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Figure 5 a-synuclein accumulation in PARK2 iPSC-derived neurons. (A-C) Triple labeling for a-synuclein (red), tyrosine hydroxylase

(TH; cyan), and Bill-tubulin (green) along with Hoechst (blue) staining of control A (B7), control B (WD39), Cent1-8, and PARK2 (PA9 and PB20)
iPSC-derived neurons. (A) Arrows indicate a-synuclein+/TH+/Blli-tubulin+ neurons; arrowheads indicate a-synuclein+/TH-/Blli-tubulin+ neurons.
Note the presence of a-synuclein+/TH-/Blll-tubulin- non-neural cells (asterisks). (B) High magnification confocal projection image of an
a-synuclein (magenta)/Blil-tubulin (green) double-positive PAS iPSC-derived neuron. (C) The proportion of a-synuclein+/flll-tubulin+ neurons
relative to Blll-tubulin-positive neurons was significantly higher in PA (PA1, 9 and 22) iPSC-derived neurons than in control A (B7 and YA9), control
B (WD39) and Cent1-8 iPSC-derived neurons. Scale bars: A, 50 um; C, 5 pm. ** indicates P < 0.01; * and ¥ indicate P < 0.05 (Mann-Whitney
U-test). Data represent the mean and SEM of at least three experiments for each group.
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Sigma), NANOG (1:100, ReproCELL), OCT3/4 (1:200,
Santa Cruz Biotechnology), SSEA-4 (1:200, Millipore),
TRA-1-60 (1:200, Millipore), TH (1:100, Millipore), «-
synuclein (1:500, Invitrogen), pa-synuclein (1:1000, Wako),
cleaved-Caspase3 (1:500, Cell Signaling) and ComplexIII
(C-IM)-core I (1:200, Invitrogen). Cells were washed with
PBS after incubation with the primary antibody, followed
by incubation with an Alexa Fluor 488-, Alexa Fluor 555-,
or Alexa Fluor 647-conjugated secondary antibody (1:500,
Invitrogen). Images were obtained using Apotome (Zeiss)
or LSM-710 confocal (Zeiss) microscopes.

PCR amplification of genomic DNA

Genomic DNA was purified from HDFs and iPSCs using
a DNeasy kit (Qiagen). The PCR conditions used have
been previously described [2,42].

Reverse transcription (RT)-PCR

RNA isolation and reverse transcription (RT)-PCR were
performed as previously described [44]. The amount of
c¢DNA was normalized to S-actin mRNA. Real-time RT-
PCR was performed on a ABI PRISM Sequence detection
System 7900HT (Applied BioSystems) using SYBR premix
ExTaq (Takara). Primers for the detection of Oct4, the
transgenes Octd-tg, Sox2-tg, Klfd-tg and c-Myc-tg, and
MAO-A, and -B have been previously described [10,15].

Teratoma assay

To assess teratoma formation, iPSCs were injected into
the testis of 8-week-old NOD/SCID mice (OYG Inter-
national) as previously described [14]. Eight weeks after
transplantation, tumors were dissected and fixed with 4%
PFA in PBS. Paraffin-embedded tissue was sectioned and
stained with H&E. Images were obtained using a BZ-9000
(Keyence) microscope.

CGH array

Genomic DNA was restricted, labeled, and purified using
the Agilent Oligo CGH Microarray Kit (Agilent Techno-
logies) according to the manufacturer’s protocol. Labeled
genomic DNA was processed for hybridization on a 4x
180K microarray (Agilent Technologies). Processing was
performed as instructed by the manufacturer. The gen-
omic analysis was performed using Agilent Genomic
Workbench ver. 6.0 software (Agilent Technologies).

Metabolism assays

Reduced GSH levels were measured according to the kit
manufacturer’s protocol (GSH-Glo Glutathione Assay;
Promega). Chymotrypsin-like proteasome activity was
measured using a Cell-Based Proteasome-Glo Assay
according to the manufacturer’s instructions (Promega).
Briefly, neural cells (1.0 x 10% derived from neurospheres
were seeded in triplicate into a white 96-well plate (Nunc).
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Prepared reagent (100 pl) was added to each well. After
incubation for 10 min at RT, luminescence intensity was
recorded. ROS levels were determined by measuring
DCFH-DA fluorescence (Invitrogen). Briefly, neurons
were incubated with 5 yM DCFH-DA and Hoechst
(1:2000) for 30 min at 37°C, after which they were washed
with PBS and then incubated in differentiation media.
Fluorescence was measured by an In Cell Analyzer 2000
system (GE Healthcare Biosciences).

Protein analysis

Differentiated neurons were harvested in MAPK lysis buffer
containing proteinase inhibitor, and protein concentrations
were measured by BCA assay (Thermo Scientific). Samples
were diluted to yield equivalent protein concentrations and
then 4 pg was denatured by the addition of 4X sample
buffer (Invitrogen) supplemented with B-mercaptoethanol
followed by boiling. Samples (7 pl/lane) were loaded onto a
4-20% SDS-polyacrylamide gradient gel. Membranes were
incubated in blocking solution with the indicated primary
antibodies at 4°C overnight. Immunoreactive proteins were
detected with horseradish peroxidase (HRP)-conjugated
secondary antibodies and then visualized by chemilumines-
cence (Pierce, Rockford, IL, USA) according to the manu-
facturer’s instructions. Quantification of band intensities
was performed using an RAS4000 system. The primary
antibodies used were anti-NQO1 (1:1000, Abcam), anti-
NRF2 (1:1000, Santa Cruz Biotechnology) and p-actin
(1:5000, Cell Signaling).

CCCP and Baf A, treatments

Neurons were cultured with 30 uM CCCP (Sigma-Aldrich)
or DMSO, with or without 5 (M Baf A; (Sigma-Aldrich),
for 48 h. The cells were then fixed and stained for PIII-
tubulin and C-III Core I, and counterstained with Hoechst.
To quantify the IMM area of the neurons, the cytoplasmic
area was extracted as shown in Figure 3C. The C-III Core
I-positive signals within the extracted area were then con-
verted to gray-scale and digitized. The IMM area was quan-
tified from the digitized values using Image | software.

Tetramethylrhodamine ethyl ester (TMRE) staining
iPSC-derived neurons were incubated with 1nM TMRE
(Invitrogen) for 15 min at 37°C and then observed under
an Olympus IX81 microscope.

Electron microscopy

Cells were fixed with 2% glutaraldehyde/2% PFA in 0.1 M
phosphate buffer (PB) (pH7.2), post-fixed with 1% OsO4 in
0.1 M PB (pH 7.2), blocked and stained with a 2% aqueous
solution of uranyl acetate, dehydrated with a graded series
of ethanol, and then embedded in Epon 812 (TAAB).
Coverslips were detached and the embedded samples were
placed under a stereomicroscope to identify the cells of
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interest. Ultrathin sections were cut with a Leica UC6
or UC7 ultramicrotome (Leica Microsystems) and then
stained with uranyl acetate and lead citrate. Samples
were observed with a Hitachi H7100 or HT7700 elec-
tron microscope.

Morphometry

Morphometric analysis was used to measure the volume
density of mitochondria in the neuronal perikarya as pre-
viously described [45]. Briefly, electron micrographs of neu-
rons (n = 20, 23, 41, and 44 for control A (B7), control B
(WD39), PA9 and PB2, respectively) were obtained at a
magnification of x7000. After enlarging to three times the
original magnification, point-counting was carried out to
determine the volume density using a double-lattice test
system with 1.5 c¢cm spacing. Mitochondria were classified
as normal, abnormal, or undetermined. The abnormal
mitochondria were defined as those with irregularly
arranged cristae, or with a high electron-dense matrix. The
volume density (Vv) of each type of mitochondrion was
expressed as percent volume according to the following
formula: Vv = (Pi/Pt) x 100 (%), where Pi is the number of
points falling on each mitochondrial structure and Pt is the
number of points falling on the neuronal perikarya.

