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PARK14 (D331Y) PLA2G6 Causes Early-Onset Degeneration of Substantia
Nigra Dopaminergic Neurons by Inducing Mitochondrial Dysfunction, ER
Stress, Mitophagy Impairment and Transcriptional Dysregulation

in a Knockin Mouse Model
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Abstract

PARK 14 patients with homozygous (D331Y) PLA2G6 mutation display motor deficits of pure early-onset Parkinson’s disease
(PD). The aim of this study is to investigate the pathogenic mechanism of mutant (D331Y) PLA2G6-induced PD. We generated
knockin (KI) mouse model of PARK 14 harboring homozygous (D331Y) PLA2G6 mutation. Then, we investigated neuropath-
ological and neurological phenotypes of PLA2G6”**!'YP331Y KT mice and molecular pathogenic mechanisms of (D331Y)
PLA2G6-induced degeneration of substantia nigra (SN) dopaminergic neurons. Six-or nine-month-old PLA2G6P31Y/P331y
KI mice displayed early-onset cell death of SNpc dopaminergic neurons. Lewy body pathology was found in the SN of
PLA2G6P*1Y/P3IY mice. Six-or nine-month-old PLA2G6P3'Y/P331Y K[ mice exhibited early-onset parkinsonism phenotypes.
Disrupted cristae of mitochondria were found in SNpc dopaminergic neurons of PLA2G6221Y/P31Y mice PLA2GEP331Y/P331Y
mice displayed mitochondrial dysfunction and upregulated ROS production, which may lead to activation of apoptotic cascade.
Upregulated protein levels of Grp78, IRE1, PERK, and CHOP, which are involved in activation of ER stress, were found in the
SN of PLA2G6P*1Y/P331Y mjce. Protein expression of mitophagic proteins, including parkin and BNIP3, was downregulated in
the SN of PLA2G6P*'YP31Y mice, suggesting that (D331Y) PLA2G6 mutation causes mitophagy dysfunction. In the SN of
PLA2G6P331YP31Y mice. mRNA levels of eight genes that are involved in neuroprotection/neurogenesis were decreased, while
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mRNA levels of two genes that promote apoptotic death were increased. Our results suggest that PARK 14 (D331Y) PLA2G6
mutation causes degeneration of SNpc dopaminergic neurons by causing mitochondrial dysfunction, elevated ER stress,

mitophagy impairment, and transcriptional abnormality.

Keywords Parkinson’s disease - PARK14 - (D331Y) PLA2G6 - Knockin mice

Introduction

Parkinson’s disease (PD) is a common neurodegenerative dis-
order caused by progressive degeneration of dopaminergic
neurons in substantia nigra pars compacta (SNpc) [1]. The
pathological hallmark of PD is Lewy bodies in surviving
SNpc dopaminergic cells [2]. Although the exact etiology of
PD remains unveiled, mitochondrial dysfunction, endoplas-
mic reticulum (ER) stress, inflammation, oxidative stress,
and impaired autophagy are believed to be implicated in the
pathogenesis of PD [3, 4].

Patients affected with autosomal recessive PARK14 dis-
play early-onset parkinsonism [5]. Mutations of PLA2G6
(Ca**-independent phospholipase A, group 6) gene cause
PLA2G6-associated neurodegeneration (PLAN), including
infantile neuroaxonal dystrophy, atypical neuroaxonal dystro-
phy, neurodegeneration with brain iron accumulation, and
young-onset PARK 14 [6]. Previous studies by us and other
research groups reported that a homozygous ¢.991G>T
(p.Asp331Tyr, D331Y) mutation in PLA2G6 is the genetic
cause of PARK14 patients [7-9]. Patients with homozygous
(D331Y) PLA2G6 mutation display motor dysfunctions of
pure early-onset autosomal recessive PD [7-9]. Knockin
mouse model is the useful tool to investigate the pathogenesis
of Parkinson’s disease caused by mutant PLA2G6. Up to now,
knockin mouse expressing PARK14 (D331Y) PLA2G6 has
not been used to investigate the pathogenic mechanism of
(D331Y) PLA2G6-induced PD.

PLA2G6 hydrolyzes the sn-2 acyl group of phospholipid to
produce lysophospholipids and free fatty acids. Released fatty
acid, including arachidonic acid, causes the formation of leu-
kotrienes, lipoxins, or prostaglandins, which activate signal
transduction pathways [10]. PLA2G6 participates in several
cellular functions such as mitochondrial function, fatty acid
oxidation, calcium signaling, cell growth, apoptosis, and gene
regulation [11, 12]. Deficiency of PLA2G6 in Drosophila re-
sults in mitochondrial membrane defects, mitochondrial dys-
function, and peroxidation of mitochondrial lipid [13].
PLA2G6 knockout mice exhibit the degeneration of mito-
chondrial inner membrane [14]. PLA2G6 deficiency in mice
also causes autophagy impairment [15].

In this study, we prepared knockin (KI) mouse harboring
homozygous (D331Y) PLA2G6 mutation and studied the mo-
lecular mechanism of (D331Y) PLA2G6-induced Parkinson’s
disease. The results of our investigation provide the evidence
that PARK 14 mutant (D331Y) PLA2G6 induces early-onset
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degeneration of SNpc dopaminergic neurons by causing mi-
tochondrial dysfunction, ER stress, mitophagy impairment,
and transcriptional dysregulation.

Materials and Methods
Generation of PLA2G6">3"Y/ P331Y Knockin Mice

PCR-based site-directed mutagenesis was conducted to alter the
codon GAC for Asp-331 located in the exon 7 of mouse
PLA2G6 gene into TAC encoding Tyr. Then, exon 7 fragment
with (D331Y) mutation was subcloned into pBluescript SK vec-
tor. For the knockin target vector of PLA2G6*"Y, a neomycin
selection cassette flanked by LoxP sites was inserted at site of
401 nucleotides downstream the start of exon 7. To target the
exon 7, 4.9-kb fragment upstream of exon 7 and 2.2-kb fragment
downstream of neomycin selection cassette were obtained and
functioned as 5’ and 3’ homologous arms, respectively.
Subsequently, knockin targeting fragments of PLA2G6P*'Y
were subcloned into pBluescript vector containing mutated exon
7 fragment and LoxP-flanked neomycin selection cassette.

The 129/Sv embryonic stem (ES) cells were transfected
with Xhol-linearized knockin target vector of PLA2G6”**!Y,
PCR assays were performed to screen neomycin-resistant col-
onies with correct homologous recombination. Chimeric mice
were obtained by microinjecting correctly targeted ES clone
into C57BL/6J blastocysts. F1 heterozygous mutant mice
were bred from wild-type C57BL/6J mice and chimeric mice.
To remove Neo cassette, F1 mice with germline transmission
of (D331Y) PLA2G6 knockin allele were bred with Cre
deleter transgenic mice, which express Cre recombinase in
the whole body. Then, stable lines of mutant (D331Y)
PLA2G6 knockin mice were established by mating F2
PLA2G6Y P31 mice with wild-type C57BL/6J mice. The
resultant heterozygous knockin mice were bred and main-
tained on C57BL/6J genetic background and intercrossed to
generate homozygous PLA2G6P>*1Y/P331Y knockin mice.
Animal experiments were performed in accordance with pro-
tocols approved by Institutional Animal Care and Use
Committee (IACUC) of Chang Gung University.

