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Abstract

Background—Mutations in PLA2G6, which encodes the calcium-independent phospholipase
A2 group VI, cause neurodegeneration and diffuse cortical Lewy body formation by a yet
undefined mechanism. We assessed whether altered protein glycosylation due to abnormal Golgi
morphology might be a factor in the pathology of this disease.

Methods—Three patients presented with PLAZ2G6-associated neurodegeneration (PLAN); two
had infantile neuroaxonal dystrophy (INAD) and one had adult-onset dystonia-parkinsonism. We
analysed protein N-linked and O-linked glycosylation in cerebrospinal fluid, plasma, urine, and
cultured skin fibroblasts using high performance liquid chromatography (HPLC) and matrix-
assisted laser desorption ionisation - time of flight/mass spectrometry (MALDI-TOF/MS). We also
assessed sialylation and Golgi morphology in cultured fibroblasts by immunofluorescence and
performed rescue experiments using a lentiviral vector.
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Results—The patients with INAD had PLA2G6 mutations NM_003560.2: ¢.[950G>T];[426-
1077dup] and ¢.[1799G>A];[2221C>T] and the patient with dystonia-parkinsonism had PLAZ2G6
mutations NM_003560.2: c.[609G>A];[2222G>A]. All three patients had altered Golgi
morphology and abnormalities of protein O-linked glycosylation and sialylation in cultured
fibroblasts that were rescued by lentiviral overexpression of wild type PLA2G6.

Conclusions—Our findings add altered Golgi morphology, O-linked glycosylation and
sialylation defects to the phenotypical spectrum of PLAN; these pathways are essential for correct
processing and distribution of proteins. Lewy body and Tau pathology, two neuropathological
features of PLAN, could emerge from these defects. Therefore, Golgi morphology, O-linked
glycosylation and sialylation may play a role in the pathogenesis of PLAN and perhaps other
neurodegenerative disorders.

INTRODUCTION

Biallelic mutations in the human calcium-independent phospholipase A, gene, PLAZGS,
cause PLA2G6-associated neurodegeneration (PLAN) disorders. One such disorder is
infantile neuroaxonal dystrophy (INAD), which presents from age 6 months through 3 years,
and is characterised by regression of intellectual and motor skills, hypotonia, decreased axial
tone and paraplegia and, in 50% of the cases, brain iron accumulation.1? Cerebellar and
optic nerve atrophy occur later in the disease course.23 A second variant, called ‘atypical’
neuroaxonal dystrophy (NAD) presents later in life and progresses more slowly. A third type
of PLAN is juvenile or early adult-onset dystonia-parkinsonism. This disease is
characterised by progressive speech, gait and neuropsychiatric problems and severe
generalised brain atrophy without iron accumulation. It generally presents after the third
decade of life and its presentation overlaps with atypical NAD.4-6

PLA2G6 mutations associated with INAD or atypical NAD result in loss of the 85/88 kDa
calcium-independent phospholipase A2 lysophospholipase and phospholipase activities.” In
contrast, PLA2G6 mutations associated with dystonia-parkinsonism have increased activity
towards phospholipid substrates, suggesting a possible gain-of-function disease mechanism.’
Splice variants of PLA2G6 encode a membrane bound protein, calcium-independent
phospholipase A2 (iPLA2) VIA-1, and a cytosolic protein, iPLA2VIA-2.8 Various functions
have been ascribed to PLA2G6, including phospholipid remodelling,®-13 maintenance of
Golgi morphology and vesicular trafficking, 1415 mitochondrial homoeostasis, 1617 and
cellular signalling leading to cell activation, proliferation, migration or apoptosis.18
However, the mechanism by which PLA2G6 mutations lead to PLAN has not yet been
determined. As in some other neurodegenerative disorders postmortem brain tissue
examination in PLAN revealed widespread a-synuclein-positive Lewy body pathology that
is particularly severe in the neocortex.1920 Additionally, there was accumulation of
hyperphosphorylated Tau in threads, pretangles and tangles within the neocortex of early
onset cases.1920 These neuropathological features establish a possible link of PLAN to other
degenerative disorders such as Parkinson’s disease and Alzheimer’s disease.

Since fragmentation of the Golgi is reported in neurodegeneration, 2122 we examined and
found similar Golgi fragmentation in fibroblasts from our patients with PLAN. Consistent
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with the role of the Golgi in glycosylation, we observed altered O-linked protein
glycosylation in fibroblasts from three patients with PLAN. An abnormality in the Golgi
structure could lead to altered protein glycosylation, improper protein folding and protein
aggregation; 2324 this could account for some or all of the clinical and pathological features
of PLAN.

