the family “O” and the family “U” (Figs. 1 and 2). Two
patients in the family “O” and three patients in the family
“U” were treated for their seizure disorders and psychiatric
symptoms at Kyoto University Hospital. The detailed clini-
cal manifestation of the two families is described in the
Results.

Gene analysis

Genetic analysis of ADLTE was approved by the Kyoto
University Graduate School of Medicine Ethical Commit-
tee, and written informed consent was obtained from all
the patients and the control participants investigated in the
present study. DNA from the five patients in the four fami-
lies were analyzed in this study. The control sample con-
sisted of DNA from 50 healthy Japanese volunteers who
gave informed consent. Using primers previously reported,
eight exons of the LGII gene were amplified and subse-
quently sequenced on an ABI310 sequencer (Applied Bio-
systems, Foster City, CA, U.S.A)) (Michelucci et al.,
2003). Mutations in the LGI1 gene were confirmed by Nrul
restriction enzyme digestion.

REsULTS

Clinical manifestation

Family *“O” had a history of epilepsy in nine members in
five generations (Fig. 1). A proband, IV-5, a 27-year-old-
woman, had the first generalized tonic—clonic seizure
(GTCS) at the age of 10 years while asleep. Currently she
has GTCSs every 1-2 months, almost daily auras, and
weekly complex partial seizure (CPS), despite high-dose
polytherapy such as carbamazepine, zonisamide, and
clonazepam. The patient had several types of auras as
follows. Auditory auras consisted of high-pitched sound,

becoming gradually louder, resulting in inability to under-
stand the spoken language (aphasic state). Visual auras were

elementary, flashing light, and metamorphopsia. The
patient also had déja vu, jamais vu, and autonomic auras
(i.e., palpitation, cold sweat, and pale face). All of the auras
occurred in various combinations and also occurred inde-
pendently. Those auras, especially the latter ones, were fre-
quently followed by panic attack-like symptoms (i.e.,
sudden onset of fear and anxiety). The patient also con-
fessed that she had auditory hallucination that she should
throw her child out of the window. This occurred indepen-
dent of the ordinary auras described above. Electroencepha-
lography (EEG) showed no clear epileptiform discharges,
despite repetitive sleep EEGs, and magnetic resonance
imaging (MRI) showed the small volume of the left superior
temporal gyrus. Fluorodeoxyglucose-positron emission
tomography (FDG-PET) by statistical parametric mapping
(SPM) analysis revealed decreased glucose metabolism in
the left lateral temporal area.

The younger sister of the proband, [V-7, a 26-year-old-
woman, also had the first GTCS while asleep at the age of
11 years, and currently has GTCSs once a year, and auditory
auras (high-pitched sound) and déja vu, each several times
per week. The patient had no visual auras, jamais vu, auto-
nomic auras, or psychiatric symptoms such as anxiety
attacks. It was reported that EEG showed no clear epilepti-
form discharges.

Among their family members, four had apparent psychi-
atric symptoms such as an outrage of emotion and extraordi-
nary explosive violent behaviors. One of them (II-12) was
admitted to the psychiatric hospital for several months, and
two of them (II-9 and II-12) had sudden death. Five had both
psychiatric symptoms and seizures like the proband. For sei-
zure disorders, at least five (II-12, II-2, III-3, V-5, and IV-7)
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Pedigree of a five-generation family
“O” with autosomal dominant lateral
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Figure 2.

Pedigree of a two-generation family “U” with autosomal domi-
nant lateral temporal lobe epilepsy (ADLTE). The proband case
is indicated by the arrow. The DNA sample from |-| (the father
of the proband) carries 1421 G>A mutation in the LGl/ gene
(cited from lkeda et al., 2000, with permission).
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had both GTCS and partial seizures. Auditory auras were
observed in at least two members (II1-3 and IV-1).

The phenotype of the family “U’’ was already reported in
detail before the LGII gene was identified as a causative
gene of ADLTE in 2002 (Ikeda et al.,, 2000), and was
relatively uniform (Fig. 2). Briefly, I-1, the father of the
proband (II-3) was a 51-year-old, full-time employee with a
past history of febrile convulsion. At the age of 16 years, his
first nocturnal GTCS occurred. His habitual seizures also
started with a high-pitched buzzing sound, followed by loss
of awareness. The patient often noticed that his seizures
were triggered by the telephone bell. His seizures were com-
pletely controlled after adding carbamazepine to valproic
acid. Two children (II-3 was the proband in Ikeda et al.,
2000) also had first GTCS and partial seizures since the sec-
ond decade, and the seizures were completely controlled by
carbamazepine. All of them had normal MRI, and EEG
showed sharp transients in the left frontotemporal areas only
inI-1, but no clear epileptiform discharges were recorded.

Gene analysis

Sequence analysis of eight exons of LGII in the two
patients in family “O” (IV-5 and IV-7 in Fig. 1) revealed
point mutation (1418C>T, numbering from the first
nucleotide of the initiator codon) resulting in amino-acid
substitution of serine to leucine at the 473rd residue.
Sequence analysis of DNA from the patient in family “U”
(I-1 in Fig. 2) also revealed point mutation (1421G>A)
resulting in amino acid substitution of arginine to glutamine
at the 474th residue. Each of the two mutations disrupts the

473 474

Patient $473L R M3 L [R@SNIVIE 0] | Q |

Patient R474Q R Milz SlQi@ 5 M Vi F @11 L Q |

Human LGII R Mjigs Rle s iV @l =l L Q |

Dog LGII RMIESRESNV E@R L QI

Rat LGH CERIE S R GSMVEQP Il

Mouse LGl R MIE S ite s MV Fe L QI

Chicken LGII R M|f S Ble 8 IV @ [l L Q |

Fish LGl TVABSRe SV E@EF SV

Human LGI2 A LES REeAMT LIG B F s F

Human LGI3 A L{E S {6 @ F LYV

Human LGl4 Q Liid 8 e oL L

Mouse LGI2 A L|li S R@ @kFSF

Mouse LGI3 A L|[# 3 e @G F LV

Mouse LG4 QL{ZSIRE© F QR
Figure 3.
Multiple amino acid sequence alignment of human LGHl and
other species. The substituted amino acids, serine at the 473rd
and arginine at the 474th, are highly conserved throughout
other species as well as other subtypes of LGl families.
Epilepsia € ILAE

restriction enzyme site of Nrul. Digesting polymerase chain
reaction (PCR) product of exon 8 with Nrul using buffer
provided by a manufacturer (New England BioLabos, MA,
U.S.A)), the two mutations were screened in control partici-
pants. There was neither 1418C>T nor 1421G>A mutation
in 50 control participants, suggesting that these base
changes could be regarded as mutations, but not polymor-
phisms.