Subcellular Fractionation

Cytosolic and mitochondrial fractions of SN dissected from
WT or KI mice were prepared. Briefly, SN tissues were
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homogenized in ice-cold buffer comprising 10 mM HEPES
(pH 7.3), | mM DTT, | mM EGTA, 70 mM sucrose, 210 mM
mannitol, and commercial protease inhibitor cocktail (Sigma).
Cell lysate was centrifuged at 500xg for 10 min at 4 °C. Then,
the supernatant was collected and centrifuged at 9500xg for
10 min at 4 °C to obtain the pellet, which was mitochondrial
fraction. The supernatant was further centrifuged at 16,000xg
for 20 min at 4 °C to obtain cytosolic fraction.

Western Blot

Mitochondrial or cytosolic proteins (30 pg) were separated on
a 12 or 15% SDS-polyacrylamide gel and then transferred
onto nitrocellulose membranes. Subsequently, membranes
were incubated overnight at 4 °C with following primary an-
tibodies: (1) monoclonal anti-PLA2G6 antibody (Santa Cruz
Biotechnology, sc-376563); (2) polyclonal anti-phospho-
alpha synuclein®""?® antiserum (Abcam, ab51253); (3) poly-
clonal anti-alpha synuclein antibody (Proteintech, # 10842-1-
AP); (4) monoclonal anti-Tau antiserum (Santa Cruz
Biotechnology, sc-32274); (5) monoclonal anti-phospho-Tau
(Ser202, Thr205) antibody (Thermo Scientific, AT8); (6)
polyclonal anti-BiP/Grp78 antiserum (Cell Signaling
Technology, #3177); (7) polyclonal anti-CHOP antibody
(Cell Signaling Technology, #2895); (8) polyclonal anti-
IREl1«x antiserum (Cell Signaling Technology, #3294); (9)
polyclonal anti-PERK antibody (Cell Signaling Technology,
#5683); (10) polyclonal anti-cleaved caspase-9 antiserum
(Cell Signaling Technology, #20750); (11) polyclonal anti-
cytochrome ¢ antibody (Abcam, ab133504); (12) polyclonal
anti-cleaved caspase-3 antibody (Cell Signaling Technology,
#9662); (13) monoclonal anti-BMP6 monoclonal antiserum
(Santa Cruz Biotechnology, sc-57042); (14) monoclonal
anti-CCND2 antibody (Thermo Fisher Scientific, clone
DCS3.1); (15) monoclonal anti-CTNNBI1 antiserum
(Millipore, clone 8E7); (16) polyclonal anti-GDNF anti-
body (Abcam, ab18956); (17) polyclonal anti-HSPA1B an-
tiserum (Sigma, SAB1403949); (18) polyclonal anti-
KIDINS220 antibody (Abcam, ab34790); (19) polyclonal
anti-MAPK1 antiserum (Santa Cruz Biotechnology, sc-
292838); (20) polyclonal anti-MARK4 antibody (Cell
Signaling Technology, #4834); (21) polyclonal anti-PSAP
antiserum (GeneTex, GTX101064); (22) monoclonal anti-
SDC2 antibody (Santa Cruz Biotechnology, sc-376160);
(23) polyclonal anti-XAF1 antiserum (GeneTex,
GTX51339); (24) monoclonal anti-parkin antibody (Cell
Signaling Technology, #4211); (25) monoclonal anti-
BNIP3 antiserum (Cell Signaling Technology, #44060).
Membranes were incubated with appropriate horseradish
peroxidase-conjugated secondary antibodies. Then, chemi-
luminescence kit (Millipore) was used to visualize immu-
noreactive proteins. The density of gel bands was deter-
mined with a densitometer and normalized by actin signals.

Measurement of PLA2G6 Enzyme Activity

The modified cPLA, assay kit (Cayman Chemicals,
Cat.765021) was used to analyze the phospholipase A,
activity of PLA2G6 in the SN tissues. According to the
stereotaxic atlas of mouse brain [16], SN was dissected
out from coronal midbrain brain slices (500 wm) under a
microscope. Then, SN tissues were lysed in a modified
Ca®*-depleted lysis buffer containing 50 mM HEPES
(pH 7.4), 0.1% CHAPS, 4 mM EDTA, and commercial
protease inhibitor cocktail (Sigma). The substrate
arachidonoyl thio-phosphatidylcholine was incubated with
protein sample in a modified Ca**-depleted lysis buffer
(2 mg/mL bovine serum albumin, 8 mM Triton X-100,
160 mM HEPES (pH 7.4), 300 mM NaCl, 4 mM EGTA,
60% glycerol, and 8 mM Triton X-100) for 60 min at room
temperature. Arachidonoyl thio-phosphatidylcholine was
hydrolyzed by iPLA, and produced free thiols, which were
detected by 5,5 o-dithiobis, 2-nitrobenzoic acid. The absor-
bance at 414 nm was measured and used to calculate the
activity of iPLA,.

Immunohistochemical Staining

Animals were anesthetized and intracardially perfused
with 4% paraformaldehyde in 0.01 M PBS. Then, cryo-
stat sectioned brain slices were incubated with anti-
phospho-«-synuclein®'?° polyclonal antibody, monoclo-
nal anti--synuclein antibody, anti-NeuN monoclonal an-
tibody, or monoclonal anti-tyrosine hydroxylase anti-
body. After the washes, brain slices were incubated with
biotinylated secondary antibody (Vector Laboratories)
and then incubated with streptavidin peroxidase conju-
gates. Subsequently, brain sections were visualized by
incubating with diaminobenzidine (Vector Laboratories).
The Stereo Investigator software (MBF Biosciences) was
used to calculate the number of NeuN*-neurons or TH*-
dopaminergic neurons. ImageJ software (National
Institutes of Health) was used to quantify the striatal
density of TH* staining.

Animal Image Study with '®F-FP-DTBZ microPET

Animal imaging study utilizing a positron emission tomog-
raphy (PET) imaging was acquired by an Inveon preclini-
cal small animal PET scanner (Siemens Medical Solutions)
at Molecular Imaging Center of Chang Gung Memorial
Hospital. After receiving a single bolus injection of '*F-
FP-DTBZ (12.9+1.47 MBq in 0.1 mL saline), mice were
anesthetized with isoflurane, and images were acquired in
3D mode for 90 min. PET images were reconstructed using
two-dimensional ordered-subset expectation maximum
method without corrections for attenuation, randomness,
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and scatter. Imaging data were processed and analyzed
with PMOD software (PMOD Technologies, version 3.2).
PET images were coregistered to the corresponding MRI
imaging. Regions of interest were drawn within the stria-
tum and cerebellum. Cerebellum was used for the reference
region. The striatal specific uptake ratio (SUVR) was cal-
culated as (the uptake of right of left striatum)/the uptake
of cerebellum uptake.

Behavioral Assessments

The locomotor activity of WT or (D331Y) PLA2G6 KI mice
was evaluated in open field boxes for 60 min. Movements of
animal were recorded and assessed with the TopScan video
tracking system (Clever Sys., Inc.). The locomotor activity of
mouse was examined by measuring the velocity and distance.
To evaluate the therapeutic benefit of L-DOPA in
PLA2G6P31Y/P331Y mice, benserazide (0.5 mg/kg) and L-
DOPA (1.5 mg/kg) were intraperitoneally administered into
animal. The locomotor activity was recorded 40 min after the
injection.

The motor performance of animal was assessed by the
pole test. Mouse was placed on top of the pole, and the
base of pole was positioned in the home cage. Animals
oriented themselves downward and descended along the
pole back into home cage. Animals received two consec-
utive days of training consisting of five trials for each
session. On the day of pole test, animals carried out five
trials. Motor performance of animal was determined by
measuring the time needed for orienting downward and
descending.