Immunohistochemical analysis of autopsied brain tissue
The ethical committee of the Kitasato University School of
Medicine and Juntendo University School of Medicine
reviewed and approved the protocol for analysis of autop-
sied brain tissue. Patients and control subjects were
informed of the study and gave written informed consent.
Brain tissue from patient PA was obtained following her
death at age 72; brain tissue from the father of patient PB
was obtained when he died at age 70 [46]. Tissue was fixed
with 10% formalin and then embedded in paraffin. Mid-
brain sections (6 um thick) were cut, deparaffinized with
xylene, and then rehydrated in ethanol. After being boiled
and treated with H,O,, sections were subjected to im-
munofluorescence staining with antibodies to the following
proteins: a-synuclein (1:500, Invitrogen), pa-synuclein
(1:1000, Wako), and TH (1:1000, Calbiochem). After was-
hing with PBS, sections were incubated with a biotinylated
secondary antibody (1:500; Vector Laboratories Inc.) at RT
for 1 hr followed by incubation with an avidin-biotin pe-
roxidase complex (Vector Laboratories Inc) for 1 hr.
Immunoreactive proteins were visualized using 3,3-diami-
nobenzidine (DAB; Wako Pure Chemical Industries) and
nuclear fast red staining. For immunofluorescence, FITC-
conjugated and Cy3-conjugated secondary antibodies
(1:500; Jackson Immunoresearch Laboratories) were used.
Images were obtained using a BIOREVO (Keyence) and a
confocal laser-scanning LSM710 (Zeiss) microscope.
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Statistical analysis

Values represent the mean + SEM. The Mann—Whitney
U-test was used to evaluate differences between groups. A
P value of < 0.05 was considered significant.

Additional files

-
Additional file 1: Genetic studies of family. (A) An arrow indicates PA
patient. (B) An arrow indicates PB patient. Filled circles and squares,
women and men with PARK2 mutation; Open circles and squares, normal
women and men; Diamond shapes, family members whose DNA

samples were not analyzed. Symbols with lines through them represent
the deceased.

Additional file 2: Characterization of control and PARK2 iPSCs. (A)
Control A (YA9), Control B (WD39), PA (PA9), and PB (PB2) iPSCs
expressed the pluripotency markers SSEA4 (red) and TRA1-60 (green).
Scale bar, 100 um. (B) iPSCs established from patients PA (PA1, PA22) and
PB (PB1, PB18, and PB20) were positive for the pluripotency markers
Nanog (red), Oct4 (green), SSEA4 (red), and TRA1-60 (green). Scale bars:
phase images, 200 um; immunofluorescence images, 100 um. (C) Levels
of endogenous Oct4 mRNA in the generated iPSCs were similar to those
in KhEST cells, a human embryonic stem cell (hESC) line [42]. Expression
levels were normalized to that of KhEST (set as 1). (D) Cont A (YA9), Cont
B (WD39), PA (PA1, 9 and 22), and PB (PB1, 2, 18 and 20) iPSCs gave rise
to teratomas with all three germ layers, confirming pluripotency. Scale
bar, 100 um. (E) Silencing of transgenes in control and PARK2 iPSC
clones. Expression levels were normalized to the positive control of
fibroblasts in cultures assayed 6 days after retroviral infection (= 100).
Cont A, Control A; Cont B, Control B.

Additional file 3: Confirmation of parkin deletions and genomic
stability of PARK2 iPSCs using comparative genomic hybridization
(CGH) microarray analysis. (A) Exons 2-4 were deleted in the PA9 and
PA22 iPSC lines. Exons 6 and 7 were deleted in the PB2, 18, and 20 iPSC
lines. (B) Copy number profiles of whole chromosomes in PARK2 iPSCs
assessed by CGH microarray analysis revealed that no genomic
aberrations were introduced during the process of establishing PARK2
iPSCs.

Additional file 4: Expression level of MAO-A and -B showed no
difference among Control and PARK2 iPSC-derived neurons. (AB)
gRT-PCR measurement of MAO-A and -B transcripts in PARK2 (PA (1, 9
and 22) and PB (1, 2 and 20)) iPSC-derived neurons showed no difference
compared to those in Cont A (B7 and YA9). ContA; Control A, ContB;
Control B.

Additional file 5: Healthy mitochondria in PARK2 fibroblasts and
iPSCs. (A, B) Electron micrographs of fibroblasts (upper panels) and iPSCs
(lower panels) from Control (Cont A and Cont B) and PARK2 patients (PA
and PB). Mitochondria in the fibroblasts and iPSCs from both groups
showed long, cylindrical profiles with well-organized cristae, and the
electron density of the matrix was relatively low (asterisks). Scale bar, 0.25
um. Cont A, Control A; Cont B, Control B. (C) Fibroblasts were treated
with 30uM CCCP or DMSO for 48 h, followed by staining for Cill corel
(magenta) to label the internal mitochondrial membrane (IMM) and
counterstaining with Hoechst (Ho, blue). Mitochondrial size decreased
after CCCP treatment in both Control (Cont A and Cont B) and PARK2
(PA and PB) fibroblasts. Scale bar, 20 um. (D) iPSCs were treated with 30
UM CCCP or DMSO for 48 h and then stained for Clil corel (magenta) to
label IMM, Oct4 (blue) to label iPSCs, and Hoechst (Ho, white).
Mitochondrial size in Control (Cont A (B7), Cont B (WD39)), and PARK2
(PA9 and PB2) iPSCs decreased after CCCP treatment. Scale bar, 20 um
(E) CCCP/DMSOQ ratios in Control (Cont A (B7, YA9), Cont B (WD39)), and
PARK2 (PA9 and 22 and PB2 and 20) iPSCs (Mann Whitney U-test). Data
represent the mean and SEM (n > 3 for each group).

Additional file 6: Mitochondrial membrane potential after

CCCP treatment in control and PARK2 iPSC-derived neurons. (A)
iPSC-derived neurons were treated with 30 pM CCCP or DMSO for 48 h,
after which they were stained for the mitochondrial membrane potential
marker, TMRE. The intensity of TMRE (yellow) was clearly reduced in
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control (Cont A (B7), Cont B (WD39)), and PARK2 (PA9 and PB2)
iPSC-derived neurons. Scale bar, 50 um.

Additional file 7: Confirmation of parkin deletions carried by the
father of patient PB. (A) Deletion of exons 6 and 7 was confirmed in
blood samples from PB and the father of PB by PCR.

Additional file 8: a-Synuclein signals are not seen in PARK2 iPSCs.
(A) Quantitative genomic PCR analysis for SNCA exons 1 and 4
demonstrated a normal copy number in PARK2 (PA1, 9 and 22, and PB1,
2,18 and 20) iPSCs. The copy number was the same as that observed for
Cont A (B7 and YA9) and Cont B (WD39). The SNCA gene copy number
was normalized to B-globin (HBB) and B2-microglobulin (B2MG). (B) iPSCs
were stained for a-synuclein (red), Oct4 (green; to label iPSCs) and
Hoechst (blue). No a-synuclein signals were observed in Cont A (B7 and
YAQ9), Cont B (WD39), or PARK2 (PA9 and 22, PB2 and 20) iPSCs. Scale bar,

50 pm.
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Kufor-Rakeb syndrome (KRS) was originally described as an autosomal recessive form of early-onset
parkinsonism with pyramidal degeneration and dementia. ATP13A2 was identified as the causative
gene in KRS. ATP13A2 encodes the ATP13A2 protein, which is a lysosomal type5 P-type ATPase, and
ATP13A2 mutations are linked to autosomal recessive familial parkinsonism.

Here, we report that normal ATP13A2 localizes in the lysosome, whereas disease-associated vari-

Edited by Barry Halliwell

ants remain in the endoplasmic reticulum. Cathepsin D activity was decreased in ATP13A2-knock-

down cells that displayed lysosome-like bodies characterized by fingerprint-like structures.

Keywords:
Parkinson’s disease
Medaka fish
ATP13A2
Lysosome

Furthermore, an atp13a2 mutation in medaka fish resulted in dopaminergic neuronal death,
decreased cathepsin D activity, and fingerprint-like structures in the brain. Based on these results,
lysosome abnormality is very likely to be the primary cause of KRS/PARK9.

© 2013 Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies.

1. Introduction

Parkinson’s disease (PD) is one of the most common movement
disorders, and it is caused by loss of dopaminergic neurons. The
molecular mechanisms underlying neuronal degeneration in PD
remain unknown; however, it is now clear that genetic factors
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heavily contribute to the pathogenesis of this disease [1]. In
approximately 10% of patients with clinical features of PD, the dis-
ease state has a strict familial etiology.