The serine at residue 473 and arginine at residue 474 of
LGI1 were highly conserved between species and its
homologs, LGI2, 3, and 4 (Fig. 3). The serine at the 473rd
residue was considered to be phosphorylated, and the muta-
tion might disrupt it.

With regard to the clinical features, the reported symptoms
in family “O” were consistent with previous reports of AD-
LTE, except that the degree and incidence of psychiatric
symptoms were rather high. Symptoms in family “U” were
almost common among pedigrees, except that only II-1 had
déja vu, suggestive of mesial temporal involvement. The two
patients in family “O” also had déja vu; however, other clini-
cal features differed between them.

DiscussIonN

Because all reported ADLTE families with LGI] muta-
tions were Caucasians, we presumed that patients with
LGII-related epilepsy in Japan were rather rare, or that some
genetic backgrounds may lower penetrance rates so that
clinically they seem to be sporadic cases even though some
families have LGII mutations. In the present study, how-
ever, we documented that two independent families in
Kyoto province had different LGII mutations.

Clinical manifestations of family “O” were divided into
two groups: one had seizures with auditory features and
the other with psychiatric symptoms such as explosive
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violent behaviors and panic attack-like symptoms. The
proband also had apparently nonepileptic auditory halluci-
nation and one member was admitted to the psychiatric
hospital. The psychiatric symptoms in ADLTE were also
described in the previous reports, but they were much
milder. When attention was paid only to seizures with
auditory features in this family, epileptic symptoms
appeared after skipping two consecutive generations.
Therefore, it is most likely that psychiatric symptoms are
one of constellations of LGI1-related ADLTE. The clinical
manifestations of family “O” with S473L mutation were
different from ones of the British decedent family in Aus-
tralia, even though they had a mutation identical to our
patients (Berkovic et al., 2004).

On the other hand, clinical symptoms of family “U”’ were
nearly uniform, being consistent with previously reported,
typical ADLTE. Mutation at the same codon was reported in
Spanish family results in premature truncation, and their clin-
ical symptoms were also mild and had the common features
of ADLTE (Morante-Redolatet al.,2002).

Recently it was reported that ADAM?22 served as arecep-
tor for LGI1, the mutated form of LGI1 failed to bind to
ADAM?22, and LGIl1 enhances o-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptor-mediated syn-
aptic transmission in rat hippocampal slices. (Fukata et al.,
2006). Schulte et al. (2006) reported that LGI1 protein
assembled into the presynaptic Kvl channels and inhibited
inactivation by Kvbetal. These findings may suggest that
the underlying pathogenetic mechanism of ADLTE would
be “loss of function” like other numerous familial epilep-
sies classified into “‘channelopathy.” However, the diversity
of clinical phenotype probably depends on the mutated resi-
due could be explained better by “‘gain of function” rather
than “loss of function’” mechanism, which would be result-
ing in homogenous phenotype. Further genotype—phenotype
analyses in patients of different ethnic backgrounds may
elucidate a part of the mechanisms.
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ABSTRACT

Parkinson’s disease is a neurodegenerative disease associated with the degeneration of dopaminergic
neurons in the substantia nigra. The PTEN-induced kinase 1 gene (PINK1) is responsible for recessive
inherited familial Parkinson’s disease {PARK6). Neither the function of PINK1 nor its role in the
prevention of Parkinson’s disease is fully understood. Gene disruption of PINKI causes remarkably
different phenotypes in animal models such as Drosophila melanogaster, zebrafish, and mouse, none of
which recapitulate Parkinson's-disease-like symptoms. We established PINK1-gene-disrupted medaka
fish. These mutant fish grew normally at first, then developed significant decrease in the frequency of
spontaneous swimming movements in the late-adult stage. Although the mutants did not show any
dopaminergic cell loss, the amount of 3,4-dihydroxyphenylacetic acid, a major metabolite of dopamine,
decreased. Thus, PINK1 contributes to the maintenance of dopamine metabolism, even before the
selective death of dopaminergic neurons. Our animal model is therefore a valuable tool to detect
pathogenesis in Parkinson’s patients in the early stages.

Movement disorder

© 2009 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.

1. Introduction

Parkinson’s disease (PD) is the second-most common neuro-
degenerative disease among humans. It is associated with the
degeneration of dopaminergic neurons in a subset of neuronal
populations represented by the substantia nigra pars compacta in
the midbrain. Although the majority of cases develop sporadically,
5-10% of PD patients are familial, with the disease caused by gene
mutation (Gasser, 2005), To date, 10 different genes responsible for
familial PD have been identified. The functional analysis of these
genes is important to our understanding of the molecular
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pathogenesis of PD. Recessive inherited familial PD (PARK®S) is
attributable to mutations in the PINKI gene (Valente et al., 2004).
These mutations appear to compromise the function of the PINK1
protein (Sim et al., 2006),

PINK1 is a highly conserved 581 amino acid protein. The gene is
ubiquitously expressed in the human brain (Gandhi et al., 2006)
and seems to be activated by a tumor suppressor, PTEN (Unoki and
Nakamura, 2001). The PINK1 gene encodes a kinase and contains a
mitochondria-targeting motif. One of the putative substrates of the
kinase is TNF receptor-associated protein 1 (TRAP1), though its
biological significance remains elusive (Pridgeon et al., 2007).
PINK1 plays a protective role against oxidative stress and MPTP
(Wood-Kaczmar et al., 2008; Haque et al., 2008). Silencing of the
PINK1 gene results in mitochondrial pathology in the human cell
line (Exner et al., 2007).

Gene disruption of PINK1 causes distinctly different phenotypes
in different animal models. Mice deficient in PINK1 exhibit
impaired dopamine release, but not movement disorders or
dopaminergic cell death (Kitada et al., 2007). Loss of PINK1
function in Drosophila melanogaster results in a drastic phenotype
that includes male sterility and the degeneration of both muscle
and dopaminergic neurons with massive mitochondria-related
pathology (Clark et al., 2006; Park et al., 2006; Yang et al., 2006). In

0168-0102/$ — see front matter ® 2009 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.
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zebrafish, depletion of PINK1 during development causes severe
developmental disorders and neurodegeneration (Anichtchik et
al., 2008). None of these animal models for PARKG faithfully
recapitulate the pathology of human PD.