Rotarod test using an accelerating rotarod apparatus (Ugo
Basile Biological Research Apparatus) was conducted to as-
sess motor coordination and balance of animal. Briefly, mouse
was placed on the accelerated rotarod, and the latency to fall
off the rod was recorded.

Spontaneous movements of animals were analyzed by
performing cylinder test. Animals were placed into an acrylic
cylinder (12.7 cm diameter; 15.5 cm height), and the number
of spontaneous rearing movements was recorded for 3 min.

Transmission Electron Microscopy Study

Mouse was intracardially perfused with 4% paraformalde-
hyde/2.5% glutaraldehyde fixative. The SN region of brain
tissue was cut into 1-mm? slices by using a vibratome and
post-fixed in 1% osmium tetroxide for 2 h. After 0.1 M
phosphate buffer washing, SN slices were dehydrated
through an ascending series of ethanol solutions and em-
bedded in Epon resin (Electron Microscopy Sciences).
Following sectioning, ultrathin (80 nm) sections were vi-
sualized using transmission electron microscope (JEM-
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1230, JEOL). The diameters of mitochondria were mea-
sured by using Imagel software.

Determination of Intracellular ATP Content

Luminescent ATP determination kit (Thermo Fisher
Scientific, Cat.A22066) was used to measure cellular lev-
el of ATP. Cell lysates (20 uL) were loaded in microplate
and incubated with reaction buffer. Luminescence was
determined by measuring the absorbance at 560 nm
using TECAN luminescence reader (TECAN Infinite
M200 Pro).

Measurement of Mitochondrial Complex I, Complex I,
Complex I, or Complex IV Activity

The complex I enzyme activity assay kit (Abcam) was used to
analyze the complex I activity of mitochondria. Mitochondrial
extracts (50 pg) were added and incubated in microplate con-
taining monoclonal anti-complex I antibody. The complex I
activity was determined by measuring the oxidation of re-
duced NADH to NAD", which results in an increased absor-
bance at 450 nm.

The activity of mitochondrial complex II was determined
by using complex II enzyme activity microplate assay kit
(Abcam) following the manufacturer’s instructions. Briefly,
complex II of mitochondrial sample was immunocaptured
within the microplate well, which was coated with an anti-
complex II monoclonal antibody. Succinate was used as a
substrate during performing this assay. The formation of
ubiquinol by complex II caused the reduction of the dye
DCPIP (2,6-diclorophenolindophenol), and a decrease in the
absorbance of DCPIP at 600 nm was detected
spectrophotometrically.

Mitochondrial complex III activity was determined by using
mitochondrial complex III activity assay kit (BioVision) ac-
cording to the manufacturer’s instructions. Briefly, standard
curve for various amounts of reduced cytochrome ¢ was con-
structed by measuring the absorbance at 550 nm. Mitochondrial
samples were added to reaction mixture with or without
antimycin A. Following the addition of substrate cytochrome
¢, the absorbance at 550 nm was measured. The activity of
complex III was determined by comparing OD values of sam-
ples with the standard curve of reduced cytochrome c.

The enzyme activity of mitochondrial complex IV
was measured by using complex IV rodent enzyme ac-
tivity microplate assay kit (Abcam) following the man-
ufacturer’s instructions. Briefly, complex IV of mito-
chondrial extract was immunocaptured within the sam-
ple well of microplate. Following the oxidation of re-
duced cytochrome c, the activity of complex IV was
measured colorimetrically by the change of absorbance
at 550 nm.
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Fig. 1 The enzyme activity of PLA2G®6 is significantly reduced in the SN
of PLA2G6P*31Y/P331Y enockin mice. a PCR assays were performed to
genotype wild-type mice, PLA2G6Y "P33'Y mice, and PLA2G6P**"Y/
D331Y mice. b Sanger sequencing of cDNA synthesized from the SN of
PLA2G6™ P31 or PLA2GEP?MYP3!Y mice verified the (G991 —
T991) nucleotide mutation at the residue D331 of PLA2G6. As a result,
D331 (GAC) was converted to Y331 (TAC). ¢ Western blot analysis
using anti-PLA2G6 antibody showed that cytosolic or mitochondrial

Determination of Reactive Oxygen Species

OxiSelect In Vitro ROS/RNS assay kit (Cell Biolabs) was
used to determine the level of reactive oxygen species
(ROS). Mitochondrial extracts (50 pL) were loaded into mi-
croplate and incubated with 50 pL of the catalyst reagent,
which accelerates the oxidative reaction. Following the incu-
bation for 5 min, specific ROS probe DCFH-DiOxyQ was
added into the mixture. DCFH-DiOxyQ oxidized by ROS
generated fluorescent product dichlorofluorescein (DCF).
Fluorescence intensity of DCF was measured with TECAN
Infinite M200 Pro microplate reader.

Analysis of Mitochondrial Lipid Peroxidation

Thiobarbituric acid reactive substances (TBARS) assay kit
(Cayman Chemicals, Cat.10009055) was used to examine
the level of mitochondrial lipid peroxidation by quantifying
the amount of malondialdehyde (MDA)-thiobarbituric acid
(TBA) adduct. The formation of MDA-TBA adduct occurred
under acidic conditions and high temperature. MDA standards

protein level of PLA2G6 in the SN of heterozygous (D331Y) PLA2G6
mice or homozygous (D331Y) PLA2G6 mice was similar to that of
PLA2G6 in the SN of wild-type mice. d The enzyme activity of
PLA2G6 was reduced in the SN of PLA2G6YTP331Y mice or
PLA2G6P331Y/P331Y pyjce compared to that of wild-type mice. Data are
presented as mean £ SEM of 20 mice. **P<0.01, ***P <0.001
compared with wild-type mice

or mitochondrial samples interacted with TBA at 100 °C for
60 min. The amounts of MDA-TBA adducts were then quan-
tified by measuring optical density at 540 nm.

Measurement of Cytochrome c Release

Cytochrome ¢ ELISA Assay Kit (Thermo Fisher Scientific,
Cat. KHO1051) was used to evaluate the release of cyto-
chrome c. Mitochondrial or cytosolic lysates were added into
microplate containing monoclonal anti-cytochrome c anti-
body, followed by adding biotin conjugates. After incubation
with streptavidin-HRP working solution, the substrate
tetramethylbenzidine was loaded into microplate. Then, the
optical density at 450 nm was measured.