METHODS

Human subjects

Patients were enrolled in the National Institute of Health (NIH) Undiagnosed Diseases
Program and in clinical protocol 76-HG-0238, ‘Diagnosis and Treatment of Patients with
Inborn Errors of Metabolism or Other Genetic Disorders’. Patients or their parents gave
written, informed consent.

Exome sequencing

Genomic DNA was extracted from whole blood using the Gentra Puregene Blood kit
(Qiagen, Valencia, California, USA) according to the manufacturer’s specifications. Whole
exome sequencing (WES) and analysis were performed as described.2>-28 Variants were
viewed, sorted and filtered using VarSifter,29 a graphical java tool to view, sort and filter the
variants. The pathogenicity of variants was assessed using CDPred,30 in which a numerical
score is assigned to each variant that can be aligned to a residue in the National Center for
Biotechnology Information Conserved Domain database.3! Unaligned bases were assigned
scores using the BLOSUMBG2 scoring matrix.32 Once we identified this PLA2G6 cohort, the
exomes we had available were reanalysed with our updated pipeline, described in online
supplementary data section 1 and supplementary tables S1-S3.

Sanger sequencing

The primer pairs used for the amplification of the regions of genomic DNA around the
mutations are listed in online supplementary table S-4. PCR amplification was performed
using Qiagen HotStarTaq master mix (Qiagen, Valencia, California, USA). The following
conditions were used for amplification: 1 cycle of 95°C for 5 min, followed by 39 cycles of
95°C for 30 s, 55°C for 30 s, 72°C for 30 s, and a final extension at 72°C for 5 min.
Unincorporated primers and nucleotides were removed using ExoSAP-IT reagent (USB,
Cleveland, Ohio, USA). Sanger dideoxy sequencing of the PCR products was performed by
Macrogen (Rockville, Maryland, USA). The sequences were aligned and analysed using
Sequencher V.5.0.1 (Gene Codes, Ann Arbor, Michigan, USA). Mutation interpretation
analysis was conducted using Alamut 2.0 (Interactive Biosoftware, San Diego, California,
USA).

Multiplex ligation-dependent probe amplification

To identify deletions or duplications within PLA2G6 of patient 1, multiplex ligation-
dependent probe amplification (MLPA) was performed by the Knight Diagnostic
Laboratories at the Oregon Health and Science University.
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Breakpoint analysis of the duplication

Total RNA was isolated from fibroblasts treated for 24 h with 100 ug/mL cycloheximide
using the RNeasy mini kit (Qiagen, Valencia, California, USA) and 2 ug were reverse
transcribed with Omniscript RT Kit (Qiagen, Valencia, California, USA) using random
nanomer primers. Using this cDNA as template, the exon 7 to exon 4 junction was amplified
by nested PCR with Platinum Taq High Fidelity DNA Polymerase (Life Technologies,
Grand Island, New York, USA). The initial primer pair 5’-
ACGTGAACAGCACCAGCTC-3” and 5"-GAAGACGGTCTCTCCCTTG-3" was used
under the following conditions: 1 cycle of 94°C for 3 min, followed by 34 cycles of 94°C for
15 s, 65°C for 30 s, 68°C for 60 s, and a final extension at 68° C for 10 min. With the
product from the initial PCR, the nested primer pair 5-AACACGGCCCTGCACGTG-3’
and 5'-GTCGGTGACATCCATCTGAGTGTGG-3" was used under the following
conditions: 1 cycle of 94°C for 5 min, followed by 39 cycles of 94°C for 15 s, 62°C for 30 s
and 68°C for 30 s. Sanger sequencing was done as described above.