In this study, we generated PINKI mutant medaka fish by
screening our TILLING library (Taniguchi et al., 2006). The PINK1
mutant medaka showed normal phenotypes for germ-cell lineage,
skeletal muscle, and mitochondrial morphology. However, they
showed a significant decrease in spontaneous movement during
the late stages of life as well as deregulation of dopamine
metabolism. The PINKT mutant medaka therefore provides a
unique opportunity to analyze the causal relationship between
dopamine metabolism and neurological symptoms.

2. Materials and methods
2.1. Cloning of medaka PINKI gene

RNA was extracted from wild-type medaka embryos by Trizol
(Invitrogen) according to the manufacturer’s instructions. cDNA
was synthesized using SuperScript III (Invitrogen). To identify
medaka PINK1 orthologs, we used the basic local alignment search
tool (BLAST) to search the medaka genome database (http://
dolphin.lab.nig.ac.jp/medaka/). Medaka PINK1 cDNA sequences
were then determined using a combination of RT-PCR and rapid
amplification of cDNA ends (RACE). RACE products were generated
using Seegene’s Capfishing kit (Seegene). The 5’ RACE (CCATAGGC-
CAAGGGCTTGAGCGGGC) and 3’ RACE primers (CCAGTGCCCCC-
GCTGATGTGCAGTTAGT) were used. The cDNA sequence was used
to retrieve the genomic sequence from the draft medaka genome
assembly.

2.2. Generation of PINKI mutant medaka

Generation of PINKI mutant medaka was carried out as
described previously (Taniguchi et al.,2006). To find the mutations
in the region of interest, the genome sequence was amplified with
forward primer #1 (TCGGCITCTACAAGGCIGTT) and reverse
primer #1 (CACCCAACTGTGGCTAGTGA) by PCR (92 °C for 60s;
12 cycles of 92 °C for 20 s, 65 °C for 20 s with a decrement of 0.6 °C
per cycle, 72 °C for 30's; 20 cycles of 92 °C for 20, 58 °C for 20s
and 72 °C for 30s; 72 °C for 180 s [T1 Thermocycler, Biometral),
Sequences were analyzed for the presence of heterozygous
mutations using the reverse primer #1. In vitro fertilization was
carried out using sperm with the desired mutation and the progeny
were genotyped by sequencing. Heterozygous fish carrying the
same mutation were back-crossed with Kyoto-Cab, a substrain of
Cab, at least 4 times. Furthermore, all the experiments were
reproduced using fish back-crossed 7 times or more. Heterozygous
fish with this mutation were incrossed to obtain homozygous fish.
To verify the genotype of the progeny from this incross, the
genome was amplified with forward primer #2 (CAGATTGG-
GAAAGGATCCAA) and reverse primer #2 (CCCAAAGTTCCACAG-
CATCT). PCR was carried out according to the following
thermocycling program: 94 °C for 120s; 35 cycles of 94 °C for
305, 62 °C for 30's, 72 °C for 30s; and 72 °C for 120 s (GeneAmp
PCR system9700, Applied Biosystems). 1 ! of PCR product was
used as a template for sequencing using BigDYE (Applied
Biosystems). Sequencing products were purified by magnetic
beads and analyzed using the ABI 3700 DNA Sequencer (Applied
Biosystems), following the standard protocol.

2.3. Semi-quantitative RT-PCR

RNA was extracted from the brain for each genotype with Trizol
(Invitrogen). ¢cDNA was synthesized using 1 g RNA for each

genotype with SuperScript I (Invitrogen). mRNA expression levels
were determined by PCR. For PINK1, PCR was carried out using the
following thermocycling program: 94 °C for 120s; 28 cycles at
94 °C for 30's, 68 °C for 30's, 72 °C for 30 s; and 72 °C for 120 s (T1
Thermocycler, Biometra). For S-actin, the thermocycling program
was 94 °C for 120 s; 20 cycles at 94 °C for 30's, 61 °C for 305,72 °C
for 30 s; and 72 °C for 120 s (T1 Thermocycler, Biometra). Forward
primer #3 (GAACAGAGCCGTCTTTCTGG) and reverse primer #3
(CCCAAAGTTCCACAGCATCT) were used for PINK1. The forward
primer (ACTACCTCATGAAGATCCIG) and the reverse primer
(TTGCTGATCCACATCTGCTG) were used for S-actin.

24. In situ hybridization

The digoxigenin (DIG) labeled riboprobe was generated with
the DIG RNA labeling kit according to the manufacturer's
instructions (Roche). Medaka brains were fixed in freshly prepared
4% paraformaldehyde in PBST. Brains were dehydrated sequen-
tially in methanol. After rehydration, the specimens were treated
with 10 pg/mi proteinase K, and treated again in the same fixative
for 25 min. The specimens were pre-hybridized in hybridization
buffer (HB, 50% formamide, 5x SSC, 5 mg/ml yeast tRNA, 100 pg/
ml heparin, 0.1% Tween-20) at 65 °C for 2 h, and then brains were
hybridized overnight with the riboprobe in hybridization buffer at
65 °C. Subsequently, brains were washed in decreasing concentra-
tions of SSCT. For probe detection, the embryos were incubated in
0.2% blocking solution (Roche) for 2 h and then rocked overnight
with anti-DIG antibody conjugated with alkaline phosphatase
(1:7000 dilution, Roche) in 0.2% blocking solution at 4 °C. After
several washes with PBST, hybridized probe was detected via color
reaction with 450 pg/ml NBT and 175 pg/m! BCIP (Roche). The
color reaction was stopped by PBST. Samples were fixed in 4%
paraformaldehyde in PBST for 20 min, then embedded in paraffin.
Specimens were sliced into 7 jum sections.

2.5. High performance liquid chromatography

Medaka brains were homogenized in 100 1 of 0.4 M HCIO4
containing 4 mM NayS,05 and 4 mM diethylenetriaminepentaa-
cetic acid. Supernatant by centrifugation at 18,500 x g for 5 min
was used to measure free catechols. High performance liquid
chromatography (HPLC) was conducted with a mobile phase
containing buffer A:acetonitrile:methanol (1000:25.9:62.9, v/v)
(buffer A: 0.1 M phosphate, 0.05M citrate, 4 mM sodium 1-
heptanesulfonate and 0.1 mM EDTA, pH 3.0). Catecholamine and
its metabolites were identified using a series coulometric detector
(ESA, Inc.). Data were collected and processed using CHROME-
LEON™ Chromatography Data Systems 6.40 (Dionex). The pellet
was reserved for analysis of the protein content. For this purpose,
the pellet was solubilized in 100 p.l of 0.5N NaOH at 60 °C and the
protein was quantified by means of a BCA assay (Pierce) using
bovine serum albumin (BSA) as the standard.

