doi.org/10.1038/jhg.2011.22
http://www.ncbi.nlm.nih.gov/pubmed/21368765
http://dx.doi.org/10.1002/ajmg.b.32012
http://www.ncbi.nlm.nih.gov/pubmed/22213678


21. Paisán-Ruiz C, Li A, Schneider SA, Holton JL, Johnson R, Kidd D, et al. Widespread Lewy body and
tau accumulation in childhood and adult onset dystonia-parkinsonism cases with PLA2G6mutations.
Neurobiol Aging. 2012; 33:814–823. doi: 10.1016/j.neurobiolaging.2010.05.009 PMID: 20619503

22. Tian JY, Tang BS, Shi CH, Lv ZY, Li K, Yu RL, et al. Analysis of PLA2G6 gene mutation in sporadic
early-onset parkinsonism patients from Chinese population. Neurosci Lett. 2012; 514:156–158. doi: 10.
1016/j.neulet.2012.02.078 PMID: 22406380

23. Gui YX, Xu ZP, Wen-Lv, Liu HM, Zhao JJ, Hu XY. Four novel rare mutations of PLA2G6 in Chinese
population with Parkinson's disease. Parkinsonism Relat Disord. 2013; 19:21–26. doi: 10.1016/j.
parkreldis.2012.07.016 PMID: 23182313

24. Zhang P, Gao Z, Jiang Y, Wang J, Zhang F, Wang S, et al. Follow-up study of 25 Chinese children with
PLA2G6-associated neurodegeneration. Eur J Neurol. 2013; 20:322–330. doi: 10.1111/j.1468-1331.
2012.03856.x PMID: 22934738

25. Salih MA, Mundwiller E, Khan AO, AlDrees A, Elmalik SA, Hassan HH, et al. New findings in a global
approach to dissect the whole phenotype of PLA2G6 gene mutations. PLoS One. 2013; 8:e76831. doi:
10.1371/journal.pone.0076831 PMID: 24130795

26. Riku Y, Ikeuchi T, Yoshino H, Mimuro M, Mano K, Goto Y, et al. Extensive aggregation of α-synuclein
and tau in juvenile-onset neuroaxonal dystrophy: an autopsied individual with a novel mutation in the
PLA2G6 gene-splicing site. Acta Neuropathol Commun. 2013; 1:1–12.

27. Solomons J, Ridgway O, Hardy C, Kurian MA, Jayawant S, Hughes S, et al. Infantile neuroaxonal dys-
trophy caused by uniparental disomy. Dev Med Child Neurol. 2014; 56:386–389. doi: 10.1111/dmcn.
12327 PMID: 24628589

28. Illingworth MA, Meyer E, ChongWK, Manzur AY, Carr LJ, Younis R, et al. PLA2G6-associated neuro-
degeneration (PLAN): further expansion of the clinical, radiological and mutation spectrum associated
with infantile and atypical childhood-onset disease. Mol Genet Metab. 2014; 112:183–189. doi: 10.
1016/j.ymgme.2014.03.008 PMID: 24745848

29. Fusco C, Frattini D, Panteghini C, Pascarella R, Garavaglia B. A case of infantile neuroaxonal dystro-
phy of neonatal onset. J Child Neurol. 2015; 30:368–370. doi: 10.1177/0883073814535493 PMID:
24870368

30. Romani M, Kraoua I, Micalizzi A, Klaa H, Benrhouma H, Drissi C, et al. Infantile and childhood onset
PLA2G6-associated neurodegeneration in a large North African cohort. Eur J Neurol. 2015; 22:176–
178.

31. Kircher M, Witten DM, Jain P, O’Roak BJ, Cooper GM, Shendure J. A general frame work for estimating
the relative pathogenicity of human genetic variants. Nat Genet. 2014; 46:310–315. doi: 10.1038/ng.
2892 PMID: 24487276

32. Richards S, Nazneen A, Bale S, Bick D, Das S, Gastier-Foster J, et al. Standards and guidelines for the
interpretation of sequence variants: a joint consensus recommendation of the American College of
Medical Genetics and Genomics and the Association of Molecular Pathology. Genet Med. 2015;
17:405–424. doi: 10.1038/gim.2015.30 PMID: 25741868

33. Gregory A, Kurian MA, Maher ER, Hogarth P, Hayflick SJ. PLA2G6-aaociated neurodegeneration. In:
Pagon RA, AdamMP, Ardinger HH, Wallace SE, Amemiya A, Bean LJH, Bird TD, Fong CT, Mefford
HC, Smith RJH, Stephens K, editors. GeneReviews1. Seattle (WA): University of Washington, Seat-
tle; 2008. Available: http://www.ncbi.nlm.gov/books/NBK1675/.