Microarray Study

Total RNA was purified from substantia nigra of wild-type or
PLA2G6P331Y/P33IY KT mice using RNeasy Mini Kit
(Qiagen). Affymetrix Mouse Genome arrays were used to
analyze gene expression profile. Eight samples (wild-type
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«Fig. 2 PLA2G6P*1Y'P331Y KT mice display neuronal death of SNpc
dopaminergic cells and the loss of nigrostriatal dopaminergic terminals.
a, ¢ TH immunostaining demonstrated that compared to age-matched WT
mice or heterozygous PLA2G6" P3!Y mijce, the number of TH*-
dopaminergic neurons was significantly reduced in the SNpc of
PLA2G6P*YP31Y KT mice at the age of 6 or 9 months. Scale bar is
200 pwm. Each bar shows the mean + SEM of 20 mice. d Six- or 9-month-
old PLA2G6P331Y/P331Y knockin mice displayed a significantly decrease
in the number of SNpc NissI" cells. Each bar represents the mean + SEM
of 20 mice. b, e Immunohistochemical staining of NeuN demonstrated
the absence of a significant neurodegeneration in the striatum of
PLA2G6P331Y/P331Y KT mice. Scale bar is 200 pm. Each bar shows the
mean + SEM of 20 mice. f The VMAT2 density of striatal dopaminergic
nerve terminals was visualized by performing in vivo '*F-FP-DTBZ
microPET imaging. Compared to WT or PLA2G6™ "/P331Y mice,
striatal '*F-FP-DTBZ uptake of PLA2G6”**'YP331Y knockin mice at
the age of 6 or 9 months was significantly decreased. Ear bar represents
the mean + SEM of six mice. g Compared with age-matched WT mice or
heterozygous PLA2G6Y P¥1Y mice, 9-month-old PLA2G6P331Y/P331Y
KI mice displayed a significant decrease in striatal density of TH-
immunoreactive staining. Scale bar is 200 um. Each bar represents as
the mean + SEM of 20 mice. *P<0.05, **P <0.01 compared with
wild-type mice

mice, n=4; PLA2G6P*31Y/P331Y KT mice, n=4) were pre-
pared and analyzed. Differentially expressed genes were ana-
lyzed using the dCHIP software. Differential gene expression
was estimated by the mean (PLA2GEPHBIYDIIY \WT) ex-
pression ratio. The selection criteria for significantly altered
gene expressions were p < 0.05 and fold change > 1.9.

Real-Time Quantitative RT-PCR Assay

Quantitative real-time RT-PCR was performed on StepOne
Real-Time PCR system (Applied Biosystems). The mRNA
level of genes was normalized to reference gene GAPDH.
The 27*4CY equation was used to calculate the relative
change of mRNA expression.

Statistics

Data were expressed as the mean £ SEM. One-way ANOVA
followed by post-hoc Tukey’s multiple comparison test was
used to analyze statistical significance among multiple groups.
Significant difference between two groups was determined by
unpaired Student’s ¢ test (two-tailed). A P value of less than
0.05 was considered significant.

Results

PLA2G6”*3"Y/P331Y Homozygous Knockin Mice Exhibit
a Decreased PLA2G6 Activity in the Substantia Nigra

To generate knockin mice expressing PARK14 mutant
(D331Y) PLA2G6, we introduced human (D331Y;
GAC—TAC) mutation in the exon 7 of mouse PLA2G6

gene by knockin target vector-mediated homologous re-
combination. The resultant heterozygous PLA2G6Y "
D331Y knockin mice were bred and intercrossed to generate
wild-type mice, heterozygous PLA2G6™ /P**!Y mice, and
homozygous PLA2G6P*1Y/P331Y knockin mice (Fig. 1a).
RT-PCR assay using total RNA purified from substantia
nigra (SN) and Sanger sequencing was performed to con-
firm (D331Y) PLA2G6 mutation (Fig. 1b).

PLA2G6 is localized in the cytosol and mitochondria.
Cytosolic protein expression of PLA2G6 in the SN of
PLA2G6YPH1Y or PLA2G6P**'Y/P31Y mice was simi-
lar to that of PLA2G6 in the SN of WT mice (Fig. 1c).
Mitochondrial protein expression of PLA2G6 in the SN of
PLA2G6Y P or PLA2GEPY/PH1Y mice was also
not significantly altered (Fig. 1c). Compared to the en-
zyme activity of PLA2G6 in the SN of wild-type mice,
heterozygous or homozygous (D331Y) PLA2G6 mutation
led to a significant decrease in PLA2G6 enzyme activity
(Fig. 1d). These results indicated that (D331Y) PLA2G6
mutation causes the loss of function.

PLA2G6”337Y/P331Y K| Mice Display Early-Onset
Degeneration of SNpc Dopaminergic Neurons

Homozygous (D331Y) PLA2G6 mutation causes early-
onset autosomal recessive PD [7-9]. We performed im-
munohistochemical tyrosine hydroxylase (TH) staining
using 3- to 9-month-old heterozygous or homozygous
(D331Y) PLA2G6 mice. The number of TH*-SNpc dopa-
minergic cells of PLA2G63"Y/P331Y knockin mice at the
age of 3 months was not significantly different from that
of age-matched PLA2G6""P*1Y or WT mice (Fig. 2a,
¢). Compared with WT mice, 6- or 9-month-old homozy-
gous PLA2G6P331Y/P331Y mice exhibited a significant re-
duction in the number of TH"-SNpc dopaminergic cells
(Fig. 2a, ¢). PLA2G6WTP31Y mice did not display cell
death of TH*-SNpc dopaminergic neurons (Fig. 2a, c).
Six- or nine-month-old PLA2G6P331Y/P331Y mjce exhibit-
ed a significant reduction in the number of Nissl™-cells of
SNpc (Fig. 2d and Fig. S1). Immunocytochemical stain-
ing of NeuN, a neuronal marker, demonstrated that neu-
ronal loss was not found in the striatum (Fig. 2b, e), hip-
pocampus, and cerebral cortex (Fig. S2A and S2B) of
PLA2GEP331Y/D331Y .

PLA2G6”331Y/P331Y Knockin Mice Display the Loss
of Nigrostriatal Dopaminergic Terminals

The radiotracer '*F-FP-DTBZ binds to vesicular monoamine
transporter type 2. PET imaging with '*F-FP-DTBZ was con-
ducted to monitor the integrity of nigrostriatal dopaminergic
terminals in animal model of PD and PD patients. The
microPET imaging analysis demonstrated that 3-month-old
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PLA2G63*1Y/P331Y KT mice did not display a significant ~ PLA2G6"23'Y/P331Y KT mice (Fig. 2f). Compared to 9-
decrease in the striatal uptake of 18F_FP-DTBZ (Fig. 2f). month-old WT mice, the density of striatal TH staining in
Compared to 6- or 9-month-old WT mice, the striatal uptake ~ age-matched PLA2G6P*1Y/P331Y mice was significantly de-
of '"F-FP-DTBZ was significantly reduced in age-matched  creased (Fig. 2g).
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«Fig. 3 Lewy body pathology is found in the SN 0 PLA2G6EP¥31Y/P331Y
KI mice at the age of 9 months. a—f Lewy body in the SN of
PLA2G6P331YP331Y KT mice at the age of 9 months was detected by
performing immunocytochemical staining of anti-p-aSyn (a—¢) and
anti-oSyn (d—f). Scale bar is 50 um. g Immunoblotting analysis
showed an upregulated protein expression of aSyn or p-aSyn in the
SN of homozygous PLA2G6P331Y/P331Y K] mice at the age of
9 months. The same observation was found in other four experiments.
h The expression of tau protein (Tau) in SN of PLA2G6™**1YP331Y mpjce
was similar to PLA2G6™""T mice. Immunoblotting assay demonstrated
that an increased protein level of phospho-tauS2°2T™29 (5 Tay) was
found in the SN of homozygous PLA2G6P*"YP331Y mice at the age of
9 months. The expression level of proteins was quantified by the
densitometer. The same observation was found in other four
experiments. Each bar shows the mean + SEM value of five
independent experiments. *P < 0.05, **P<0.01 compared with wild-
type mice