2.6. Hematoxylin-eosin staining

Entire medaka bodies or individual organs were fixed in 4%
paraformaldehyde for 24 h, embedded in paraffin, then sliced into
10-p.m sections. Hematoxylin-eosin (HE) staining was done using
standard protocols.

2.7. Transmission electron microscope and Toluidine blue staining

To prepare for electron microscopy, male testes and muscle
tissue were fixed overnight in 2% gluteraldehyde with a 0.1 M
cacodylate buffer. After rinsing in a 0.1 M cacodylate buffer with
0.1 M sucrose, samples were postfixed in 1% OsO,4, with a 0.1 M
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cacodylate buffer and 0.1 M sucrose for 1.5 h. Samples were rinsed,
dehydrated in an ethanol series, and embedded in Epon. The 1-pm
sections were stained with Toluidine blue, and the 50-80 nm
sections were stained with uranyl acetate and lead citrate.

2.8. Immunohistochemistry

Medaka brains were fixed in 4% paraformaldehyde for 24 h and
embedded in paraffin. Each brain was sliced into 20 pum sections to
prepare for TH immunohistochemistry. Immunohistochemical
analysis (1:500, mouse anti-TH, MAB318, Millipore) was carried
out on every section using the Vector Elite ABC kit with DAB. The
number of dopaminergic neurons in the middle diencephalon was
determined by counting the TH-immunopositive (TH") neurons in
the coronal sections using an OLYMPUS BX51 microscope with a
MICROFIRE digital camera (Olympus) and Stereo Investigator (MBF
Bioscience).

2.9. TdT-mediated dUTP nick-end labeling assay

Brains were fixed in 4% paraformaldehyde for 24 h and
embedded in paraffin. Each brain was sliced into 5 jum sections
in preparation for a TUNEL assay. Apoptotic cells were detected by
the TUNEL method using an in situ Apoptosis Detection Kit (TaKaRa
Bio Inc.), according to the manufacturer’s protocol.

2.10. Western blot analysis

Brains were homogenated in a RIPA buffer (25 mM Tris-HCl [pH
7.6], 150 mM NacCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS)
with protease inhibitors and processed for SDS-PAGE analysis.
Immunoreactive bands were detected with ECL reagent or ECL plus
reagent (GE Healthcare Life Sciences) and the chemiluminescent
signal was visualized by exposing the membrane to Fuji RX X-ray
film (Fuji Film). The film was scanned and densitometric analysis of
blots was performed using Image] software (National Institute of
Health). The background intensity of the film was subtracted from
the band intensity. Anti-medaka parkin polyclonal antibody was
raised against full-length medaka parkin protein and used for the
analysis (1:500). Anti-TH monoclonal antibody (1:1000, mouse
anti-TH, MAB318, Millipore) was used for the Western blot
analysis of the TH. Anti-B-actin monoclonal antibody (1:5000, AC-
15, Sigma-Aldrich) was used for the loading control. Parkin-
deficient medaka, used for a negative control, was generated as
described previously (Taniguchi et al., 2006).

2.11. Behavioral analysis

The medaka were tested for spontaneous swimming. Images
were collected using a video camera positioned above the tank
under low intensity, indirect white light, then analyzed by a
computer-assisted system (Muromachi Kikai). The water tank was
a transparent circular container (20 cm diameter, 2 cm water
depth, 27 °C). Upon introduction into the tank, all adult fish
remained motionless for several minutes, then began to swim.
Filming began 1 min after the medaka began to swim and lasted for
5 min. We defined movement as occurring when a medaka moved
more than 0.1cm per 0.1s. Total swimming distance (cm),
duration of swimming movement (s) and swimming velocity
(total swimming distance/duration of swimming movement) were
measured and compared across groups.

2.12. Statistical analysis

Data were expressed as mean + standard error of the mean
(SEM). Results were statistically evaluated for significance using the

ANOVA test with post hoc analysis using Dunnet’s test or logrank test
for survival analysis. Differences were considered significant when
p < 0.05,

3. Results
3.1. Cloning of medaka PINK1

Only a single ortholog of the human PINK1 gene was identified
(by BLAST search) in the draft medaka genome. The medaka PINK1
gene has 8 exons and encodes a protein consisting of 577 amino
acids (Fig. 1A and B). The medaka PINK1 amino acid sequence has
54.1% homology to human PINK1. The kinase domain was highly
conserved between the two species (Fig. 1B).

3.2. Generation of PINK1 mutant medaka

To generate PINK1 mutant medaka, we targeted exons 2 and 3 of
the PINK1 gene for nucleotide sequencing. We sequenced the
genomes of 5771 samples obtained from ENU-mutagenized
medaka. We identified 14 mutations in total, 6 of which were
silent mutations (Table 1). From the eight other mutations, we
selected a nonsense mutation, Q178X, for further study because it
resulted in the disruption of the kinase domain. It has been
reported that human PARK6 patients carry similar truncation
mutations (Q239X, R246X, Y258X, W437X, Q456X, R492X) in the
kinase domain (Valente et al., 2004; Hedrich et al., 2006; Hatano
et al., 2004; Tan et al., 2006).

From the incross of heterozygous Q178X mutant parents, we
obtained the expected numbers (according to Mendelian inheri-
tance [Fig. 3A]) of wild-type fish (PINKIVT"T), heterozygous
mutants (PINK1W7@178X) and homozygous mutants {PINK178%/
78Xy (Fig. 2A). Semi-quantitative RT-PCR showed a marked
reduction of PINK1 mRNA in the PINK12178%Q178X medaka, probably
due to the nonsense-mediated mRNA decay (Fig. 2B). We therefore
concluded that we had succeeded in generating PINK1-deficient
medaka fish.

3.3. Distribution of medaka PINK1 mRNA

To characterize medaka PINKI expression, we visualized
medaka PINK1 mRNA by in situ hybridization. The anti-sense
RNA probe exhibited diffuse signals in the gray matter of PINK1W"
YT medaka brain (Fig. 4A-E). The telencephalon and diencephalon
that contain striatum and many dopaminergic neurons respec-
tively showed moderate anti-sense signals (Fig. 4A-C). The optic
tectum disclosed relatively intense signals comparing to other
regions (Fig. 4B and C). On the other hand, the signals of hindbrain
and spinal cord were weak (Fig. 4D and E). We further investigated
medaka PINKI mRNA expression in PINK12178%/Q178X medaka, In
this case, we could not detect the signals of anti-sense probe
(Fig. 4F-]). This finding suggested the signals of anti-sense probe
was specific to medaka PINK1 mRNA and again supported the
degradation of PINK1 mRNA in PINK]1¥78XI0178X pedaka.