Lentiviral transfer and expression of PLA2G6

Myc-DDK-tagged-Human phospholipase A2, group VI (PLA2G6) TrueORF Gold
expression cDNA clones for transcript variants 1 (NM_003560) and 2 (NM_001004426)
were obtained from Origene (Rockville, Maryland, USA). Both were amplified with the
primer pair 5"-CACCATGCAGTTCTTT GGCCGCCTGGTC-3" and 5'-
TCAGGGTGAGAGCAGCA GCTGGATG-3" and Platinum Pfx DNA Polymerase (Life
Technologies, Grand Island, New York, USA) using 1 cycle of 94°C for 3 min, followed by
34 cycles of 94°C for 15 s, 65°C for 30 s, 68°C for 60 s, and a final extension at 68°C for 10
min. After gel purification (QlAquick Gel Extraction Kit, Qiagen, Valencia, California,
USA) the PCR products were cloned into pENTR/D-TOPO using the pENTR directional
Topo cloning kit (Invitrogen, Carlsbad, California, USA) and transfected into TOP10
chemically competent Escherichia coli. Plasmids were purified from single colony cultures
(QlAprep Spin Miniprep Kit, Qiagen, Valencia, California, USA) and the PLA2G6
transcript variants were then cloned into pLenti6.3/VV5-DEST using the Gateway cloning
system (Invitrogen, Carlsbad, California, USA). The pLenti6.3 constructs were transfected
into One Shot Stbl3 competent Escherichia coli and plasmids were purified from single
colony cultures (QIAprep Spin Miniprep Kit, Qiagen, Valencia, California, USA). Virus was
produced in 293FT cells using the ViraPower HiPerform Lentiviral expression system
(Invitrogen, Carlsbad, California, USA). The virus-containing media was subsequently used
in combination with polybrene infection/transfection reagent (EMD Millipore, Darmstadt,
Germany) to infect fibroblasts of the three patients with PLAN. Selection for stable
expression of the construct was achieved by culturing the cells in 5ug/mL blasticidin (Life
Technologies, Grand Island, New York, USA).

Quantitative PCR

Total RNA was isolated from patient fibroblasts using the RNeasy mini kit and 3ug were
reverse transcribed with Omniscript RT Kit (Qiagen, Valencia, California, USA). PLA2G6
quantitative PCR (qPCR) amplification was performed using 250 ng of cDNA, QuantiFast
SYBR Green PCR Master Mix (Qiagen, Valencia, California, USA) and the primer pair 5’-
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TGATCAAGGCCCTCATCGTG-3" and 5'-CCTTCCTGGTGACAAGTCTGC-3’. All data
were standardised to glyceralde-hyde-3-phosphate dehydrogenase (GAPDH) expression
measured using primer pair 5"-TGCACCACCAACTGCTTAGC-3" and 5'-
GGCATGGACTGTGGTCATGAG-3’. Real time gPCRs were performed with a 7500 Fast
Applied Biosystems gPCR system with the following amplification conditions: 95°C for 10
min, followed by 50 cycles of 95°C for 15 s, 55°C for 30 s and 60°C for 30 s. Data were
analysed using the manufacturer’s software (V.2.0.1) accompanying the 7500 Fast Applied
Biosystems gPCR system.

Immunoblotting

Cells were grown to confluence in a 15-cm dish, washed twice with phosphate buffered
saline (PBS), and cell lysate was collected in 600 pL radioimmunoprecipitation assay
(RIPA) buffer (Sigma-Aldrich, St Louis, Missouri, USA) containing Protease inhibitor
cocktail (Roche, Manheim, Germany). Samples were sonicated for 10 min in an ultrasonic
bath. 25pg of total protein, as determined by the DC Protein assay (BioRad, Hercules,
Virginia, USA), was loaded on a 4% stacking—10% resolving polyacrylamide gel. Proteins
were transferred to a 0.45-um Immobilon-FL polyvinylidene fluoride (PVDF) transfer
membrane (Millipore, Billerica, Massachusetts, USA) and probed with anti-iPLA2 (C-
terminal region) produced in rabbit (SAB4200130, Sigma-Aldrich, St Louis, Missouri,
USA) and monoclonal anti-GAPDH antibody produced in mouse (G8795, Sigma-Aldrich,
St Louis, Missouri, USA). Li-cor Donkey antirabbit IRDye 680RD (Li-cor, Lincoln,
Nebraska, USA) and Li-cor Donkey anti-mouse IRDye 800CW (Li-cor, Lincoln, Nebraska,
USA) were used as secondary antibodies and fluorescence was measured on a 9140 Odyssey
CLx infrared imaging system (Li-cor, Lincoln, Nebraska, USA). Bands were analysed using
Image Studio software (Li-cor, Lincoln, Nebraska, USA).