PLA2G6P331Y/P331Y K| Mice Exhibit Lewy Body-like
Pathology

Lewy body, which is mainly composed of x-synuclein
(Syn), phosphorylated x-synuclein, and other components,
is the neuropathological hallmark of Parkinson’s disease [1].
Immunohistochemical staining using anti-phospho-«-
synuclein®"'?? (p-aSyn) (Fig. 3a—c) antiserum and
anti-a«Syn antibody (Fig. 3e, f) demonstrated that Lewy bod-
ies were found in the SN of PLA2G6P** Y3 1Y mjce at the
age of 9 months. Immunoblotting analysis demonstrated that
PLA2G6P*1Y/P3IY K mice at the age of 9 months displayed
an upregulated protein expression of aSyn and p-aSyn
(Fig. 3g). Immunofluorescence staining showed that the
formation of «xSyn aggregates was observed in the TH*-SN
dopaminergic neuron of PLA2G6P**"YP331Y mice (Fig. S3 of
Supplementary material). Lewy body-like inclusions can be
biochemically analyzed in sarkosyl-insoluble fraction [17,
18]. To confirm «-synuclein pathology, the accumulation of
a«Syn and p-xSyn was examined in the sarkosyl-insoluble frac-
tion obtained from the SN of (D331Y) PLA2G6 KI mice.
Biochemical analysis showed that accumulation of «Syn and
p-aSyn was observed in the sarkosyl-insoluble fractions of ho-
mozygous (D331Y) PLA2G6 KI mice (Fig. S4 of
Supplementary material). PD patients with PLA2G6 mutations
exhibit an increased protein level of hyperphosphorylated tau,
which is the tau pathology [19]. Western blot analysis indicated
that protein expression of phospho-tauS®2%% 205 wag yp-
regulated in the substantia nigra of PLA2G6P33!Y/P331Y
mice (Fig. 3h).

PLA2G6”337Y/P331Y Knockin Mice Exhibit Early-Onset
and Progressive Parkinsonism Phenotypes

Six- to 12-month-old PLA2G6P*31YP31Y mice exhibited an
early-onset and progressive decrease in the locomotion activ-
ity, including the velocity (Fig. 4a) and distance (Fig. 4b). The

cylinder test was conducted to analyze spontancous move-
ments of mice. Six- to 12-month-old PLA2G6P33!Y/P331Y
mice displayed a significant decrease in the number of rears
(Fig. 4c). Motor coordination of animal was evaluated by
performing the rotarod test. Six- to 12-month-old
PLA2G6P*1Y/P31Y knockin mice displayed an impaired mo-
tor coordination, which was indicated by a marked reduction
in retention time on the rotarod apparatus (Fig. 4d). The pole
test was conducted to examine the motor performance of an-
imal. Six- to 12-month-old PLA2G6"**"Y/P>*1Y KT mice
displayed an increase in time required to perform the pole test,
which indicated impaired motor performance and bradykine-
sia phenotype (Fig. 4e).

L-DOPA was effective in treating PD patients carrying
PLA2G6 mutations [20]. Similar to PARK 14 patients, treat-
ment of methyl L-DOPA rescued hypoactivity displayed by 9-
month-old PLA2G6P**"YP31Y knockin mice (Fig. 4f, g).

Homozygous (D331Y) PLA2G6 Kl Mice Exhibit
Mitochondrial Degeneration and Mitochondrial
Dysfunction

The ultrastructure of mitochondria in the neuromelanin
organelle-containing SNpc dopaminergic neuron was exam-
ined by performing transmission electron microscopy. Intact
morphology and well-defined cristae of mitochondria were ob-
served in the neuromelanin-positive putative SNpc dopaminer-
gic cells of WT mice or heterozygous PLA2G6Y "P*31Y mice
(n =20 neurons). In contrast, disrupted cristae of mitochondria
were found in the neuromelanin organelle-containing putative
SN dopaminergic neurons of PLA2G6">* IYD33IY ynockin
mice (n = 20 neurons) (Fig. Sa—c). Moreover, the mitochondrial
size was decreased in the SN of homozygous (D331Y)
PLA2G6 mice compared to WT or heterozygous (D331Y)
PLA2G6 mice (Fig. 5d).

Abnormal ultrastructure of mitochondria could lead to mi-
tochondrial dysfunction. An impaired activity of mitochondri-
al complex I activity is found in PD patients [21]. The activ-
ities of mitochondrial complex I-IV were analyzed in the SN
of homozygous (D331Y) PLA2G6 KI mice. Compared with
WT mice, the activity of mitochondrial complex I or III was
reduced in the SN of PLA2G6P**1YP331Y mice (Fig. 5e, g).
The activity of mitochondrial complex II or IV was not sig-
nificantly altered in the SN of PLA2G6P**1YP31Y mice (Fig.
5f, h). A reduced level of intracellular ATP production was
also found in the SN of PLA2G6P331Y/P31Y mjce (Fig. 51).

Mitochondrial dysfunction causes the overproduction of
ROS and lipid peroxidation. Cardiolipin, a unique mitochon-
drial phospholipid, participates in maintaining mitochondrial
function and cytochrome c release [22]. ROS generated from
mitochondria results in the oxidation of cardiolipin and sub-
sequent activation of apoptosis through the release of cyto-
chrome ¢ [22]. The status of cardiolipin oxidation can be
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«Fig.4 PLA2G6P*1Y/P33IY KT mice display early-onset motor deficits of
parkinsonism. The velocity (a) and distance (b) of locomotor activity
were progressively decreased in PLA2G6P331YP31Y mjce at the age of
6 to 12 months. Age-matched heterozygous PLA2G6" /P31 mice did
not exhibit the phenotype of hypoactivity. Ear bar represents the mean +
SEM of 20 mice. ¢ Cylinder test was conducted to determine the
spontaneous activity of animal. The motor deficit of 6- to 12-month-old
homozygous PLA2G6P331YP331Y mice was indicated by a significant
decrease in the number of rears. Each bar shows the mean = SEM of 20
animals. d Rotarod test demonstrated that compared to age-matched WT
or PLA2G6™P331Y mice, 6- to 12-month-old PLA2G6P#1Y/P31Y KT
mice displayed a marked reduction in the latency to fall. Each bar
represents the mean + SEM of 20 animals. e Pole test demonstrated that
homozygous PLA2G6P*3'YP331Y mjce at the age of 6 to 12 months
displayed motor dysfunction by taking a longer time to execute the pole
test. Each bar shows the mean + SEM of 20 animals. Forty minutes after
injecting saline or methyl L-DOPA (1.5 mg/kg of body weight) into
animals, the distance (f) and velocity (g) of locomotion activity were
analyzed. PLA2G6™3*!Y/P31Y mice injected with saline exhibited a
reduced distance and velocity of locomotor activity. Following the
administration of methyl L-DOPA, the hypoactivity displayed by 9-
month-old PLA2G6P331Y/P331Y KT mice was improved, which was
indicated by an increase in the locomotor activity (f and g). Each bar
shows the mean + SEM of 10 animals. *P <0.05, **P < 0.01 compared
to WT mice. *P < 0.05 compared to PLA2G6P*Y/P31Y njce injected
with saline

determined by measuring the lipid peroxidation of mitochon-
dria and the release of cytochrome ¢ simultaneously [22].

Overproduction of mitochondrial ROS was observed in the
SN of PLA2G6P3*!Y/P3 1Y mjce (Fig. 5). Lipid peroxidation
of mitochondria was evaluated by performing thiobarbituric
acid reactive substances assay. An increased level of lipid
peroxidation was found in the SN of PLA2G6P33!Y/P331Y
mice (Fig. 5k). Cytosolic level of cytochrome ¢ was also
markedly upregulated in the SN of PLA2G6 P321YP331Y mice
(Fig. 51).