3.4. PINK1¥785Q78X medaka showed normal development and
mild shortening of life span

Like human PARK6 patients, PINK1¥75%Q178X medaka grew
normally for 12 months without any obvious morphological
abnormalities or developmental disorders. Remarkably, the
PINK1¥78XIQ178X medaka showed a significant decrease in life
span, when compared with PINK1%7%T and PINK1%T Q78X fish (the
PINK1978XIQ178X medaka began to die at 12 months) (Fig. 3B). This
diminished life expectancy was not caused by increased tumor-
igenesis (data not shown).

— 153 —



4 H. Matsui et al. /Neuroscience Research xxx (2003) xxx—xix

(A

i i

Kb G 2 & 8
(Y Po— . ;
kS %
RS 'v?vlm %l % 3
grqmm?s vt H oo
Hoaw s9n 3 e
st renmemive 3 ES
Doy lofipey > A5y 3
Dot MR B A FIDKILSRYTTTYEED EFY Y
i sapwry 4 Bt VOLoE] B
Y Ea b L B
mymxm e % o uawwmx mnbf; mzci* % w«aqﬂqav 53
w-gmuw,m»m« 1FL CRGRRTMCL 5 Aze
i hagetuie o 2 R r. RV LUAYSLGL BT ER s ns) X s
it atin B4 B 2 AVE R L« 2 EprOARG (2]
Dy lafrs B L.‘ e : msa LAEGH L t 232
Drntophls A G R EE Y 'w: = i SBiE ZAG
[rnp—— 2,258 wuqm x awu o — 2ax
s ey ﬁ“n.? ’”‘ﬁiﬁ ey b sShich it
Loyt s %, ave
oo maogeer Ei9y G Sh u?s: petie wm maq»mmw a4
B Gipsac e XYy raz
s i 153 mm Fybyad BB
Ehepains lipres iy ISyt oA bx &‘. m&ﬁm{ e
DroKophTs kg ek m’zs PG BT SO AR MG SRS Y t.w»\}q %2 i&m‘sni Big preals abw
Fsens g P4 R R E
s i 2w v ?‘% wrrzwi mv'r u.w zrem
Qeyrias Isies 2HI P mqatzkl ity e L
DASDENE BRI RSE Prey BB W R 0T v»ﬂw ek &v %?L Etk!’x‘gi-emu »vw “avi
TR SApsETE e Ax‘i mw BEE
o i 325 YRR a PL it 3w
G Fon | n ok SRk LM b S EESvany e B
wmmwwwmm«m R ‘.ijﬁq,hlﬁm 4 n \l» }mx (e X8 m«e j\)tj-tt-u. SR AR SER
Hoans spzncess e W(’{*u& 5 "\r O LRV Vs s
s it BB G x r. gh LuarEY 1 HRW
Depmine lafions Eregionss 13 .augx:q G HARE 420
DO RO T e Bitoten s Myg; n—_g;._g: % ;w}cwwga qu o p 0 p e
s oagens anz BRIV &3 Pl 473,
St e wou ai')é E WYY S KADIPAVEALAYE S5 & m P
Dryrfar iatimes AL @ RS/ RN Y ST ADRAT QAT IR 5 & vqa AEY
ity e iﬂ}»w}:}.}gnﬁ; ARG Y B ki b g 3 B REDhL BB
THOK S0 TR ilx L N%W& VQ e
s sirsendan Ay J\Iﬂ( wa A uksxmw WYY g £ 56 Bt
Dxpdns apen ags u»:. sw 13807 B4 mr- xQ«.snamt A
Bt mosanogpesi BB k@g% Mﬁ SR RACEI ARG E T L0 BB
s sxpica naa = u-dn,‘(&l((.( Fhiert mm\tr ms < Ao B
Bk pesihet ans x 02 R RE W LanLE bs ....... e
Ry WIDes HAH L txc sﬁwxcm z r. u.qn 5@“14“:'& L B
[ e fea his it A e at et b ,m s R MR G ¥R
B R
Wise meni BHE o 5560
Qryzis ey BYE BT
Drtyope PR Fas vva i,

Fig. 1. Medaka PINK1 profiles. (A) Genome structure of medaka PINK1 gene. The red boxes indicate each exon (with the Greek numeral representing the number of the exon)
and the bar represents the intron. (B) Sequence alignment of human, mouse, medaka and Drosophila melanogaster PINK1 protein. Amino acids conserved among three or four
species are outlined in red. The medaka PINK1 amino acid sequence has 54.1% homology to human PINK1. The kinase domain, which is highly conserved across the two
species, is outlined in light blue. The green outlining signifies the Q178X mutation in the mutant medaka. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of the article.)

3.5. PINK1U78X/QU78X mmedaka show reduced body weight at the
late-adult stage

To investigate the cause of this shortened life expectancy, we
measured the body weight of the PINK1U78/U78 medaka over
time. We placed ten 8-month-old fish from each genotype into
separate tanks for 4 months. There was no significant difference in
body weight among medaka with the PINKIWTWT, pINK W 78X,
and PINK1U78XIU75X ganotypes during this time (Fig. 5A). Nor
were there significant differences in body weight when medaka
representing all three genotypes were maintained together in one

Table 1
List of PINK1 mutations from our TILLING library showing mutated nucleotides and
resulting changes of the transcript.

DINA sequence Amnino acid Result
substitation

AGGACACTTC (A>G) TITACATACC Intron
TCCAGGLGOT (G A) TICAGARAGA V121V Silent
ABAGAAGAAG (T C) TCCAGAGTCC F127L Substitution
AACTGGAGGA (T>C) TACATTGTAG D142D Silent
AAAGGATCCA (A>G) CGCAGLTCTG N1548 Substitution
GCTCTGTATG (A>G) AGCTGCALCT E159G Substitution
CCAAGAAAAG (C>T) GATGGTCGAGC 51705 Silent
CGCCGLGGTE (CT) AGATACGAGA Q178X Truncation
GCTGTGGAAC (T>C) TIGGGGTGGG F212L Substitution
TGTGATTCTA (T>A) CTCTTTCCAG Intron
TICCCACAGA (C>T) CCCCTCGCTC D233D Silent
COCTCTGGLE (C>A) CAGCAAAACA P2349T Substitution
GCTCTGGCGC (C>T) AGCAAAATAG P239L Substitution
CGLCAGCABA (A»G) CAGCAACTTA K241K Silent

(A>B): A is the nucleotide of wild-type Kyoto-cab-and B.is the nucleotide of the
mutant. Of the 14 types of mutation in the genome, 2 were located in the intron, 5
resulted in silent change of the amino acid sequence, 6 were amino acid
substitutions and 1 was a truncation of the transcript. The mutation we selected
(Q178X) is underlined.

tank for 8 months. However, at 12 and 18 months, the body weight
of the PINKI®7#Q78X medaka increased at a slower rate,
compared with the PINKIWTU78X apd PINK1 Y778 medaka
when all the genotypes were maintained together (Fig. 5B). These
findings imply that older PINK1 ¥ 7878 ;hedaka were not able to
compete for limited amounts of food with littermates carrying the
other genotypes.