PARK9-linked PD is an autosomal recessive early-onset disorder
that is characterized by levodopa-responsive parkinsonism, supra-
nuclear gaze palsy, pyramidal signs, and dementia; this condition
is also called Kufor-Rakeb syndrome (KRS), being named for a con-
sanguineous Jordanian family containing four members with this
disorder [2]. Recently, ATP13A2 was identified as the causative
gene for KRS/PARKO. The ATP13A2 gene comprises 29 exons that
encode a lysosomal type 5 P-type ATPase with 10 transmembrane
domains [3]. Thus far, eight mutations have been reported in just
five families and in two additional unrelated patients, and no
neuropathological examination of an autopsy case has been docu-
mented [3-8]. The function of the ATP13A2 protein remains largely
unknown, but it is supposed that ATP13A2 might participate in
autophagic protein degradation via the lysosomal pathway [9].

Here, we established and analyzed a cell culture model of
ATP13A2 knockdown and Atp13a2 mutant medaka fish to eluci-
date the mechanisms underlying PARK9-associated pathology.

0014-5793/$36.00 © 2013 Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies.
http://dx.doi.org/10.1016/}.febslet.2013.02.046
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Both the cultured cells and the mutant fish exhibited decreased
cathepsin D enzymatic activity, fingerprint-like inclusion body for-
mation, and neuronal death. These findings indicated that abnor-
malities in lysosome function are the primary defect in KRS/PARK9,

2. Results

2.1. Wild-type ATP13A2 localizes to the lysosome, but some disease-
relevant variants localize to the endoplasmic reticulum

To investigate the subcellular localization of ATP13A2, we used
an anti-V5 antibody and antibodies that recognize several markers
of intracellular organelles to double label SH-SY5Y cells that stably
expressed wild-type ATP13A2 fused to the V5 epitope (WT-V5).
The WT-V5 signal largely colocalized with the signal of cathepsin
D, a lysosomal aspartic protease (Fig. 1A and S1). Additionally,
WT-V5 partially overlapped with makers of the Golgi apparatus
(GM130), the late endosome (Rab7) and the autophagosome
(LC3B), but not with the markers of the endoplasmic reticulum
(ER) (GRP78), the mitochondria (Tom20), the early endosome
(EEA1 and Rab5), or the exocytotic vesicles (Rab3 and 4)
(Fig. 1A, B and S1). GFP signals in SH-SY5Y cells that stably ex-
pressed GFP-tagged wild-type ATP13A2 (GFP-WT) strongly colo-
calized with either of two lysosomal membrane proteins, Lamp2
(Fig. 1A and S1) or Lamp1 (data not shown). Furthermore, immu-
noelectron microscopy using ultrathin cryosections of GFP-WT SH-
SY5Y cells confirmed that gold particles labeling GFP-WT (arrow
head: 10 nm gold) and those labeling Lamp1 (arrow: 5 nm gold)
co-localized on the lysosomal membrane (Fig. 1C). These data
indicated that ATP13A2 is a resident protein of the lysosomal
membrane.

Thus far, eight disease-associated mutations have been identi-
fied in the ATP13A2 gene, including one that we described initially
[3-8]. To determine whether the mutant proteins were mislocal-
ized and whether any such mislocalization has etiological impor-
tance, we assessed the subcellular localization of five pathogenic
protein variants (Fig. 2A). These mutants were each tagged with
a V5 epitope and then transiently transfected into SH-SY5Y cells.
To, first, characterize the subcellular distribution of KRS mutants,
we separated cell homogenates by Percoll density gradient centri-
fugation. This Percoll gradient system separates dense lysosomes
(near bottom) from lighter particles such as ER. We found that
WT-V5 was mainly co-fractionated with lysosomal component
(Lamp1 and cathepsin D; Fraction No. 13-16, Fig. 2B). However,
an ATP13A2 variant that lacks exon 13 (1306 + 5G—A) but main-
tains the reading frame was co-fractionated not with lysosomal
proteins but with GRP78 (Fraction No. 2-8, Fig. 2B): this finding
indicated that the protein variant accumulated in the ER. Some
other ATP13A2 pathogenic variants (F182L and G504R) also accu-
mulated in the ER in a manner similar to the 1306 + 5G—A variant.
In contrast, the other two pathogenic variants (T12M and G533R)
were co-fractionated with lysosomal components, as was the WT
protein. To, further, confirm the subcellular localization, we carried
out double fluorescence immunocytochemistry of permeabilized
SH-SY5Y cells by staining KRS mutants (V5), the ER marker
(GRP78), the lysosomal marker (cathepsin D) and the mitochondria
marker (Tom20). Along with immunoblotting of Percoll density
gradient fractionation, immunofluorescence studies showed

1306 + 5G—A mutant, F182L and G504R colocalized with GRP78
and the other two variants (T12M and G533R) colocalized with
cathepsin D as already reported [10-14] (Fig. 2C and S1). The
expression levels of ATP13A2 mutant proteins that accumulated
in the ER (F182L, G504R, and 1306 + 5G—A) were lower than that
of the WT protein and MG132 inhibited degradation of the all
ATP13A2 variants as well as that of the WT protein (Fig. 2D).

2.2. Stable knockdown of ATP13A2 induces cathepsin D deficiency and
structures that resemble neuronal ceroid-lipofuscinosis deposits

To assess whether the loss of normal ATP13A2 functions has a
causal role in PD pathogenesis, the expression of endogenous
ATP13A2 was suppressed in SH-SY5Y cells by gene knockdown.
By using antibodies that we generated (Fig. 3A), we showed that
endogenous ATP13A2 protein levels in SH-SY5Y cells that stably
expressed ATP13A2 shRNA (ATP13A2shRNA-1 or -2) were effi-
ciently suppressed (Fig. 3B). Water soluble Tetrazolium salts
(WST)-8 assay demonstrated that ATP13A2 knockdown caused a
significant reduction of the cell growth in SH-SY5Y cells (Fig. 3B).
Next, we determined the distribution and the morphology of lyso-
somes in SH-SY5Y cells subjected to ATP13A2 knockdown. Immu-
nostaining of cathepsin D and Lamp2 indicated that ATP13A2
deficiency led to the assembly of lysosomes in the perinuclear re-
gion and decreased cathepsin D staining (Fig. S2). The protein
amount of full length (52-kDa), immature (44-kDa) and mature
(32-kDa) forms of cathepsin D of the cells expressing ATP13A2
shRNAs were all decreased together with the enzyme activity
(Fig. 3C). To show the reduction of cathepsin D activity was indeed
induced by the reduction of ATP13A2, not by the non-specific effect
of shRNA, we generated shRNA-resistant species of ATP13A2. SH-
SY5Y cells stably expressing ATP13A2 shRNAs that were transfec-
ted with shRNA resistant ATP13A2 showed comparable cathepsin
D activity to the controls (Fig. S3A). The activity and amount of ma-
ture forms (25-kDa) of cathepsin B and L were also decreased in the
knockdown cells line by ATP13A2 shRNA-1, but not shRNA-2, sug-
gesting that the loss of ATP13A2 principally gives rise to the reduc-
tion of cathepsin D (Fig. 3C). Finally, analysis via transmission
electron microscopy revealed that lysosome-like bodies became
more numerous in ATP13A2 shRNAs expressing cells and that very
immense high density structure appeared adjacent to the nucleus
in these cells (Fig. 3D: a-h). High-magnification images revealed
that the abnormal structures in these cells included fingerprint
profiles-like structure (Fig. 3D: e), and these structures were very
similar to the structure of the neurons in mice lacking cathepsin
D [15]. The levels of LC3-1I, autophagosome marker, in shRNA-1
transfected cells were increased (Fig. 3E) and p62 a substrate of
autophagic degradation, was accumulated in both of the shRNA
expressing lines (Fig. S3B), suggesting that an appearance of abnor-
mal structure induced by ATP13A2 deficiency might be involved
with impaired lysosomal proteolysis. Taken together, these find-
ings indicated that loss of ATP13A2 led to lysosomal pathology
and, more specifically, a reduction in cathepsin D activity.