Glycan analysis

Fibroblasts were cultured in Dulbecco’s modified Eagle medium, high glucose (Invitrogen,
Carlsbad, California, USA) with 10% fetal bovine serum (Certified FBS; Invitrogen,
Carlsbad, California, USA) and antibiotics-antimycotics (Invitrogen, Carlsbad, California,
USA) until 80% confluence in a 15-cm culture disk. After a wash with PBS, the medium
was changed to a modification of Eagle medium containing 1000 mg/L D-glucose (Corning
Cellgro, Manassas, Virginia, USA), 15% FBS and antibiotics-antimycotics. Upon reaching
100% confluence the cells were washed twice with PBS and harvested using a cell scraper.
The cells were then pelleted and washed with PBS by centrifugation. Fibroblast pellets were
lysed in 200 pL PBS, and 200 pg protein from the cell lysate was denatured and precipitated
with 2x volume of 100% propanol. N-linked and O-linked glycans were released from
precipitated protein, and free oligosaccharides were purified from the supernatant.

N-linked and O-linked glycans from cerebrospinal fluid (CSF) were measured in a 200 uL
sample that was concentrated to 30 uL using an Ultracel YM-10 filtration concentrator
(EMD Millipore, Darmstadt, Germany).

N-linked glycans were released from 10 pL plasma samples, 30 uL CSF samples, and from
the cell pellets using the PNGase F kit from New England Biolabs (Ipswich, Massachusetts,
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USA).33 O-linked glycans were released using B-elimination with sodium borohydride.33
Free oligosaccharides from urine samples containing 0.09 mg creatine were directly purified
by solid phase extraction.34

The released N-linked glycans from plasma or cells and free oligosaccharides from urine or
deprotonated total cell lysate were purified and desalted by solid phase extraction using a
SepPak C18 and carbograph column. O-linked glycans from plasma or cells were purified
and desalted using an AG 50W-X8 resin cation exchange column. N-linked glycans, O-
linked glycans and oligosaccharides were permethylated with sodium hydroxide and
iodomethane in dimethyl sulfoxide (DMSO).3334 After permethylation, glycans were
extracted with water/chloroform (2:1, vol/vol) in four steps and dried. Samples were then
dissolved in 50% methanol, spotted with 11% 2,5-dihydroxylbenzoic acid matrix (1:1 vol/
vol), and measured by MALDI-TOF using the positive mode on Ultraflex MALDI-
TOF/TOF system (BrunkerDaltonics, Billerica, Massachusetts, USA). The quantification of
O-linked glycans in fibroblast lysates was achieved by spiking glycans harvested from 150
Hg of glycoproteins with 25 pM of C13-labelled T antigen (m/z 543) and C13-labelled
sialylated T antigen (m/z 909). The disialylated T antigen and core 2 species were quantified
using to C13-labelled sialylated T antigen.33

Lectin staining of cultured fibroblasts

For lectin staining of cultured fibroblasts, biotinylated Maackia amurensis lectin 11 (MAL
1), fluorescein Sambucus nigra (elderberry) bark lectin (SNA), rhodamine peanut agglutinin
(PNA), and fluorescein succinylated wheat germ agglutinin (s-WGA) were obtained from
Vector Laboratories (Burlingame, California, USA).

Patient and control fibroblasts were seeded at 0.5%10° per 12-mm round coverslip in a 24-
well dish. After an overnight incubation at 37°C, the cells were fixed with 4%
paraformaldehyde in PBS and subsequently permeabilised with 0.5% NP-40 in PBS. Cells
were then incubated on a rocker for 1 h at room temperature in 4% bovine serum albumin
(BSA) in PBS and subsequently for 2 h with lectins for the detection of terminal sialic acid
(20 pg/mL MAL I1; 20 pg/mL SNA in 4% BSA in PBS), a lectin against terminal galactose
(20 pg/mL PNA in 4% BSA in PBS), or with a lectin for the detection of terminal N-
Acetylglucosamine (GIcNAC) (20 pg/mL s-WGA in 4% BSA in PBS). For detection of
biotinylated MAL I1, cells were secondarily incubated with Streptavidin Alexa Fluor 350
(Life Technologies, Grand Island, New York, USA) for 1 h. Before fixing and staining with
MAL 11, SNA and PNA, one set of control fibroblasts was treated for 1 h with 1 mU/mL
neuraminidase (Sigma-Aldrich, St Louis, Missouri, USA) in Hank’s balanced salt solution
(Life Technologies, Grand Island, New York, USA). Coverslips were mounted on slides
using Prolong Gold antifade reagent (Life Technologies, Grand Island, New York, USA) and
imaged using a 20x objective on a Zeiss LSM 700 confocal laser-scanning microscope (Carl
Zeiss Microscopy GmbH, Jena, Germany). Ten images were obtained per coverslip and
processed with LSM software ZEN Black 2012 software (Carl Zeiss Microscopy GmbH,
Jena, Germany); mean pixel intensities were obtained in the regions where cells were
present.
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Analysis of fibroblast ER-Golgi intermediate compartment and Golgi by
immunofluorescence