3.6. Muscle, sperm, and mitochondria intact in PINK]Y78%/Qi78x
medaka

PINK1-deficient Drosophila show male sterility, skeletal muscle
and sperm degeneration, and abnormal mitochondria morphology.
We therefore inspected the morphology of these tissues in medaka,
Contrary to the Drosophila model, the skeletal muscle and sperm
appeared to be normal in the PINK1¥/78X/Q178X mmedaka (Fig. 6A-D).
Nor did the mitochondria in the skeletal muscle (Fig. 6E and F) or

sperm show any abnormal morphology {data not shown). Both
male and female PINK12/78X/Q178X edaka were consistently fertile
(data not shown). Thus, deletion of PINK1 causes a significantly less
abnormal phenotype of muscle and sperm in medaka than in
Drosophila.

3.7. Amount of parkin indistinguishable across genotypes

Familial PD (PARK2) is caused by mutations of the gene-
encoding E3 ubiquitin ligase, parkin (Kitada et al., 1998). Since
studies of the PINK1-silenced zebrafish and D. melanogaster found a
reduction of parkin mRNA and parkin protein, respectively
(Anichtchik et al., 2008; Yang et al., 2006), we used Western blot
analysis to measure parkin protein. The amount of parkin was
comparable in the PINK1YWTWT, PINK1WHR178X 3nd pINK 78X 78X
medaka (Fig. 7).
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Fig. 2. Generation of PINK1¥'7%/Q1?& medakas. (A) Sequence data for each genotype. A = green, T = red, G = black, and C = blue. The three-letter amino acid codes show the
resulting transcript. The top figure illustrates the PINKIW"T medaka sequence, while the middle and bottom figures illustrate heterozygous and homozygous Q178X
mutation in PINKIWTIQ178X and PINK12/78XIQ178X medaka, respectively. The C to T mutation of the genome results in a TAG stop codon (red arrow). (B) Semni-quantitative RT-
PCR of PINK1 mRNA for each genotype. The upper and lower lanes show the RT-PCR results of PINK1 and S-actin (control) mRNA, respectively. The PINKT mRNA of the
PINK1Q178XIQ178X medaka decreased markedly compared with PINKIWT™T and PINK1W7/®7#X_ This reduction may be due to nonsense-mediated mRNA decay. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

3.8. No significant dopaminergic cell loss in PINK197#/Q78 medaka

Dopaminergic cell loss and the denervation of the striatum
constitute the representative pathology of human PD patients.
Having previously identified tyrosine-hydroxylase-positive (TH")
dopaminergic neurons and noradrenergic neurons in the medaka

(A) Genotype 1dpf 3month
WTWT 12 (24.0%) 22 (26.8%)
WTIQ178X 25(50.0%) 40 (48.8%)
Q178X/Q178X 13(26.0%) 20 (24.4%)
total 50 82
(B) 10
e WTIWT
08 e WTIQ178X
7;3 — Q178X/Q178X .
S 06 —\"[
[ Kk
k]
£ 044
L
0.2 <
0.0

] T [ 1] 1]
o] GIO 12|0 180 240 360 360 420 480 540
days post fertilization

Fig. 3. Mendelian inheritance of Q178X mutation and survival curves of PINK1%/78X/
Q78X medaka. {A) The ratio of genotypes in newborn and 3-month-old medaka with
PINKIWTIQI78% parents. Both results agree with Mendelian inheritance. These
Mendelian ratios suggest no difference in mortality rates in the developmental/
larval stage. (B) Survival curve for each genotype. End point is the death of each
medaka or day 540. The results show mild but significant shortening of the life span
in PINKIQ78X/Q178% medaka (n=28), comparing with PINKIWTMT (n=26) or
PINKIWTIQI78X (1 w 46). ™*p < 0.001 vs. PINKTWIWT,

brain, as well as selective loss of TH* dopaminergic neurons in
MPTP-treated medaka (Matsui et al, 2009), we histologically
examined the TH" neurons. The number of cells in the middle
diencephalon did not decrease in the PINK1¥7™/U78X medaka,
when compared with medaka carrying the other genotypes, even
at 18 months (Fig. 8A~-E). Western blot analysis of the whole brain
indicated a similar amount of TH protein in each genotype (Fig. 8I).
The PINK1¥78XIU78X medaka did not display pathological abnorm-
alities in dopaminergic neurons in other regions or in noradre-
nergic neurons in the medulla oblongata (data not shown). We
continued to inspect TH immunochistochemistry, focusing on the
striatum, because we previously found that the striatum contains
the terminals of dopaminergic neurons, and also because
denervation of the striatum is observed in human PD patients.
The distribution of dopaminergic neurons in the striatum showed
no detectable abnormalities in the PINKI1¥73X/Q178X medaka
(Fig. 8G and H). To analyze apoptotic cells, we performed a
TUNEL assay on the whole brain. Virtually no apoptotic cell death
was present in either the PINK1¥78X/Q78X o the control medaka
(data not shown), In sum, the PINK]1%/78X/Q178X medaka showed no
prominent defect in the number or morphology of dopaminergic
and noradrenergic neurons.