2.3. Generation of an Atp13a2 mutant medaka fish

Next, we generated and evaluated medaka fish with an Atp13a2
mutation to investigate the mechanism of KRS/PARK9-associated
neurodgeneration in vivo. The draft of the medaka genome con-
tains only one identifiable ortholog of the human ATP13A2 gene.
We cloned the medaka atp13a2 gene by RT-PCR and RACE, and it
encoded a protein consisting of 1159 amino acids. The amino-acid
sequence showed 51.3% homology to human ATP13A2 protein
(Fig. S4A). To characterize medaka atp13a2 expression, we used
in situ hybridization to visualize medaka atp13a2 mRNA. No signal
was observed with the sense RNA probe. However, the anti-sense
RNA probe resulted in diffuse signals in the gray matter of medaka
brain (Fig. 4A). The telencephalon and diencephalon that contain
the putative striatum and many dopaminergic neurons, respec-
tively, were intensely labeled by the anti-sense probe. The optic
tectum was also intensely labeled, but the hindbrain and spinal
cord were scarcely labeled (Fig. 4A).

We then used TILLING (Targeting Induced Local Lesions In
Genomes) method to generate an Atp13a2 mutant fish [16]. We
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Fig. 1. Wild-type ATP13A2 localizes at lysosomal membranes. (A and B) WT-V5 and GFP-WT fusion proteins consistently co-localizes with Lamp2 and cathepsin D.
Additionally, WT-V5 partially overlapped with GM130, Rab7 and LC3B. (Scale bar; 10 um). (C) Immunoelectron microscopy using ultrathin cryosections. Double
immunostaining of GFP-ATP13A2 (gold particles, 10 nm in diameter (open arrowheads)) and Lamp1 (gold particles, 5 nm in diameter (arrows)). Both types of immuno-gold
label clearly localizes along the membranes around lysosomes (asterisks). (Scale bar; 0.5 pm).

sequenced the genomes of 5771 samples obtained from our ENU-
mutagenized medaka library, and identified one mutation “IVS13,
T-C, +2” that resulted in an aberrant splice donor site (Fig. 4B).
The 1VS13, T-C, +2 mutant from this strain was subjected to six
sequential backcrosses to generate the mutant used in the follow-
ing experiments. A cross between heterozygous “IVS13, T-C, +2”
mutant pair resulted in wild-type fish (WT/WT), heterozygous mu-
tants (WT/mt), and homozygous mutants (mt/mt) in Mendelian ra-
tios. RT-PCR analysis revealed an abnormal splice variant in the WT/
mt and mt/mt medaka (Fig. 4C), and the sequence of these PCR

products indicated that exon 13 was skipped in the mutant mRNAs
(Fig. 4D). Surprisingly, this abnormal splicing pattern was almost
identical to that in the human KRS/PARK9Y patient [3], in which
the 111-bp exon 13 is skipped (Fig. S4B). Real-time PCR showed a
marked reduction (17.8%) in the normal atp13a2 mRNA in the mt/
mt medaka brain (Fig. 4E). We therefore concluded that we had suc-
ceeded in identifying an Atp13a2 mutant in medaka, and this muta-
tion was similar to a pathogenic KRS/PARK9 mutation in human.
Atp13a2 mutant medaka fish grew normally during early
development without any obvious morphological abnormalities.
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Fig. 2. Characterization of subcellular localization of KRS mutants. (A) Schematic diagram of disease-relevant mutants of ATP13A2 used in this study. (B) Percoll gradient
fractionation of ATP13A2 protein. The graphs indicate densitometry of bands. This Percoll gradient system separates dense lysosomes (near bottom, Fraction 13-16) from
lighter particles such as ER (Fraction 2-8). (C) Double immunofluorescence studies for KRS mutants. Colocalization of T12M or G533R with cathepsin D, a lysosomal protein, is
observed. Other mutants localizes with GRP78, a resident ER chaperone protein. (D) Protein blot analysis of ATP13A2 WT and mutant V5-tagged constructs in transiently
transfected SH-SY5Y cells. GFP was co-transfected with the ATP13A2s as a transfection control. The proteasome inhibitor MG132 (10 uM) stabilizes PARK9 mutants after 24 h.
The antibody against p53, whose degradation is known to dependent to proteasome, is used as a control for MG132 treatment. Densitometry analysis indicates the steady
state protein levels of each variant. Data are represented as percent of WT. Error bars, S.E.M. n=3. *P<0.01 vs WT.

Remarkably, the mt/mt medaka fish showed a significant reduction
of the life span relative to WT/WT and to WT/mit fish (Fig. 4F). The
body weight of mt/mt fish was normal (Fig. 4G). We examined the
internal organs including brains of the dead mt/mt fish, but we
could not identify a specific reason for the shorter lifespan of mt/
mt medaka fish. We next quantified spontaneous swimming move-
ment in mt/mt medaka fish. At 4 months, mt/mt fish exhibited a
mild locomotor increase with significant differences reported only

in swimming duration whereas distance and velocity are normal.
All the genotypes showed comparable movement at 12 months,
irrespective of atp13a2 genotype (Fig. 4H).

Collectively, we generated atp13a2 mutant medaka fish carrying
almost identical mutation to human KRS/PARK9 patient. The homo-
zygous mutant fish grew normally, but relative to wild-type and
heterozygous animals, these mutants exhibited more spontaneous
swimming movement at 4 months and had a shorter life span.
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(each 3 clones). *P<0.01.

2.4. Neuropathology of Atp13a2 mutant medaka fish

Selective and progressive loss of dopaminergic/noradrenergic
cells constitutes the characteristic pathology of human PD patients.
Having previously identified TH-positive (TH+) dopaminergic neu-
rons and noradrenergic neurons in the medaka brain [17], we could
examine histologically these TH+ neurons in the brain tissue of
atp13a2 mutants. At 4 months, the number of TH+ neurons did
not differ significantly among mt/mt, mt/WT, and WT/WT fish.
However at 8 and 12 months, the number of TH+ neurons in the
middle diencephalon and the density of TH+ fibers in the telenceph-
alon were lower in the mt/mt medaka than in mt/WT or in WT/WT
fish (Fig. 5A). The mt/mt medaka fish at these stages also had fewer
noradrenergic neurons in the medulla oblongata than did mt/WT or
WT/WT fish (Fig. 5A). The reduction of TH+ neurons was not robust
but age-dependent and progressive. Additionally, we examined

tryptophan hydroxylase and serotonin levels via immunohisto-
chemistry; neither the number of tryptophan hydroxylase positive
neurons in the raphe nor the intensity of serotonin signals in the
diencephalon differed significantly among all the genotypes
(Fig. 5A). Although no TUNEL-positive dopaminergic neuron was
observed in the WT/WT brains, a few TUNEL/TH double positive
neurons were detected in the mt/mt brains (Fig. 5B). To exclude
the possibility of developmental disorder of the dopaminergic neu-
rons, we also counted the TH+ neurons in the middle diencephalon
at 1 month. At this larval stage, mt/mt fish showed comparable
number of dopaminergic neurons to WT/WT fish (Fig. S5) indicating
the loss of dopaminergic neurons seen at 8 and 12 months was in-
deed late-onset phenotype. Next, we measured the amount of dopa-
mine, noradrenaline, and serotonin in whole-brain samples from
mutant fish at 4 and 12 months. The amount of dopamine in the
brain samples from mt/mt medaka was comparable to that in the
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WT/WT or the WT/mt at 4 months, but lower than that in the WT/
WT or the WT/mt at 12 months (Fig. 5C, upper). The noradrenaline
in mt/mt medaka brain samples also tended to be lower at
12 months, but the differences were not statistically significant
(Fig. 5C, middle). The amount of serotonin in whole-brain samples
did not differ significantly among the genotypes (Fig. 5C, lower). Ta-
ken together, these findings indicated that atp13a2 homozygous
mutant medaka fish showed selective and progressive loss of dopa-
minergic/noradrenergic neurons, and such loss is a typical feature of
human PD.