Fibroblasts were seeded, fixed and permeabilised as described above. Next, coverslips were
incubated on a rocker for 1 h at room temperature in 4% BSA in PBS. To visualise the ER-
Golgi intermediate compartment (ERGIC), coverslips were incubated for 2 h with anti-
ERGIC-53/p58 antibody produced in rabbit (E1031; Sigma-Aldrich, St Louis, Missouri,
USA), co-stained with anti-GM130 produced in mouse (610822; BD Biosciences, Franklin
Lakes, New Jersey, USA) and Hoescht 33342 (Life Technologies, Grand Island, New York,
USA) to visualise the ¢/s-Golgi and nucleus. After three washes with PBS, the coverslips
were incubated for 1 h with secondary Alexa fluor-488 goat antirabbit IgG (H+L; A11034)
and Alexa fluor-555 goat antimouse 19gG (H+L; A21424; Life Technologies, Grand Island,
New York, USA).

For measurement of the Golgi area, coverslips were incubated for 2 h with anti-GM130 for
the cis-Golgi and anti-TGN-46 produced in sheep (GTX74290; GeneTex, Irvine, California,
USA,) for the trans-Golgi, co-stained with Hoescht to visualise the nucleus. After three
washes with PBS, the coverslips were incubated for 1 h with secondary Alexa fluor-488 goat
antimouse 1gG (H+L; A11029) and Alexa fluor-555 donkey antisheep 19gG (H +L; A21436;
Life Technologies, Grand Island, New York, USA). A second set of coverslips was
incubated for 2 h with anti-golgin-97 mouse monoclonal (CDF4) antibody (A21270; Life
Technologies, Grand Island, New York, USA). After three washes with PBS, the coverslips
were incubated for 1 h with secondary Alexa fluor-488 goat anti-mouse 1gG (H+L; A21270;
Life Technologies, Grand Island, New York, USA). The coverslips were mounted on slides
and imaged as described above. Ten images were obtained per coverslip and processed with
LSM software ZEN Black 2012 software to measure the intensity of the ERGIC stain and
the area occupied by the Golgi.

Statistical analyses

RESULTS

Patients

Statistical significance for immunofluorescence intensities and Golgi area between patient
fibroblasts and control fibroblasts as well as between levels in fibroblasts with and without
overexpression of PLA2G6 was determined using a two-tailed Student’s t test.

The clinical findings of patients 1 and 3 with INAD and patient 2 with adult-onset dystonia-
parkinsonism were typical for these respective disorders and are listed in table 1.

Molecular studies identify biallelic PLA2G6 mutations in each individual

Different transcripts of PLA2G6 encode the two active isoforms, membrane bound
iPLA2VIA-1 and cytosolic iPLA2VIA-2 (figure 1A). Our three patients’” mutations affected
both isoforms (figure 1A).

For patient 1, WES (see online supplementary data section 1) and targeted Sanger
sequencing identified the novel maternally inherited PLA2G6 mutation NM_003560.2: c.
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950G>T (figure 1B). The paternally inherited duplication (NM_003560.2: ¢.426-1077dup)
that was previously reported in an unrelated patient with PLAN,35 was ascertained using
Multiplex ligation-dependent probe amplification (MLPA). Sanger sequencing confirmed
the exon 7 - exon 4 junction in the cDNA that leads to a frameshift and premature
termination (figure 1C).

For patient 2, WES identified the PLA2G6 mutations NM_003560.2: ¢.[2222G>A];
[609G>A] (figure 1D, E, see online supplementary data section 1). The former was
previously associated with dystonia-parkinsonism.> The latter, a previously unreported
mutation, alters the last base of exon 4 and leads to splicing from a cryptic splice donor to
cause a deletion of NM_003560.2: ¢.601-609 (figure 1E).