3.9. Abnormal amount of dopamine and DOPAC in the absence of
PINK1 in the brains of young and old fish

A decreased amount of catecholamine is the most prominent
feature of human PD patients. We therefore measured the amount
of dopamine and norepinephrine in the whole brain of PINK12178X/
Q178X medaka at 4, 8, 12 and 18 months, The amount of
norepinephrine did not differ across genotypes (Fig. 9C). Unlike
with human PD patients, the amount of dopamine in the medaka
carrying PINK1Q78XIU78X a5 well as the other genotypes was very
similar at 12 and 18 months, However, to our surprise, the amount




Fig. 4. In situ hybridization of medaka PINK1 mRNA. Anti-sense signals of PINK1""W" medaka brain (A-E) and PINK1Q!78X/Q178X medaka brain (F-J) (12 months). (1)
Telencephalon, (2) optic tectum, (3) diencephalon, (4) cerebellum, (5) medulla oblongata and (6) spinal cord.

of dopamine in the PINK1¥7#¥/Q78X medaka brain was higher than
that of the PINKI"TT at both 4 and 8 months (Fig. 9A). By 12
months, the levels of dopamine were the same for all genotypes,
and they remained the same at 18 months (Fig. 9A). If the elevated
dopamine were functional, these fish might be expected to move
more frequently than fish carrying the other genotypes. In fact, the

PINK1978XIQ178X medaka moved less frequently than did the fish
carrying the other genotypes (Fig. 10A-C), suggesting that the
elevated dopamine levels reflect deregulation of dopamine
metabolism, including the defective release of dopamine from
the neurons. This idea is supported by the fact that the amount of
3,4-dihydroxyphenylacetic acid (DOPAC), a metabolite of dopa-
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Fig. 5. Body weight of PINK1?7&/Q178X medaka. (A) Body-weight curves for fish
separated by genotype at 8 months. No significant differences were seen (n = 10 for
each group). (B) Body-weight curves for fish not separated by genotype. A reduced
increase in body weight was observed for the PINK1Q78%/Q178X medaka at 12 and 18
months (n = 15 for each group). *p < 0.05 vs. PINK1W/WT.

mine, decreased. We conclude that the loss of PINK1 causes
dysregulation of dopamine metabolism without affecting the
survival of dopaminergic neurons.

3.10. PINK1¥7¥/U78 muytation causes reduction of spontaneous
swimming only at 12 and 18 months

Late-onset reduction of spontaneous movement is one of the
key symptoms found in human PD patients. We therefore
quantified spontaneous swimming movement in PINK1%/78X/
Q178X medaka. All fish showed comparable movement at 4 and 8
months, irrespective of the genotype of the PINKI gene.
Remarkably, the PINK1¥78X/QU78X medaka displayed a significant
reduction of spontaneous swimming at 12 and 18 months, in
comparison with fish carrying the other genotypes (Fig. 10A-D).
These significant decreases were confirmed by all examined
swimming parameters: total distance, duration of movement, and
velocity, We therefore conclude that the loss of PINK1 causes late-
onset reduction of spontaneous swimming movement,

4. Discussion

Japanese medaka (Oryzias latipes) is easy to handle and produce
large numbers of progeny per generation. It has several advantages
over zebrafish in modeling PD, First, the whole genome has been
sequenced and assembled since the size of medaka genome is only
700 Mb, half the size of the zebrafish genome. Second, several
inbred strains have been established in medaka, but not in
zebrafish. The lack of genetic variations among individuals may
simplify and facilitate genetic studies, and is particularly
important for disease models. Third, cryopreservation of the
specim is easy and reliable, so we can maintain and store numerous
strains in the laboratory. Considering the merits that are above-

mentioned, we can regard medaka as one of the attractive
vertebrate (Drosophila is not vertebrate) animal models.

In this report, we verified that the PINK1/78%/Q178X medaka is a
novel animal model suitable for use to investigate the pathogenesis
of PD. Mutant fish display a phenotype very close to that of human
PD patients. This phenotype includes normal development and
growth, mild shortening of the life span, late-onset reduction of
spontaneous movement, and a decrease in the amount of
dopamine metabolic product (DOPAC). The establishment of the
medaka PD model will allow for extensive genetic analysis in the
future, using multiple gene disruption and expression of trans-
genes with large numbers of fish.

By analyzing the medaka PD model over time, we were able to
determine the level of dopamine and its metabolic products in the
brain. We found that the loss of PINK1 function affects the
metabolism of dopamine in the central nervous system. Indeed, the
amount of DOPAC decreased between the 4 and 18 months.
Unexpectedly, we observed a higher, rather than a lower, amount
of dopamine in the brains of 4- and 8-month-old PINK1¥178XI0178X
medaka compared to PINK1""/WT, This appears to be similar to the
results of a study using PINKI-shRNA-expressing transgenic mice,
which showed increased amounts of dopamine (Zhou et al., 2007).
In another study, gene disruption of PINK1 was found to impair the
release of dopamine from neurons in the striatum, though the
dopamine levels were not documented (Kitada et al., 2007). In our
study, the increased level of dopamine was not associated with an
increase in spontaneous movement in young PINK1Y78XIU178X
medaka. Taking these observations together, it seems that one
possible scenario is that the PINK1%73X/@178X medaka are incapable
of effectively releasing dopamine as a neuronal transmitter,
leading to the accumulation of dopamine in the neuronal cells.
This accumulated dopamine might harm the neurons, because the
metabolism of dopamine is accompanied by the generation of
oxidative radical species (Blum et al., 2001). Whether or not the
amount of dopamine also increases in the brain of human PARK6
patients prior to the appearance of PD-related symptoms should be
investigated.

The late-adult-onset phenotype of the PINK1¥78X/U78X medaka
is in marked contrast with the more prominent phenotypes of
PINK1-depleted zebrafish and D. melanogaster. In zebrafish, the
Morpholino-mediated suppression of PINK1 caused developmen-
tal disorders as well as neurodegeneration (Anichtchik et al,
2008). This severe phenotype of PINK1-depleted zebrafish is
surprising. The different phenotypes of the two models might be
attributable to the difference of species or strategies. Morpholino
may have off-target effect (Ekker and Larson, 2001). On the other
hand, non-negligible mutations by ENU may remain although
backcross progeny have been analyzed. In D. melanogaster, the loss
of PINK1 resulted in selective defects in dopaminergic neurons,
skeletal muscle, sperm, and mitochondria. It should be noted that
the phenotype associated with the loss of PINK1 is distinctly
different in model animals such as medaka, zebrafish, mouse, and
D. melanogaster. The genetic study of Drosophila provides compel-
ling evidence that PINK1 works in the same pathway as does
parkin. In fact, the loss of function in parkin, PINK1, or both genes
will result in the same pathology in Drosophila (Clark et al., 2006;
Park et al., 2006; Yang et al., 2006). An important question that
needs to be solved in near future is whether the genetic
relationship demonstrated in Drosophila is also observed in other
PD model animals, including medaka.