To examine in further detail the pathology associated with the
apt13a2 mutation, middle diencephalon samples from mt/mt, mt/
WT, and WT/WT animals were analyzed via transmission electron
microscopy as described previously [18]. Structures resembling
fingerprints-profile, like those seen in ATP13A2-knockdown SH-
SY5Y cells, were observed in thin sections taken from each mt/

mt brain examined (Fig. 5D). However, these structures were not
observed in the sections taken from WT/WT or WT/mt medaka
brain samples. Fingerprint-profiles have been observed in cathep-
sin D-deficient mice {15] and in human patients with neuronal cer-
oid lipofuscinosis [19~21], and these structures are thought to
indicate an autophagy/lysosome disorder. We used western blots
to measure the amount of cathepsin D protein in brain tissue sam-
ples, and we found that mt/mt fish had less cathepsin D protein
than did mt/WT or WT/WT fish (Fig. 5E and S6). We also showed
that mt/mt medaka brain tissue, like the ATP13A2-knockdown
cells, exhibited a significant reduction in cathepsin D activity
(Fig. 5E). However, cathepsin K activity, cathepsin H activity, and
proteasome activity were not affected by the atp13a2 mutation
(Fig. 5E), indicating the dysfunction of lysosomal enzymes was rel-
atively specific to cathepsin D. Alpha-synuclein accumulation is
one of the specific characters of idiopathic PD patients, Thus, we
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of each genotype. The end point is the death of each medaka or day 365. The results show mild but significant shortening of the life span in mt/mt medaka (P < 0.001) (n = 23),
relative to that in WT/WT (n = 25) or WT/mt (n = 37). Death before 1 month stage was not counted. (G) Body weight of Atp13a2 mutant medaka at 12 months. No significant
differences were seen (n =20 for each group). Error bars, S.E.M. (H) Duration of swimming, total swimming distance and swimming velocity during spontaneous swimming

behavior of Atp13a2 mutant medaka (n =15 for each group). *P < 0.05 vs. WT/WT. Error bars, S.E.M.

analyzed the alpha-synuclein status in our cell line and medaka
models. However, we could not demonstrate consistent and signif-
icant differences between ATP13A2-deficient models and controls
(Figs. S3 and S7), and these findings indicated that alpha-synuclein
accumulation might not be the causative roles of KRS/PARKS.

In sum, atp13a2 homozygous mutant medaka exhibited dopa-
minergic neurodegeneration, a deficiency of cathepsin D, and
abnormal lysosome-related structures in the brain.

3. Discussion

Findings from previous studies clearly indicate that PARK gene
products associate with each other via protein degradation
pathways including the autophagy-lysosome system. Indeed, dys-
function of protein degradation has emerged as an important con-
tributor to nigral neuronal death in PD. Presence of Lewy bodies is
strong evidence of impaired protein degradation in PD. Lewy
bodies consist of aggregated proteins, and alpha-synuclein is a ma-
jor component of these structures {22]. Thus aggregation of alpha-
synuclein has emerged as one of the most important processes in
nigral degeneration in PD. Although soluble alpha-synuclein is

degraded both during autophagy and by the proteasome, aggre-
gated alpha-synuclein is degraded and cleared mainly via the
autophagy-lysosome pathway [23]. Other PARK gene products,
specifically Parkin and PINK1, work together to clear damaged
mitochondria from cells via mitochondria-specific autophagy
called mitophagy [24]. Furthermore, ATP13A2 mainly localizes to
lysosomes, as we and other groups demonstrated [3,10-14,25]. Re-
cently, mutations in the gene encoding glucocerebrosidase (GBA), a
lysosomal enzyme, have been shown to be significant genetic risk
factors for PD [26]. These observations indicate that lysosomal
function is important for the maintenance of dopamine neurons,
and they led us to investigate the function of ATP13A2 in the path-
ophysiology of KRS/PARKS.

ATP13A2 deficiency resulted in an abnormal aggregation of
lysosomes at perinuclear site. Furthermore, these accumulated
vesicles were enlarged, as previously reported [27]. Moreover, we
found evidence of lysosomal dysfunction in that cathepsin D activ-
ity was, specifically, reduced in ATP13A2-knockdown cells. Cathep-
sin D is a ubiquitously expressed lysosomal protease that is
involved in proteolytic degradation, cell invasion, and apoptosis.
Cathepsin D deficiencies cause neuronal ceroid lipofuscinosis, a




8 H. Matsui et al./FEBS Letters xxx (2013) xxx—xxx

A‘ WT{’A\H 5 120 CM 150 E = 450
a3 _ g g 3
2% £ 120 - [aB:4
5: H S® 300
5% # 80 23
] &z
53 80 - £3 150
& E O&
£z ol 0
8 ﬂ E
b % 120
N £ 37 KD '
g § 100 - © Cathepsin D
k] £ 80 - 25 kDa
s -
o3 £ 80
2% 40
22 20 .
=
z o %-;
120 3
£ 100 cE
& S 80 g
amonths & & 22
by = 60 & manths 82
# months S8, €
- 40 12 manths
12mentts ¥ 5 ]
s p
gi 8 20 B
zE 0 . k‘:.
&
SE
B D 22
b 8%
% 25
2 2 e
s 15 S
52 1 - £
Merge § go 5 g
28 0 g2
WTAWT  mtfmt 23
[

WTWT Wit mbmt

Fig. 5. Neuropathology of Atp13a2 mutant medaka. (A) Axial sections of telencephalon (upper) and middle diencephalon (middle and lower) of medaka brain at 12 months.
Arrows indicate TH+ fibers and neurons. The lower figures are the enlarged image of middle figures. The graphs indicate the number of TH+ neurons in the middle
diencephalon (upper) and medulla oblongata (middle) and the number of tryptophan-hydroxylase positive (TPH+) neurons in the raphe. *P < 0.05 vs. WT/WT and WT/mt.
P <0.01 vs. WT/WT. (n = 16 for each group). Error bars, SEM. (B) TUNEL assay in medaka brain at 12 months. White arrow indicates one TUNEL/TH double positive neuron in
the middle diencephalon of mt/mt fish. The graph shows the number of TH/TUNEL double positive neurons in the middle diencephalon (n =3). *P<0.05 vs. WT/WT. (C)
Amount of dopamine (upper), noradrenaline (middle), and serotonin (lower) in the brain of Atp13a2 mutant medaka. All values are expressed as a percentage of the amount
(ng) per protein weight (mg) for WT/WT (n =8 for each group). *P < 0.05 vs. WT/WT. Error bars, S.E.M. (D) Fingerprint-like structures in Atp13a2 mutant medaka brain.
Arrows indicate fingerprint-like structures in mt/mt brain. The right figures are the high magnification images of these structures. (E) Enzyme activity (Cathepsin D, H, K and
proteasome activity) in the medaka brain. ***P <0.001 vs. WT/T and WT/mt. Error bars, SEM. Image of a western blot shows cathepsin D protein in the medaka brain. Cross

reactivity of the antibody against medaka cathepsin D is shown in the supplementary information (Fig. S5).

fatal neurogenerative disease in human and sheep [21,28-30].
Using electronmicroscopy, we also detected lysosome like body
and granular deposits. Interestingly, we observed subcellular
structures that resemble fingerprint-profile, and these structures
resemble abnormal structures in the neurons of cathepsin D-defi-
cient mice [15] and in human patients with neuronal ceroid lipo-
fuscinosis {19-21] or with sphingolipidoses {31,32]. These results
indicate that the primary cause of KRS/PARK9 is a lysosomal dys-
function and KRS/PARK9 could also be classified into a “lysosome
disease”.

We have recently used medaka fish to develop an animal model
of PD [17,18,33,34]. Here, we found a mutation in our TILLING li-
brary that is almost identical to a PD-associated mutation in hu-
man patients. This medaka mutation results in the same
abnormal splicing that is seen in the human patients with KRS/
PARK9. Homozygous mutant fish exhibited selective loss of dopa-
minergic and noradrenergic neurons; this type of neuron loss is a
pathology typically seen in human PD patients. Additionally, we
found that tissues and cells in the brains from homozygous mutant
medaka exhibited a specific reduction of cathepsin D protein and
developed fingerprint-like subcellular structures. Both findings
strongly indicate that the ATP13A2 mutation could lead to the dys-
function of lysosomes in medaka neurons.

Recently, Fonseca et al. injected Morpholinos against atp13a2
into zebrafish embryo and showed that loss of Atp13a2 results in
embryonic lethality [35]. As they also showed in zebrafish, atp13a2

evoke clear PD symptoms. The extent of the loss of dopaminergic

mRNA expressed not only in the brain but also in the entire body in
medaka larvae (data not shown). This suggested that Atp13a2 is
also important for some unknown function in other organs than
the central nervous system. Our medaka model mimics the human
mutation and showed pronounced reduction of atp13a2 mRNA but
not null expression. This might be helpful to study the long-term
effect of Atp13a2 dysfunction.