Homozygous (D331Y) PLA2G6 Mutation Causes

the Activation of Mitochondrial Apoptotic Pathway,
the Induction of Endoplasmic Reticulum Stress,
and Mitophagy Dysfunction

To test the possibility that the activation of mitochondrial ap-
optotic pathway causes cell death of SN dopaminergic neu-
rons observed in PLA2G6P*'YP331Y mice apoptotic pro-
teins were evaluated in the SN of WT or KI mice. The level
of cytosolic cytochrome c, active caspase-9, or active caspase-
3 was significantly increased in the SN of PLA2G6P3!Y/
D331Y mice at the age of 9 months (Fig. 6a).

ER stress is implicated in the pathogenesis of PD [23].
Mitochondrial dysfunction results in overproduction of
ROS, which then gives rise to ER stress [24, 25]. To determine
whether homozygous (D331Y) PLA2G6 mutation triggers
ER stress, protein levels of ER stress-related proteins were
examined in the SN of WT or KI mice. Protein levels of 78-
kDa glucose-regulated protein (Grp78), inositol-requiring

enzyme la (IRElwx), protein kinase RNA-like ER kinase
(PERK), and C/EBP homologous protein (CHOP), which par-
ticipate in the activation of ER stress, were increased in the SN
of PLA2G6" /P31 mice,

Impaired mitophagy plays an important role in the patho-
genesis of PD [4]. Immunoblotting analysis demonstrated that
protein levels of parkin and BNIP3, which are autophagy/
mitophagy-related proteins [26, 27], were decreased in the
SN of PLA2G6P*YP331Y knockin mice (Fig. 6c¢).

(D331Y) PLA2G6 Alters mRNA Levels of Genes,
Which Possess Neurotoxic or Neuroprotective Effect,
in the SN of PLA2G6”*3"Y/P331Y Knockin Mice

In addition to participating in maintaining mitochondrial func-
tion, PLA2G6 also participates in gene regulation [12].
Therefore, mutant (D331Y) PLA2G6-induced transcriptional
dysregulation is also likely to be involved in (D331Y)
PLA2G6-induced neuronal death of SNpc dopaminergic cells.
To test this possibility, transcriptomic analysis was conducted
to evaluate differential mRNA expressions in the SN of
PLA2G6P*1Y/P3IY mice at the age of 9 months. The heat
map produced by hierarchical gene clustering displayed a dif-
ferent pattern between WT mice and PLA2GGP331Y/P331Y
mice (Fig. 7a). We further investigated ten genes, which are
involved in regulating neuronal death or survival (Table 1).

Microarray analysis indicated that the mRNA expression of
microtubule affinity-regulating kinase 4 (Mark4), which
causes neurotoxic effects [28], and XIAP associated factor 1
(Xafl), which participates in the induction of apoptosis [29],
was increased in the SN of PLA2G6P*"Y/P331Y KT mouse.
The mRNA expression of bone morphogenetic protein 6
(Bmp6), cyclin D2 (Cend2), beta-catenin 1 (Ctnnbl), heat
shock protein 1B (Hspalb), mitogen-activated protein kinase
1 (Mapkl), kinase D-interacting substrate 220 (Kidins220),
prosaposin (Psap), and syndecan 2 (Sdc2), which exert a neu-
roprotective effect [30-37] was downregulated in the SN of
PLA2G6P331YP3IY ice (Fig. 7a and Table 1).

Consistent with results of microarray analysis, quantita-
tive RT-PCR analysis demonstrated that mRNA level of
Mark4 or Xafl was significantly increased in the SN of
PLA2G6P31Y/P331Y mjce (Fig. 7b). The mRNA expres-
sion of Bmp6, Ccnd2, Ctnnbl, Hspalb, Mapkl,
Kidins220, Psap, and Sdc2 was downregulated in the SN
of PLA2G6P331Y/P331Y mice (Fig. 7b).

To provide the evidence that prior to a significant neurode-
generation of SNpc dopaminergic cells, differential mRNA
expression of these 10 genes is observed at the earlier phase
of disease, WT or PLA2G6P* IY/D33IY mice at the age of
5 months, which did not exhibit a significant degeneration
of SNpc dopaminergic cells, were used to conduct quantitative
RT-PCR analysis. An upregulated mRNA level of Mark4 or
Xafl and a downregulated mRNA level of Bmp6, Ccnd2,

@ Springer



3846

Mol Neurobiol (2019) 56:3835-3853

Ctnnb1, Hspalb, Mapkl, Kidins220, Psap, or Sdc2 were ob-
served in the SN of PLA2G6P*'Y/P331Y mice at the age of

5 months (Fig. 7¢).

Consistent with the results of transcriptomic analysis and
quantitative RT-PCR assays, western blot study demonstrated
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that protein expression of Mark4 or Xafl was upregulated in
the SN of PLA2G6P**YP31Y mice at the age of 9 months
(Fig. 7d, e). Protein expression of Bmp6, Ccnd2, Ctnnbl,
Hspalb, Mapk1, Kidins220, Psap, or Sdc2 was also downreg-
ulated in the SN of PLA2G6P**"YP31Y mice (Fig. 7d, e).
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<« Fig. 5 Homozygous (D331Y) PLA2G6 mutation leads to abnormality in
the ultrastructure of mitochondria and mitochondrial dysfunction. a—¢ In
the neuromelanin-positive putative SNpc dopaminergic neurons of WT or
PLA2G6YTP331Y mice, mitochondrial morphology was intact, and
mitochondrial cristae had a regular arrangement. In contrast, disrupted
structure of mitochondria cristae was observed in the neuromelanin
organelle-containing putative SNpc dopaminergic neurons of
homozygous PLA2G6P331Y/P331Y mice. The arrow indicates
neuromelanin organelle. d Compared to WT mice, the size of
mitochondria was decreased in the SN of homozygous (D331Y)
PLA2G6 mice. Each bar shows the mean £ SEM of 672-886
mitochondria. e-h The activity of mitochondrial complex I and III was
significantly decreased in the SN of PLA2G6P>*1Y/P331Y K[ mice as
compared to WT mice. The activity of mitochondrial complex II or
complex IV in the SN of homozygous (D331Y) PLA2G6 KI mice was
not significantly different from that of WT mice. For mitochondrial
complex I experiments, each bar represents the mean + SEM of 20
mice. For mitochondrial complex II-IV experiments, each bar shows the
mean £ SEM of 10 mice. The activity of mitochondrial complex was
normalized with the activity of citrate synthase. i Intracellular ATP level
was reduced in the SN of homozygous (D331Y) PLA2G6 KI mice. j
Compared to WT or PLA2G6™P31Y mice, overproduction of ROS
was observed in the SN of PLA2G6™**'Y/P31Y KT mice. k The level of
mitochondrial lipid peroxidation was upregulated in the SN of
homozygous PLA2G6331Y/P331Y mice. 1 Cytosolic level of
cytochrome ¢ was increased in the SN of PLA2G6P>*!Y/P331Y mjce,
**P<0.01 compared with wild-type mice. Each bar represents the
mean + SEM of 20 animals

Discussion

Mutations of PLA2G6 gene cause early-onset autosomal re-
cessive PARK 14 [38, 39]. A homozygous (D331Y) mutation
of PLA2G6 has been reported to be the genetic cause of
PARK14 [7-9]. Patients with homozygous (D331Y)
PLA2G6 mutation exhibit motor dysfunctions of pure early-
onset PD [7-9]. In the present study, homozygous
PLA2G6P31Y/P31Y mice were prepared to investigate the
pathogenic mechanism of (D331Y) PLA2G6-induced
Parkinson’s disease.