34. Malik I, Turk J, Mancuso DJ, Montier L, Wohltmann M, Wozniak DF, et al. Disrupted membrane homeo-
stasis and accumulation of ubiquitinated proteins in a mouse model of infantile neuroaxonal dystrophy
caused by PLA2G6mutations. Am J Pathol. 2008; 172:406–416. doi: 10.2353/ajpath.2008.070823
PMID: 18202189

35. Shinzawa K, Sumi H, Ikawa M, Matsuoka Y, Okabe M, Sakoda S, et al. Neuroaxonal dystrophy caused
by group VIA phospholipase A2 deficiency in mice: a model of human neurodegenerative disease. J
Neurosci. 2008; 28:2212–2220. doi: 10.1523/JNEUROSCI.4354-07.2008 PMID: 18305254

36. Wada H, Yasuda T, Miura I, Watabe K, Sawa C, Kamijuku H, et al. Establishment of an improved
mouse model for infantile neuroaxonal dystrophy that shows early disease onset and bears a point
mutation in PLA2G6. Am J Pathol. 1999; 175:2257–2263.

37. Engel LA, Jing Z, O'Brien DE, Sun M, Kotzbauer PT. Catalytic function of PLA2G6 is impaired by muta-
tions associated with infantile neuroaxonal dystrophy but not dystonia-parkinsonism. PLoS One. 2010;
5:e12897. doi: 10.1371/journal.pone.0012897 PMID: 20886109

PLA2G6Mutations in Indian Families

PLOS ONE | DOI:10.1371/journal.pone.0155605 May 19, 2016 12 / 12

http://dx.doi.org/10.1016/j.neurobiolaging.2010.05.009
http://www.ncbi.nlm.nih.gov/pubmed/20619503
http://dx.doi.org/10.1016/j.neulet.2012.02.078
http://dx.doi.org/10.1016/j.neulet.2012.02.078
http://www.ncbi.nlm.nih.gov/pubmed/22406380
http://dx.doi.org/10.1016/j.parkreldis.2012.07.016
http://dx.doi.org/10.1016/j.parkreldis.2012.07.016
http://www.ncbi.nlm.nih.gov/pubmed/23182313
http://dx.doi.org/10.1111/j.1468-1331.2012.03856.x
http://dx.doi.org/10.1111/j.1468-1331.2012.03856.x
http://www.ncbi.nlm.nih.gov/pubmed/22934738
http://dx.doi.org/10.1371/journal.pone.0076831
http://www.ncbi.nlm.nih.gov/pubmed/24130795
http://dx.doi.org/10.1111/dmcn.12327
http://dx.doi.org/10.1111/dmcn.12327
http://www.ncbi.nlm.nih.gov/pubmed/24628589
http://dx.doi.org/10.1016/j.ymgme.2014.03.008
http://dx.doi.org/10.1016/j.ymgme.2014.03.008
http://www.ncbi.nlm.nih.gov/pubmed/24745848
http://dx.doi.org/10.1177/0883073814535493
http://www.ncbi.nlm.nih.gov/pubmed/24870368
http://dx.doi.org/10.1038/ng.2892
http://dx.doi.org/10.1038/ng.2892
http://www.ncbi.nlm.nih.gov/pubmed/24487276
http://dx.doi.org/10.1038/gim.2015.30
http://www.ncbi.nlm.nih.gov/pubmed/25741868
http://www.ncbi.nlm.gov/books/NBK1675/
http://dx.doi.org/10.2353/ajpath.2008.070823
http://www.ncbi.nlm.nih.gov/pubmed/18202189
http://dx.doi.org/10.1523/JNEUROSCI.4354-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18305254
http://dx.doi.org/10.1371/journal.pone.0012897
http://www.ncbi.nlm.nih.gov/pubmed/20886109