As is the case of human patients with PD, cell death was specific
to dopamine and noradrenaline neurons in our medaka model of
KRS/ATP13A2. This cell-type specificity is also evident with our
other medaka models of PD, including the models resulting from
a lysosome inhibitor treatment {18,34]. The atp13a2 mRNA, like
other PD-related mRNAs, is expressed ubiquitously in the medaka
brain {33]. Thus, the expression pattern of atp13a2 could not ex-
plain the selective cell death in our model. Dopamine neurons con-
tain toxic proteins derived from dopamine itself [36,37], and
lysosomal function is essential in these neurons for preventing
accumulation of the toxic proteins and other toxic metabolic prod-
ucts. Therefore, we speculate that dopamine neurons are especially
vulnerable to lysosome dysfunction.

One negative finding is that mutant fish did not show slow lo-
comotive movement, as do human PD patients. Based on our anal-
ysis, it seemed that the mutant fish swam the same amount, or
more, than did control fish. In humans, loss of at least 80% of the
dopaminergic neurons in substantia nigra seems necessary to
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neurons in our medaka model might not be enough to evoke loco-
motive impairment. The mild increase of locomotion at 4 months
seen in homozygous mutant might have a relation with the non-
significant increase of dopamine at the same stage. Similar tenta-
tive increase of dopamine at younger stage is also observed in an-
other PD model fish [33]. Such increased dopamine might harm the
neurons, because the metabolism of dopamine is accompanied by
the generation of oxidative radicals [38].

In conclusion, we demonstrated that reduction in ATP13A2
function in vitro or in vivo resulted in dysfunction of cathepsin D
and the appearance of abnormal structures that are associated
with lysosomal disorders. We used a teleost fish, medaka, to suc-
cessfully generate an animal model suffered selective degeneration
of dopaminergic neurons. Our findings indicate that lysosome-
mediated autophagy may play a key role to protect dopaminergic
neurons.
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Endoplasmic reticalum (ER) stress, due to an accu-
mulation of unfolded proteins in the ER, leads to a
process known as the unfolded protein response (UPR).
Since the several compounds used to induce UPR have
different modes of action, their mechanisms of protein
accumulation are thought to be different, but it is
unclear whether these compounds can upregulate UPR
target genes with similar kinetics. Hence, we sought to
compare the expression patterns of nine UPR target
genes induced by seven UPR-inducing compounds.
Hierarchical clustering analysis revealed that the ex-
pression patterns of the UPR target genes induced by
the seven compounds were classified into two clusters;
cluster A (thapsigargin, tunicamycin, 2-deoxyglucose,
and dithiothreitol) and cluster B (brefeldin A, monensin,
and eeyarestatin I). Thus, this study suggests the
existence of at least two types of UPR target gene
expression profiles, which depend on the mode of action
of the compounds.

Key words: unfolded protein response (UPR); endoplas-
mic reticulum (ER) stress; UPR-inducing
compound; profiling

The endoplasmic reticulum (ER) is the organelle in
which newly synthesized transmembrane and secreted
proteins are folded. Proteins that have undergone the
steps of conformational maturation, including folding,
glycosylation, and intra/intermolecular disulfide bond
formation, can be transported to their destination via the
Golgi apparatus, but if the proteins have failed to form
with the proper conformation, they accumulate in the ER
lumen, a condition referred to as ER stress. In order to
restore homeostasis in the ER, the cells activate an
unfolded protein response (UPR) via activation of three
ER transmembrane proteins, referred to as ER stress
sensors: activating transcription factor 6 (ATF6), inosi-
tol-requiring kinase 1 (IREl), and protein kinase
regulated by RNA-like ER kinase (PERK). This is
followed by the activation of specific transcription
factors: activated ATF6 for ATF6, XBP1 (x-box binding
protein 1) for IRE1, and ATF4 (activating transcription
factor 4) for PERK. These transcription factors even-

tually upregulate the expression of UPR target genes to
execute four responses: (i) translational attenuation to
limit further protein load at the ER; (ii) enhancement of
the capacity of the protein folding system through
upregulation of ER chaperones or folding enzymes such
as glucose-regulated proteins 78 (GRP78, also known as
BiP, immunoglobulin-binding protein) and 94 (GRP94),
protein disulfide isomerase (PDI), and ER-localized
Dnal 4 (ERdj4); (iii) facilitation of ER-associated
degradation (ERAD), which is accelerated by enhancer
mannosidase alpha-like 1 (EDEM1); and, (iv) induction
of cellular apoptosis, in which C/EBP homologous
protein (CHOP) is thought to play an important role if
the adaptive responses (i-iii) are insufficient to relieve
ER stress (review in refs. 1 and 2).

In most studies, UPR is induced by treating in vitro
cell models with compounds such as tunicamycin,
thapsigargin, and dithiothreitol (DTT), which impair
the N-linked glycosylation of proteins,>® the Ca’*-
dependent chaperone via inhibition of ER Ca’*
ATPase,>® and protein disulfide bond formation”®
respectively. Moreover, brefeldin A, an inhibitor of
Golgi-specific brefeldin A resistance factor 1
(GBF1),>19 2-deoxyglucose, an analog of glucose and
an inhibitor of N-linked glycosylation,!” and eeyarestatin
I, an inhibitor of ERAD,'? also have been reported
to induce UPR.!®!3!4) Since these compounds have
different modes of action, the mechanisms of protein
accumulation in the ER induced by the various com-
pounds are thought to be different, but it is unclear
whether these compounds upregulate all UPR target
genes by similar kinetics. Therefore, in order to address
our question, we compared the time-course expression
profiles of UPR-target genes after treatment with UPR-
inducing compounds.

First we first selected six compounds commonly used
as UPR inducers: 2-deoxyglucose, brefeldin A, DTT,
eeyarestatin I, thapsigargin, and tunicamycin. Explor-
atory chemical screening indicated that monensin
induced the expression of GRP78 and other eight
UPR-target genes, so this was added as a prospective
UPR inducer (see below). We measured the expression
of nine UPR target genes, ATF4, CHOP, EDEMI,
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Abbreviations: ATF4, activating transcription factor 4; ATF6, activating transcription factor 6; CHOP, C/EBP homologous protein; DTT,
dithiothreitol; EDEM1, ER degradation enhancer mannosidase alpha-like 1; elF2¢, eukaryotic initiation factor 2 «; ER, endoplasmic reticulum;
ERAD, ER-associated degradation; ERdj4, ER-localized DnaJ 4; GADD34, growth arrest- and DNA damage-inducible gene 34; GBF1, Golgi-
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ERdj4, growth arrest- and DNA damage-inducible gene
(GADD) 34, GRP78, GRP94, protein kinase inhibitor of
58kDa (p58FX), and PDI. GADD34 and p58"K have
been reported to act as feedback regulators of UPR.!>'®)
The expression profiles of these genes appeared to show
characteristic patterns among the compounds. Hierarch-
ical clustering analysis based on the kinetics of the
expression of UPR target genes revealed at least two
UPR target gene expression profiles, which were
dependent on the mode of action of the UPR-inducing
compound.

Materials and Methods

Materials. Tunicamycin, 2-deoxyglucose, monensin, and mouse
monoclonal anti-g-actin (AC-74) were purchased from Sigma Aldrich
(St. Louis, MO). Brefeldin A and DTT were from Calbiochem (San
Diego, CA) and Wako Pure Chemical Industries, (Osaka, Japan)
respectively. Thapsigargin and eeyarestatin I were from Santa Cruz
Biotechnology (Santa Cruz, CA). Mouse monoclonal anti-KDEL
(10C3) was from ENZO Life Sciences (Farmingdale, NY). Rabbit
polyclonal anti-elF2¢ and anti-phospho elF2« (Ser51) were from Cell
Signaling Technology (Beverly, MA). Rabbit polyclonal anti-PERK
was from Rockland (Gilbertsville, PA). Horseradish peroxidase-
conjugated anti-mouse IgG secondary antibody was from GE Health-
care (Little Chalfont, UK).