Consistent with previous neuropathological studies
reporting degeneration of SNpc dopaminergic neurons in
PARK 14 patients [19, 40], PLA2G6P331Y/P331Y KT mice
displayed early-onset neuronal death of SNpc dopaminergic
cells at the age of 6 months. A decrease in striatal '*F-FP-
DTBZ uptake and a reduced level of striatal TH*-staining
observed in PLA2G6P*"Y/P31Y mice at the age of 9 months
indicated the degeneration of nigrostriatal dopaminergic ter-
minals caused by homozygous (D331Y) PLA2G6 mutation.
Consistent with our finding showing that 6- or 9-month-old
PLA2G6P1Y/P31Y mice exhibited degeneration of SNpc
dopaminergic neurons, PLA2G6™31Y/P331Y K[ mice at the
age of 6 or 9 months displayed early-onset PD phenotypes
including slowness of movement, hypoactivity, and impaired
motor performance. In accordance with previous studies
reporting that L-DOPA is effective in treating PD patients with
(D331Y) PLA2G6 mutation [7-9], the hypoactivity displayed

by 9-month-old PLA2G6P*'Y/P331Y mice was reversed by
the treatment of L-DOPA. Previous studies demonstrated the
presence of Lewy bodies in the brain of PARK 14 patients [19,
40], our results indicated that Lewy bodies were also found in
the SN of PLA2G6P31Y/P331Y K mice at the age of 9 months.
Aggregation of hyperphosphorylated tau, which is character-
istics of tau pathology, was found in the brain of PARK14
patients [19]. In our study, upregulated protein level of
phospho-tauSe20% 205 (wag observed in the SN of homozy-
gous PLA2G6PH1Y/P331Y mice at the age of 9 months.

PLA2G6 knockout (KO) mice have been used to investi-
gate PLA2G6 deficiency-induced pathological effects.
PLA2G6 KO mice at the age of 14 months exhibit motor
deficits and the loss of dopaminergic nerve terminal in the
striatum [41]. Fourteen-month-old PLA2G6 KO mice do not
display a significant cell death of SNpc dopaminergic neurons
[41]. PLA2G6 KO mice at the age of 12 months exhibit the
degeneration of mitochondrial inner membrane and presynap-
tic membranes/axon [42]. The expression of aSyn is increased
in 12-month-old PLA2G6 KO mice [43, 44]. The formation of
p-aSyn-positive granules is found in PLA2G6 KO mice at the
age of 12 months [44]. Compared to PLA2G6 KO mouse
model, PLA2G6P331Y/P33IY KT mice at the age of 6 or
9 months prepared by us display early-onset parkinsonism
phenotypes, the formation of Lewy body, and early-onset cell
death of SNpc dopaminergic neurons. Therefore, we, for the
first time, prepared a successful knockin mouse model of
ecarly-onset PARK 14.

PARK14 (D331Y) mutation has been shown to cause the
loss of function of PLA2G6 [8]. In this study, homozygous
PLA2G6P*1Y/P3IY mice also displayed impaired activity of
PLA2G6 in the SN. Deficiency of PLA2G6 has been shown
to cause abnormality in the morphology and function of mi-
tochondria in the fly model [13]. It is very likely that homo-
zygous (D331Y) PLA2G6 mutation leads to an abnormal ul-
trastructure of mitochondria in SNpc dopaminergic cells. In
accordance with this hypothesis, disrupted cristaec of mito-
chondria were found in SN dopaminergic neurons of
PLA2G6 P#1YP3IY KT mice.

Mitochondrial dysfunction participates in the etiology of
SNpc dopaminergic neuronal death observed in Parkinson’s
disease [45]. Mitochondrial structural abnormality found in
the SN dopaminergic cells of PLA2G6P>*1Y/P331Y knockin
mice is expected to cause the mitochondrial dysfunction. In
accordance with this hypothesis, decreased complex I activity
or ATP level and increased ROS production were found in the
substantia nigra of homozygous PLA2G6P>31Y/P331Y mice.
Our study further suggests that overproduction of ROS
resulting from mitochondrial dysfunction induces the apopto-
sis of SN dopaminergic neurons of PLA2G6P>1Y/P31Y pjce
by causing the oxidation of cardiolipin and the release of cy-
tochrome c, resulting in the upregulated expression of active
caspase-9 and active caspase-3.
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Fig. 6 Homozygous (D331Y) PLA2G6 mutation causes activation of
mitochondria apoptotic cascade, induction of ER stress, and mitophagy
dysfunction. a Western blot analysis showed that protein expression of
active caspase-3, active caspase-9, or cytochrome c (Cyto c) in the cytosol
was upregulated in the SN of homozygous (D331Y) PLA2G6 KI mice at
the age of 9 months. b Protein levels of Grp78, IRE1, PERK, and CHOP

In the present study, overproduction of mitochondrial
ROS, oxidative stress, and «-synuclein aggregations were
observed in the SN of PLA2G6P331Y/P331Y mjce.
Upregulated level of ROS and oxidative stress are believed
to cause the accumulation and aggregation of a-synuclein
[46]. Production of ROS upregulates the level of casein
kinase 2, which participates in ROS-dependent x-synucle-
in aggregation by phosphorylating «-synuclein at Ser129
[47]. Therefore, it is possible that overproduction of ROS
and oxidative stress may cause x-synuclein aggregation in
the SN of PLA2G6**"Y/P331Y KT mice.

ER is responsible for protein folding and protein modifica-
tion. Neuronal cells are susceptible to misfolded and aggre-
gated proteins. The accumulation of misfolded protein causes
chronic ER stress and induces unfolded protein response
(UPR), which protects neurons against intracellular misfolded
proteins. Glucose-regulated protein 78 (Grp78) is an impor-
tant regulator of the UPR. Grp78 binds to misfolded proteins
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were increased in the substantia nigra of PLA2G6P3'Y/P331Y knockin
mice. ¢ Immunoblotting analysis showed that protein expression of
parkin or BNIP3 was significantly downregulated in the SN of
PLA2G6EP331Y/DP33Y KT mijce. *P< 0.05, **P<0.01 compared with
WT mice. Each bar shows the mean + SEM of five experiments

and activates downstream sensor proteins of UPR, which are
inositol-requiring 1 (IRE-1x), activating transcription factor
6 (ATF6), and protein kinase RNA-like endoplasmic reticu-
lum kinase (PERK) [48]. However, under prolonged ER
stress, deleterious UPR signaling stimulates the activation of
C/EBP homologous protein (CHOP) and triggers apoptotic
neuronal death [49]. ER stress is believed to induce apoptosis
of SNpc dopaminergic neurons and is involved in the etiology
of Parkinson’s disease [23]. Overproduction of ROS resulting
from mitochondrial dysfunction causes ER stress [24, 25].
Accumulation of «-synuclein triggers ER stress-mediated ap-
optotic neuronal death [50]. In the present study, increased
ROS generation and upregulated protein expression of -
synuclein were found in the SN of PLA2G6**1Y/P31Y K]
mouse, suggesting that ER stress is involved in homozygous
(D331) PLA2G6 mutation-induced neurodegeneration of
SNpc dopaminergic cells. In accordance with this hypothesis,
upregulated protein levels of Grp78, IRE1«, PERK, and
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CHOP, which participate in the activation of ER stress, were