For patient 3, targeted Sanger sequencing identified PLA2G6 mutations NM_003560.2: c.
[1799G>A];[2221C>T] (figure 1F, G). Both mutations have previously been identified in
unrelated patients with PLAN.2720

PLA2G6 mutations decrease expression of iPLA2VIA-1 but not iPLA2VIA-2

We used cultured skin fibroblasts to analyse mRNA and protein levels from each affected
individual. gPCR results indicated that the amount of PLA2G6 mRNA produced by each of
the three patients’ fibroblasts was reduced 2.4-3.4-fold (figure 2A). Results from a gPCR
specific for NM_003560.2, encoding iPLA2VIA-1, detected a decrease of 2.5-3.4-fold in all
three patients (figure 2A). Despite these relatively minor reductions in NM_003560.2
MRNA levels, iPLA2VIA-1 was undetectable by immunoblotting, whereas iPLA2A-2 was
present at control levels (figure 2B). This suggests that, although the mutations are present in
both isoforms, they have profoundly different effects on the stability of the membrane and
cytosolic forms of iPLA2VIA.

Patients with INAD and dystonia-parkinsonism have altered protein O-linked glycosylation
in fibroblasts that is rescued by iPLA2VIA-1

All three patients had markedly altered protein O-linked glycosylation profiles in cultured
skin fibroblasts (figure 3); the sialylated species were particularly decreased (table 2).
Additionally, some mild decreases in galactosylation and sialylation were observed in the N-
glycan profiles (data not shown). Lentiviral introduction of wild type iPLA2VIA-1 into
patient fibroblasts normalised the O-linked glycosylation profiles (table 2, figure 3 and see
online supplementary figure S-1), whereas introduction of iPLA2VIA-2 had minimal effect
(data not shown). Lectin staining against a-2,3- and a.-2,6-sialic acid (figure 4A, see online
supplementary figure S-2 and S-3), as well as against terminal GIcNAc (see online
supplementary figure S-2C and S-4), confirmed the rescue with iPLA2VIA-1 but not
iPLA2VIA-2.

Cultured skin fibroblasts from patients with INAD and dystonia-parkinsonism have
reduced ERGIC and altered Golgi morphology rescued by iPLA2VIA-1

Since O-linked glycosylation predominantly occurs in the Golgi,243¢ and PLA2G6 functions
in lipid remodelling in the ERGIC,3” we hypothesised that mutations in PLA2G6 affect
ERGIC formation and subsequently Golgi structure. Using an antibody against ERGIC-53,
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we measured a significant decrease in intensity in patient fibroblasts compared with
unaffected control fibroblasts (figure 4B, D). Comparison of Golgi morphology in the
patient fibroblasts to that of unaffected control fibroblasts showed a significant decrease in
the area occupied by the Golgi (figure 4C, E, see online supplementary figure S-5).
Lentiviral introduction of wild type iPLA2VIA-1, but not of iPLA2VIA-2, rescued the
decrease in ERGIC and the Golgi morphology in patient fibroblasts.

Patients with INAD and dystonia-parkinsonism have altered protein O-linked glycosylation

in vivo

To determine if alterations in protein glycosylation could be detected in vivo, we screened
CSF, plasma and urine. All patients had a reduction of O-linked glycans in their CSF,
whereas only patients 1 and 2 had detectable anomalies in their plasma protein O-linked
glycosylation profiles. The CSF of patient 2 was deficient for disialylated core 2 O-glycan
(see online supplementary figure S-6). No changes were detected in plasma N-linked
glycosylation and free oligosaccharides in urine (data not shown).

DISCUSSION

We describe markedly altered Golgi morphology and protein O-linked glycosylation profiles
and mildly reduced galactosylation and sialylation of N-linked glycans in cultured skin
fibroblasts of three individuals with PLAN. These patients also had a reduction of O-linked
glycans in their CSF.

The mechanisms by which mutations in PLA2G6 cause PLAN20353839 remain undefined.
Among its many functions,®18 PLA2G6 regulates membrane tubule formation in the
ERGIC, a precursor of the cis-Golgi stack.3” PLA2G6 thus indirectly regulates Golgi
morphology and trafficking, and loss of functional PLA2G6 might be expected to alter Golgi
morphology in a manner consistent with the fragmentation of the Golgi in cultured
fibroblasts from each of our patients. Furthermore, given that O-linked glycosylation and
terminal sialylation of nearly all glycans occur in the Golgi, 2436 and that disruption of Golgi
morphology is associated with altered glycosylation in other diseases,*0-45 we hypothesise
that the global protein O-linked glycosylation and mild N-linked glycosylation changes
observed in our patients’ fibroblasts, are secondary to the changes in Golgi morphology.