Cell culture. Human epithelial adenocarcinoma cell line HeLa was
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Nissui,
Tokyo) supplemented with 8% fetal bovine serum at 37°C in a 5%
C0,-95% air atmosphere.

Western blotting. Western blotting was performed as described
previously.!” Cell pellets were lysed using an extraction buffer
containing 150mm NaCl, 2.5mM EGTA, 1mMm EDTA, 1mMm DTT,
0.1% Tween-20, 10mm pB-glycerophosphate, 1mm NaF, 0.1mm
Na3;VOy, 10% glycerol, and 50mm HEPES (pH 7.5). Lysates were
separated by 7%—-10% SDS-PAGE and then subjected to immunoblot-
ting. This was followed by detection using the ECL Western blotting
detection system (Millipore, Bedford, MA) and on LAS-1000 CCD
camera (Fujifilm, Tokyo). The visualized bands were quantified using
Image] software (http://rsb.info.nih.gov/ij/).

Real-time RT-PCR. Reverse transcription was carried out as
described previously.'® Total RNA was extracted from HeLa cells
and reverse-transcribed. The synthesized cDNA was subjected to
quantitative real-time RT-PCR using SYBR premix Ex Taq (Takara,
Shiga, Japan), and was detected using Thermal Cycler Dice Real Time
System II (Takara). Data were analyzed using the Smart Cycler
software program (Multiplate RQ version 1.00; Takara) by the relative
quantification method.

Real-time cycle conditions for ERdj4 were 2 min at 50 °C, followed
by 10min at 90°C, and then 45 cycles, each cycle 95°C for 30s and
63°C for 1min. The conditions for GAPDH were 10s at 95°C and
then 35 cycles, each of 95°C for 3 s, 60°C for 10s, and 72°C for 10s.
RT-PCR conditions for all the other genes were 10s at 95°C and then
40 cycles, each cycle 95°C for 3, 60°C for 10s, and 72°C for 15s.
The sequences of the primer sets are shown in Table S1 (see Biosci.
Biotechnol. Biochem. Web site). The amount of total RNA present in
each reaction was normalized using GAPDH as internal control. Data
are averages of at least three separate experiments, and one outlier was
omitted in each case by Dixon’s Q-test at the 99% confidence level.'”

RNA interference. siRNA double-stranded oligonucleotides de-
signed to interfere with the expression of PERK (HSS190343; Life
Technologies) with siRNA as negative control (12935-300; Life
Technologies) were used. Transfection of siRNA was demonstrated
using Lipofectamine 2000 (Life Technologies) following the manu-
facturer’s instructions. Briefly, HeLa cells were transfected with OPTI-
MEM (Life Technologies) including siRNA and Lipofectamine 2000.
Twenty-four h after transfection, the cells were trypsinized and seeded

into 6-well plates. After further 24h, the cells were treated with
monensin and subjected to Western blotting.

Data processing and hierarchical clustering. The data acquired
were normalized among genes and named “UPR fingerprints of
genes,” or reordered by compound and named “UPR fingerprints of
compounds.” Pearson’s correlation coefficients between the UPR
fingerprints were calculated, and these were used to determine degrees
of similarity. Hierarchical clustering by an average linkage method was
done using R version 2.13.1. (http://www.R-project.org).

Trypan blue dye exclusion assay. Cell viability was evaluated by
trypan blue dye exclusion assay, as described previously.?”

Results

Effects of the six UPR-inducing compounds on cell
viability and GRP78 and GRP94 protein expression

Our first investigation was to determine suitable
concentrations of six compounds (2-deoxyglucose,
brefeldin A, DTT, eeyarestatin I, thapsigargin, and
tunicamycin) for induction of UPR. GRP78 and GRP9%4
are well-known UPR marker proteins. Since the anti-
KDEL antibody recognizes the KDEL sequence, a very
common ER retention signal, it mainly detected both
GRP78 and GRP94. Hence, using the anti-KDEL
antibody, protein expression of them was examined in
HeLa cells after 24-h of treatment with each of the six
compounds (Fig. 1). As shown in Fig. 1A, 2-deoxyglu-
cose induced the expression of GRP78 in a dose-
dependent manner, with an approximately 1.5-fold
increase at 0.2mM and a maximum increase at 2mM,
and neither dose affected cell viability. Similarly,
brefeldin A, thapsigargin, and tunicamycin also increased
the expression of GRP78 in a dose-dependent manner,
with maximum increases at 50ng/mL, 30nm, and 10
png/mL, and with moderate increases (approximately
1.5-fold) at 15ng/mL, 1nMm, and 1 pg/mL respectively.
These doses also failed to affect cell viability (Fig. 1B,
E, and F). DTT and eeyarestatin I induced GRP78
expression, at 3 mM and 3 um respectively (Fig. 1C and
D). Additionally, each of the compounds, except for
brefeldin A, induced the expression of GRP94 similarly
to GRP78, but the intensities of GRP78 and GRP9%4
protein expression induced by the various compounds
were different. Upon treatment by brefeldin A, the
expression of GRP94 increased in a dose-dependent
manner. It reached a maximum at 50ng/mL and then
declined. Thus, it is likely that the expression patterns
and the intensities of GRP78 and GRP94 induction were
different among the compounds. In this study, the
concentrations sufficient to induce maximum and mod-
erate levels of UPR were defined with reference to the
expression of GRP78 as to protein level, as summarized
in Table 1.

Measurement of the time-course expression of the
mRNA levels of nine UPR-target genes

To compare the expression patterns of UPR-target
genes induced by the six UPR-inducing compounds, first
we measured the mRNA levels of GPR78. HeLa cells
were treated with one of the six compounds at the
concentrations indicated in Table 1 and the amount of
GRP78 mRNA was measured by real-time reverse
transcription PCR (RT-PCR). As shown in Fig. 2, all
six compounds increased the amount of GRP78 mRNA.
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Fig. 1. UPR-Inducing Compounds. Induced GRP78 Expression without Affecting Cell Viability.

Biological activity of six UPR-inducing compounds: 2-deoxyglucose (A), brefeldin A (B), DTT (C), eeyarestatin I (D), thapsigargin (E), and
tunicamycin (F) (upper panel) HeLa cells were treated with the indicated concentrations of the compounds for 24 h. GRP78 and GRP94 were
detected by immunoblotting with the anti-KDEL antibody. *Nonspecific band. The intensities of the bands of GRP78 and GRP94 were divided
by that of B-actin and are indicated below the bands (lower panel) HeLa cells were treated with the indicated concentrations of the compounds
for 24 h. Cell viability was assessed by trypan blue dye exclusion assay. Values are means of three independent determinations. Bars, SD.

Table 1. Concentrations of UPR-Inducing Compounds
Concentration
Compound Inducing maximum Inducing moderate

GRP78 levels GRP78 levels

Thapsigargin 30nM lam

Tunicamycin 10 ug/mL 1pg/mL

2-Deoxyglucose 2 mM 0.2mm

DTT 3mm —

Brefeldin A 50ng/mL, 15ng/mL
5,000ng/mL

Eeyarestatin [ 3um —

For instance, 30 nm thapsigargin increased it after 4-h of
treatment, and it reached a plateau at an approximately
10-fold increase after 12-h of treatment. TwomM 2-
deoxyglucose and 10 pg/mL tunicamycin also increased
the amount of GRP78 mRNA, which peaked after

approximately 12—16 h of treatment, resulting in 20- and
15-fold increases respectively, and then declined by the
end of the 24-h treatment period (Fig. 2). When the cells
were treated with 50ng/mL of brefeldin A, the amount
of GRP78 mRNA increased in a time-dependent manner
for 24h, showing an approximately 8-fold rise in
expression (Fig. 2). Taken together, the time-course
expression data for GRP78 mRNA appeared to show
characteristic patterns among the six compounds.
Moreover, there were similar expression patterns for
GRP78 mRNA when the HeLa cells were treated with
15ng/ml, 50ng/mL, or 5,000ng/mL of brefeldin A.
Furthermore, when the cells were treated with 0.2 mMm
and 2mM of 2-deoxyglucose or 1nM and 30nMm of
thapsigargin, the expression patterns of GRP78 mRNA
were also similar. In addition, 1 pg/mL of tunicamycin
showed a slightly delayed expression pattern for GRP78
mRNA as compared to 10 pg/mL tunicamycin. Overall,



732 S. SHINIO et al.

Relative mRNA level
(GRP78/GAPDH)

50 nélm
Brefeldin A

15 ng/ml §

2-Deoxyglucose

5,000 ng/mL

9t
inv | 30nm
Thapsigargin

=
10 uM

1pg/ml } 10 pg/mi
* Monensin

Tunicamycin

Fig. 2. UPR-Inducing Compounds Increased the Amount of GRP78 mRNA in the HeLa Cells.
Hela cells were treated with UPR-inducing compounds at the indicated concentrations for 4-24 h. The relative mRNA levels of GRP78 were
quantified by real-time RT-PCR. All values were normalized using GAPDH as internal control. Values are means of three independent

determinations. Bars, SD.

the differences in the concentrations of the compounds
did not have any notable effect on the expression
patterns of GRP78 mRNA.