found in the SN of PLA2G6P**!Y/P331Y K[ mice.
Autophagy is a crucial process responsible for the removal

of aggregated proteins or damaged organelles. Mitophagy, a

selective autophagic degradation of mitochondria, eliminates
dysfunctional mitochondria through autophagy machinery
and maintains mitochondrial turnover and functionality [51].
The impairment of autophagy/mitophagy results in the loss of
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<« Fig.7 Homozygous (D331Y) PLA2G6 KI mice display differential gene
expressions. a Heat maps with hierarchical clustering revealed dramatic
gene dysregulation in the substantia nigra of PLA2G6P*31Y/P331Y K
mice at the age of 9 months compared with WT mice at the same age.
b Quantitative real-time PCR analysis was performed to validate selected
ten genes. The mRNA levels of Bmp6, Cend2, Ctnnbl, Hspalb,
Kidin220, Mapkl, Psap, and Sdc2 were decreased in the substantia
nigra of PLA2G6™331YP331Y nyjce at the age of 9 months. The mRNA
expression of Mark4 or Xafl was upregulated in the SN of
PLA2G6P331Y/P331Y KT mice. Each bar represents the mean + SEM of
four experiments. ¢ Compared to WT mice, mRNA levels of eight genes
(Bmp6, Cend2, Hspalb, Kidin220, Mapkl, Psap, and Sdc2) were
decreased in the SN of 5-month-old PLA2G6P*31Y/P331Y mjce. The
mRNA expression of Mark4 or Xafl was upregulated in the substantia
nigra of PLA2G6P**1YP31Y mice at the age of 5 months. Each bar shows
the mean £ SEM of four independent experiments. d, e Protein levels of
BMP6, CCND2, CTNNBI, HSPA1B, KIDINS220, MAPK1, PSAP, and
SDC2 were decreased in the substantia nigra of PLA2G6EP33!1Y/P331Y
mice. Protein levels of MARK4 and XAF1 were increased in the
substantia nigra of homozygous (D331Y) PLA2G6 mice at the age of
9 months. *P < 0.05, **P < 0.01 compared with wild-type mice. Each bar
shows the mean + SEM of four experiments

SN dopaminergic neurons and is involved in the etiology of
Parkinson’s disease [51]. In this study, protein levels of
mitophagic proteins, including parkin and BNIP3 [26, 27],
were decreased in the SN of homozygous PLA2G6*3"Y/
D331Y mice. This finding suggests the possible involvement
of mitophagy dysfunction in (D331Y) PLA2G6 mutation-
induced neurodegeneration of SNpc dopaminergic cells.
PLA2G6 has been shown to regulate gene expression [12].
Therefore, (D331Y) PLA2G6-induced transcriptional abnor-
mality could be involved in (D331Y) PLA2G6-induced de-
generation of SNpc dopaminergic neurons. Downregulation
of neuroprotective pathways and upregulation of neurotoxic
signaling could lead to neuronal death of SNpc dopaminergic
cells. The results of this study showed that mRNA levels of
Bmp6, Cend2, Ctnnbl, Hspalb, Kidins220, Mapk1, Psap,
and Sdc2, which are involved in neuroprotective signaling,
neurogenesis, or neuronal survival, were decreased in the
SN of PLA2G6P*"Y/P31Y mice. Bmp6 is a member of the
transforming growth factor 3 superfamily and processes

neuroprotective effect against oxidative stress [33]. Bmp6 also
promotes neurite outgrowth, neurogenesis, and neuronal sur-
vival [52]. Moreover, Bmp6 functions a neurotrophic factor
by augmenting dopamine uptake in primary cultured dopami-
nergic neurons [53]. Ccnd2 is involved in promoting
neurogenesis and neuronal differentiation [54]. Ctnnb]1 partic-
ipates in the development and maintenance of dopaminergic
cells [55]. Loss of Ctnnb1 leads to downregulation of progen-
itor genes in midbrain dopaminergic neurons [56].
Nigrostriatal dopaminergic neurons of Hspalb knockout mice
are more sensitive to MPTP-induced neurotoxic effect [37]. A
high level of Kidins220 expression is observed in the nervous
system. Kidins220 functions as a mediator of several signaling
pathways, which are required for neuronal survival and differ-
entiation [57]. Kidins220 also modulates synaptic transmis-
sion and plasticity [58]. Mapkl is believed to be essential
for neuronal survival and function of dopaminergic cells
[32]. Psap acts as a neurotrophic factor and exerts a neuropro-
tective effect [36]. Psap protein secreted by bone marrow stro-
mal cell-derived neuroprogenitor cells prevents apoptotic neu-
ronal death [59]. Psap-derived 18-mer peptide inhibits apopto-
sis of SN dopaminergic cells observed in MPTP-induced
mouse model of PD [60]. Sdc2 plays a role in dendritic spine
morphogenesis of hippocampal neurons and regulates neurite
outgrowth [31].

In this study, mRNA levels of Mark4 and Xafl, which
participate in the activation of apoptotic pathway, were in-
creased in the SN of homozygous PLA2G6P331Y/P31Y pjce,
Mark4 decreases cell viability and is a positive regulator of
apoptosis [61]. X-linked inhibitor of apoptosis (XIAP) is an
important apoptotic regulator during neuronal apoptosis [62].
Xafl, an antagonist of XIAP, directly binds to XIAP and trig-
gers apoptotic death by inhibiting anti-caspase activity of
XIAP [29].

If downregulated mRNA level of Bmp6, Ccnd2, Ctnnbl,
Hspalb, Kidins220, Mapkl, Psap, or Sdc2 and upregulated
mRNA level of Mark4 or Xafl participate in the etiology of
(D331Y) PLA2G6-induced neuronal death of SN

Table 1 Altered mRNA
expressions in the SN of

homozygous (D331Y) PLA2G6
KI mice

Gene Gene symbol Fold change
XIAP associated factor 1 Xafl 5.991
MAP/microtubule affinity-regulating kinase 4 Mark4 1.913
Heat shock protein 1B Hspalb —4.327
Syndecan 2 Sdc2 -3.369
Kinase D-interacting substrate 220 Kidins220 —3.266
Catenin (cadherin associated protein), beta 1 Ctnnb1 -3.072
Mitogen-activated protein kinase 1 Mapk1 —3.003
Prosaposin Psap —2.638
Bone morphogenetic protein 6 Bmp6 —2.635
Cyclin D2 Ccend2 —2.137
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dopaminergic cells observed in PLA2G6P*1Y/P331Y KT mijce
at the age of 9 months, differential mRNA expressions of
these 10 genes should be observed in homozygous (D331Y)
PLA2G6 mouse at the earlier phase of disease. In this study,
PLA2G6P*1Y/P31Y KT mouse at the age of 5 months did not
display a significant degeneration of SNpc dopaminergic neu-
rons. However, altered mRNA levels of these 10 genes were
found in PLA2G6P**1Y/P31Y mice at the age of 5 months.

In summary, we, for the first time, generated knockin
mouse model of PARK14 (D331Y) PLA2G6-induced
Parkinson’s disease by preparing PLA2G6P331Y/P331Y K
mice. PLA2G6™3*1YP331Y mice exhibited early-onset neuro-
degeneration of SNpc dopaminergic cells and PD phenotypes.
The results of our study suggest that homozygous (D331Y)
PLA2G6 mutation induces neuronal death of SNpc dopami-
nergic cells by causing mitochondrial dysfunction, elevated
ER stress, mitophagy impairment, and transcriptional
abnormality.
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