Interestingly, only introduction of the wild type iPLA2VIA-1 isoform into cultured
fibroblasts from our patients with PLAN rescued the abnormal Golgi morphology and O-
linked protein glycosylation. This suggests that iPLA2VIA-1 and iPLA2VIA-2 have
different effects on disruption of membrane homoeostasis and membrane tubule formation in
the ERGIC. So far, insufficient information is available on these two isoforms to determine
the mechanism by which these differences arise and further study is required to define and
validate this.

Disruption of Golgi structure has been reported in Alzheimer’s disease, Parkinson’s disease
and other neurodegenerative disorders.*647 Such changes in Golgi morphology are thought
to occur early in Alzheimer’s disease, before amyloid-B accumulation or a-synuclein

pathology is detected.4” Consequently, Golgi disruption may be a common factor in several
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neurological disorders including PLAN.#647 This mechanism posits that disruption of Golgi
morphology causes the abnormal glycosylation observed in PLAN and the other
diseases,*0-45 and that these changes in protein glycosylation contribute to protein
aggregation, cellular stress, and ultimately, apoptosis and neurodegeneration. For example,
decreases in terminal sialic acid on cellular glycoproteins, such as that observed for our
patients with PLAN, has been associated with amyloid B precursor protein (APP) plaques in
Alzheimer’s disease and with other neurodegenerative processes.#8-50 In the case of PLAN,
we conclude that the decrease in sialic acid is due to a global reduction in O-linked glycans
because the PNA staining did not increase, as it would for a sialylation-specific decrease.
Furthermore, the reductions in MALII and SNA lectin staining were global and not limited
to the plasma membrane; this excludes altered cell surface expression as the sole cause of
the observed decrease.

Underscoring the importance of glycosylation in neuronal health, nuclear O-GlcNAcylation
is proposed to protect the brain from aggregation and downstream toxicity of Tau, amyloid
precursor protein (APP) and a-synuclein.>1-55 While we cannot currently link the altered
Golgi morphology observed in cultured cells from patients with PLAN to aggregation and
downstream toxicity of Tau, APP and a-synuclein, we suggest this as a hypothesis
warranting future investigation.

In conclusion, our study describes for the first time morphological changes in the Golgi and
O-linked glycosylation of fibroblasts from individuals with PLA2G6 mutations. We propose
that structural changes of the Golgi, also seen in other neurodegenerative diseases, cause
aberrations in global protein glycosylation that possibly contribute to Tau, APP and a-
synuclein misfolding and aggregation, eliciting cellular stress leading to apoptosis and
neurodegeneration.
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Figure 1.

Mutation analysis of the biallelic PLA2G6 mutations in each patient. (A) Schematic
overview of PLA2G6 transcripts encoding the two active isoforms, membrane bound
iPLA2VIA-1 and cytosolic iPLA2VIA-2, and the mutations observed in the three patients.
(B) gDNA sequence analysis of the region around the maternally inherited mutation
NM_003560.2:¢.950C>T in the PLA2G6 gene for each member of the family of patient 1.
(C) Sequence analysis of the paternally inherited duplication of exons 4-7 (NM_003560.2:c.
426-1077dup) with the resulting transcript and the location of the PCR primers on top. The

J Med Genet. Author manuscript; available in PMC 2017 July 31.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Davids et al.

Page 16

cDNA amplification products, showing the exon 7—exon 4 junction in patient 1, are on the
bottom. (D) gDNA sequence analysis of the region around the maternally inherited mutation
NM_003560.2:¢.2222G>A in the PLA2G6 gene for each member of the family of patient 2.
(E) gDNA sequence analysis of the region around the paternally inherited synonymous
mutation NM_003560.2: ¢.609G>A in the PLA2G6 gene for each member of the family of
patient 2 and cDNA sequence analysis showing the splicing mutation encoding an in-frame
9 base pair deletion. (F) gDNA sequence analysis of the region around the maternally
inherited mutation NM_003560.2:¢.1799G>A in the PLA2G6 gene for each member of the
family of patient 3. (G) gDNA sequence analysis of the region around the paternally
inherited mutation NM_003560.2:¢.2221C>T in the PLAZ2G6 gene for each member of the
family of patient 3.
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Figure 2.
MRNA and protein expression analysis in fibroblasts. (A) Expression analysis of

iPLA2GIVA-1 (dark bars) and iPLA2VIA-2 (light bars) mRNA levels in fibroblasts of each
patient and a control cell line. Expression was normalised to GAPDH and plotted relative to
the control. Error bars show SEM (B) Analysis of protein expression by western blot.
GAPDH protein served as a loading control.