We further measured the changes in the amount of
mRNA of an additional eight UPR target genes, ATF4,
CHOP, EDEM1, ERdj4, GADD34, GRP94, PDI, and
p58FK, when the cells were treated with each of the six
compounds. As shown in Supplemental Fig. 1, all the
compounds increased the amounts of the eight UPR
target gene mRNA, at the concentrations indicated in
Table 1.

Monensin upregulated UPR target genes

An in-house chemical library, which included com-
mercially available compounds as well as compounds of
microbial origin in our laboratory, was screened for
additional potential UPR-inducing compounds. It was
found that monensin, a compound first isolated from
Streptomyces cinnamonensis and known as a Na®
ionophore,?! increased the amount of GRP78 at protein
level with 10 um treatment (Fig. 3A) without affecting
cell viability (Fig. 3B). Monensin also increased the
amount of GRP78 mRNA slightly at 424 h of treatment
(Fig. 2), as well as the other eight UPR target genes of
interest (Fig. S1). Furthermore, it induced phosphoryla-
tion of elF2a, a well-known substrate of PERK??
(Fig. 3C). Since four kinases (PERK, PKR, HRI, and
GCN2) are known to phosphorylate elF2x, we examined
to determine whether monensin-induced phosphoryla-
tion of elF2« occurs through PERK activation. As
shown in Fig. 3C, monensin-induced phosphorylation of
elF2o; was impaired in siPERK-transfected HeLa cells,
in which successful knockdown of PERK was confirmed
by immunoblotting (Fig. 3C), suggesting that monensin
activated PERK. Thus, it appears that monensin induced
UPR, and hence it was used in the remaining experi-
ments in our study.

Clustering of compounds based on the expression
profiles of the UPR target genes

It was observed that the kinetics of UPR target gene
expression showed characteristic patterns among the 12
experimental conditions tested (seven compounds, some
with multiple concentrations). The data acquired were
analyzed by hierarchical clustering with the aim of
classifying the expression profiles of the UPR target
genes. The real-time RT-PCR data for each UPR target
gene obtained under the 12 experimental conditions
were normalized to acquire UPR fingerprints of genes.
Furthermore, the normalized data were reordered by
condition in order to acquire UPR fingerprints of
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Fig.3. Monensin Induced UPR.

The biological activity of monensin. (A) HeLa cells were treated
with the indicated concentrations of monensin for 24h. GRP78 and
GRP9% were detected by immunoblotting with anti-KDEL anti-
bodies. *Nonspecific band. The band intensities of GRP78 and
GRP94 were divided by that of S-actin, and are indicated below the
bands. (B) HeLa cells were treated with the indicated concentrations
of monensin for 24 h. Cell viability was assessed by trypan blue dye
exclusion assay. Values are means of three independent determi-
nations. Bars, SD. (C) Control or PERK siRNA-transfected HeLa
cells were treated with 10 pM monensin for 4h. Total elF2« and
phospho-eIlF2a¢  were detected by immunoblotting. Successful
knockdown of PERK by siRNA was confirmed by immunoblotting
with anti-PERK antibody. S-Actin was immunoblotted as loading
control.

compounds (Fig. 4). Each type of fingerprint was
analyzed by hierarchical clustering using Pearson’s
correlation coefficient as a similarity and average-
linkage method. As a result of clustering analysis of
the compounds, as shown on the left side of Fig. 5, the
12 conditions were divided into two groups: cluster A
and cluster B. Cluster A contained thapsigargin, tunica-
mycin, 2-deoxyglucose, and DTT, and cluster B con-
tained brefeldin A, monensin, and eeyarestatin 1. When
thapsigargin, tunicamycin, 2-deoxyglucose, or brefeldin
A was used at different concentrations, the expression
patterns of the UPR target genes were still to be
classified in the same cluster. Furthermore, as a result of
clustering analysis of the genes, as shown at the top of
Fig. 5, nine genes were classifiable into two groups:
cluster I and cluster II (Fig. 5). Cluster 1 contained
GRP78, ERdj4, EDEMI, p58"X and GRP94, and
cluster II contained GADD34, CHOP, PDI, and ATF4.
Based on two-way clustering analysis, a heat map
displayed the expression data for each gene under each
condition by reordering of the data by rows and columns
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(Fig. 5), indicated that the expression intensity of cluster
I genes in the fingerprints of cluster A was higher than in
cluster B; conversely, the expression intensity of cluster
II genes in the fingerprints of cluster A was lower than in
cluster B.

Discussion
In this study, by hierarchical clustering analysis, the

expression patterns of UPR target genes induced by
seven compounds were classified into two clusters.

Normalization of gene expression data

variance = 1

UPR fingerprint
of compounds

UPR fingerprint of genes , A

. .
Hierarchical clustering Hierarchical clustering
Fig. 4. Schematic Illustration of Method of Data Analysis.

The relative mRNA levels of the genes were normalized by
subtracting the average value from the result at each time point and
dividing by the standard derivative. A UPR fingerprint of genes was
obtained. We created a separate UPR fingerprint of compounds by
reordering the data compound-by-compound. Similarities between
the two UPR fingerprints (Pearson’s correlation coefficient) were
calculated and analyzed by hierarchical clustering.
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When cells were treated with thapsigargin, tunicamycin,
2-deoxyglucose, or brefeldin A at different concentra-
tions, the expression patterns of the UPR-target genes
were grouped into the same cluster (Fig.5). This
suggests that this grouping is due to the difference in
the modes of action of the compounds, rather than their
concentrations. The compounds comprising cluster A,
thapsigargin, tunicamycin, 2-deoxyglucose, and DTT,
showed a distinct mode of action, but they have been
reported to inhibit the conformational maturation of
proteins in the ER,%*29 as described above in the
introduction, leading to an accumulation of incorrectly
folded proteins in the ER. On the other hand, among the
compounds in cluster B, brefeldin A has been reported
to accumulate correctly folded conformation of the
vesicular stomatitis virus G (VSVG) protein, as judged
by detection by the I14 antibody, which recognizes only
the native or correctly folded conformation of the VSVG
protein.”’?® Thus, it is likely that the compounds in
cluster B induced the expression of UPR target genes by
accurmnulation of excess amounts of correctly folded
proteins rather than incorrectly folded proteins in the
ER. If this is the case, the difference in the expression
patterns of UPR target genes as between cluster A and
cluster B are related to the folding status of the
accurnulated proteins in the ER caused by the com-
pounds in cluster A and cluster B. Eeyarestatin I and
monensin were classified into cluster B, with the
expectation that eeyarestatin I and monensin can
accumulate excess amounts of correctly folded proteins
in the ER. Indeed, eeyarestatin I has been reported to
accumulate properly folded proteins as a consequence of
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Fig. 5. Two-Dimensional Clustering Analysis of Genes and UPR-Inducing Compounds on the Basis of Pearson’s Correlation Coefficients.

UPR fingerprints were analyzed by hierarchical cluster analysis. Dataset of 12 conditions and of nine genes were clustered by the average-
linkage method using Pearson’s correlation coefficients. Rows indicate seven different small molecular compounds (some with multiple
concentrations; therefore 12 conditions). Columns indicate the nine UPR target genes, including the seven different time points. The heat map
shows a gradient color scale from green, indicating the score in UPR fingerprint of compounds negative, to red, indicating the score positive,

interpolated over gray for the score zero. The seven compounds and

the nine genes were clustered into two groups, respectively.