J Med Genet. Author manuscript; available in PMC 2017 July 31.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Davids et al. Page 18

%104

043 A
85.C13 labeled T

60| 909 23

Intensity [a.u]
Em
o

20

x104 593 x104

1.5.C13 labeled T C s D

6.04] 1.2 4 *
L4

909
1.§.C13 labeled ST

- *

>

Intensity [a.u]
s
(=]

il
o

0.0

x104 X104

6.0 i

Intensity [a.u)
.
[=]

2.0

0.0
600 800 1200 1600 2000 2400
%104 x104
G H

K
0 [ J hll I JI
600 800 1200 1600 2000 ) 1600 2000
miz miz
Figure 3.

O-linked glycan profiles in cultured skin fibroblasts with and without overexpression of
iPLAVIA-1. O-linked glycan profiles of control fibroblasts (A), control fibroblasts with
iPLA2VIA-1 overexpression (B), fibroblasts from patient 1 (C), fibroblasts from patient 1
with iPLA2VIA-1 overexpression (D), fibroblasts from patient 2 (E), fibroblasts from
patient 2 with iPLA2VIA-1 overexpression (F), fibroblasts from patient 3 (G) and fibroblasts
from patient 3 with iPLA2VIA-1 overexpression (H). O-linked glycans are highlighted with
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dashed arrows. Samples were spiked with the internal standards (1S) C13-labelled T antigen
and C13-labelled sialylated T.
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Figure 4.

Hoescht GM-130

Control

20pm i

Patient 1
+
IPLAZVIA-1

Patient 1
+
iPLA2VIA-2

Hoescht GM-130 TGN-46

Contraol

Patient 1

Patient 1

+
IPLA2VIA-1

Patient 1

+
iPLA2VIA-2

Quantification of ER-Golgi intermediate compartment (ERGIC) and Golgi area by
immunofluorescence and quantification of terminal sialic acid and terminal GIcNAc by
lectin staining. (A) Graph of relative fluorescent intensity for Maackia amurensis lectin 11
(MAL II) and Sambucus nigra (elderberry) bark lectin (SNA) staining of terminal sialic acid.
Data from the patient fibroblasts without (=) or with overexpression of iPLA2VIA-1 (1) or
iPLA2VIA-2 (2) are plotted relative to that of control fibroblasts. Also see online

supplementary figure S-2 and S-3. (B) Graph showing relative ERGIC-53 fluorescent

intensity. Data from the patient fibroblasts without (=) or with overexpression of
iPLA2VIA-1 (1) or iPLA2VIA-2 (2) are plotted relative to that of control fibroblasts. (C)
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Graph representing 2D-Golgi area of control fibroblasts and patient fibroblasts without (=)
or with overexpression of iPLA2VIA-1 (1) or iPLA2VIA-2 (2). Golgi area was assessed by
immunofluorescence staining with anti-GM-130 and anti-TGN-46. (D) Representative
immunofluorescence images for ERGIC staining in Control and Patient 1 fibroblasts, with
and without overexpression of iPLA2VIA-1 or iPLA2VIA-2. (E) Representative
immunofluorescence images for staining of ¢/s-Golgi with GM-130 and #rans-Golgi with
TGN-46 in Control and Patient 1 fibroblasts, with and without overexpression of
iPLA2VIA-1 or iPLA2VIA-2. #p<0.05 versus control fibroblasts, *p<0.005 versus control
fibroblasts, *p<0.01 versus fibroblasts from the same patient without overexpression of
PLA2GS6, and Tp<0.005 versus fibroblasts from the same patient without overexpression of
PLA2G6. Error bars represent SEM.
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Clinical features of three patients with biallelic mutations in PLA2G6

Table 1

Patients
Clinical features 1 2 3
Age of onset 18 months 29 years 9 months
Gender Female Female  Male
Normal early motor development + + +
Normal early cognitive development + + +
Developmental regression/cognitive decline  + + +
Difficulty swallowing + + +
Upgaze palsy + + *
Bilateral optic atrophy + +
Oculomotor apraxia + *
Generalised hypotonia + +
Cerebellar atrophy + + +
Midbrain atrophy + +
Brain iron accumulation + +
Cerebral atrophy + + +
Axial dystonia +
Parkinsonism +
Blepharospasm +
Lower limb spasticity +
Axonal sensorimotor neuropathy + +
Family history of parkinsonism + +

*
For patient 3, upgaze palsy and oculomotor apraxia could not be assessed because this patient was too debilitated to produce reliable eye

movements on command.
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