Diffuse signal pattern of medaka PINK1 mRNA in the gray
matter is consistent with that of rat and mouse PINK1 (Taymans et
al., 2006). The distribution of PINK1 mRNA is not restricted to the
dopaminergic neurons in rat, mouse and our medaka fish. This
makes.it difficult to explain why loss of PINK1 function leads to the
dysfunctions of dopaminergic neurons. The ways to prove the
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Fig. 6. Histological analysis of muscle and testes in PINK1977%/Q178X medaka fish (12 months). (A, C, and E) PINK1WTWT, (B, D, and F) PINK1278¥/Q178X (A and B) Hematoxilin~
eosin staining of the muscle. (C and D) Toluidine blue staining of the testes. (E and F) Electron-microscopic image of mitochondria in the muscle. {A-F) Muscles, testes and
mitochondria are intact in the PINK1 78X/ 78X medaka. (F) Altered cristae morphology, fragmentation or elongation of mitochondria were not detected. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of the article.)
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Fig 7. Amount of parkin protein in PINK1¥7#/%?® medaka (18 months). (A) Amount of protein in medaka parkin examined by Western blot analysis. (B) Ratio of parkin/B-
actin (loading control) for each genotype (average amount for PINKTW"“T medaka = 1). The amount of parkin does not differ across genotypes (n = 6 for each group).
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Fig. 8. Inmunohistochemistry of tyrosine-hydroxylase and Western blot analysis of PINK1%178X/@78X medaka. Coronal sections of striatum and middle diencephalon. (A-D)
Representative photographs of middle diencephalic dopaminergic neurons in PINK1"¥"7 (A and C) and PINK1¥/7#X/Q178X (B and D) medaka at 18 months. (E) The number of
tyrosine-hydroxylase positive (TH") neurons does not differ across genotypes (n = 10 for each group). (G) Striatum dopaminergic fibers for PINK177 and (H) PINK1%/7%/
Q178X medaka at 18 months. The striatum of the PINK12178X/Q178X medaka is indistinguishable from that of PINK1%7"T, (F) Map of medaka brain; A~F indicate the section levels
of A-D, Fand G. (I) Amount of TH protein in the whole brain at 18 months, examined by Western blot analysis and normalized by B-actin (loading control). The graph shows
the ratio of tyrosine-hydroxylase (TH)/B-actin for each genotype (average amount for PINK1 WITWI medaka = 1). The amount of TH does not differ across genotypes (n = 6 for
each group).
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genotype-phenotype relationship include complementing the
putative causal allele in vivo or in vitro by transgenesis or retroviral
transduction, non-complementation of a null allele generated by
homologous recombination, or backcrossing for many generations
to the outcross strain (Cook et al., 2006). Therefore, we conducted
the overall experiments using not only 4-6 times back-crossed fish
but also fish back-crossed more than 7 times. They all showed the
same results, suggesting that loss of PINK1 function indeed
resulted in the phenotypes shown in this manuscript. However, we
analyzed only a single line of PINKI mutant and did not perform
rescue experiments using transgenic medaka fish in this study.
Therefore further experiments are necessary to elucidate the
genotype-phenotype relationship.

In conclusion, this report reveals a new in vivo function for
PINK1. PINK1 affects the metabolism of dopamine in the brain long
before the loss of dopaminergic neurons. PINK1-deficient medaka
exhibited decreased spontaneous movement only at the late-adult
stage, a phenotype that recapitulates a typical symptom of PD. We
recently generated another PD model by treating fish with a
chemical neurotoxin, MPTP, a standard method used to induce PD
(Matsui et al, 2009). The treatment indeed induced the loss of
dopaminergic cells and movement disorder. The medaka PD
models can therefore contribute significantly to our understanding
of the molecular mechanisms underlying the pathology of PD.
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ARTICLE INFO ABSTRACT
Article history: y-Secretase is an enzymatic complex, composed of presenilin 1 (PS1), nicastrin, pen-2, and aph-1, and is
Received 8 December 2009 responsible for the intramembranous cleavage of various type-l membrane proteins. The level of each

Available online 16 December 2009 component is tightly regulated in a cell via proteasomal degradation. On the other hand, it has previously

been reported that PS1/y-secretase is involved in the activation of phosphatidylinositol-3 kinase/Akt
(PI3K/Akt) pathway. PI3K is inhibited in Alzheimer’s disease (AD) brain, whereas the effects of PI3K inhi-
bition on the metabolism of PS1/y-secretase have not been elucidated. Here, we demonstrate that the
treatment of neurons with PI3K inhibitors leads to increased levels of PS1/y-secretase components

Keywords:
Alzheimer's disease
Y-Secretase complex

:Z;esemm? o . through an inhibitory effect on their degradation. Moreover, PI3K inhibition accelerated ubiquitination
osphatidylinositol-3 kinase . e L e
Proteasome of PS1. We further show the evidence that the PS1 ubiquitination after PI3K inhibition is represented
Ubiquitin by the multiple mono-ubiquitination, instead of poly-ubiquitination. Accordingly, treatment of cells with
PI3K inhibitor led to a differential intracellular redistribution of PS1 from the one observed after the pro-
teasomal inhibition. These results suggest that PI3K inhibition may trigger the multiple mono-ubiquiti-
nation of PS1, which precludes the degradation of PS1/y-secretase through the proteasomal pathway.
Since PS1/y-secretase is deeply involved in the production of Ap protein, a deeper knowledge into its
metabolism could contribute to a better elucidation of AD pathogenesis.
© 2009 Elsevier Inc. All rights reserved.
Introduction PS1 is a causative gene for familial AD and is considered to be

the catalytic core of y-secretase [6,17,26]. In addition to the well-

A major component of the amyloid plaque core in Alzheimer’s established role in y-secretase activity, many reports have shown

disease (AD) is the amyloid B peptide (Ap). y-Secretase is a protein
complex, composed of presenilin 1 or 2 (PS1 or 2), nicastrin, pen-2,
and aph-1 and is responsible for the production of Ap [5,7,9,21].
Recent reports demonstrated that the levels of these four compo-
nents are tightly regulated each other and, thus, down-regulation
of one of these components leads to a decreased level of the whole
complex [20]. All of these y-secretase components can be degraded
through the ubiquitin-proteasome system [3,10,11,13,18]. Upon
conjugation of polyubiqutin chains to target proteins, proteasome
can degrade various proteins including misfolded or aggregated
proteins [8,12,24]. On the other hand, multiple mono-ubiquitina-
tion of proteins has been attributed to other cellular functions,
such as protein trafficking and endocytosis [1,19].
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that PS1 is involved in the activation of phosphatidylinositol-3 ki-
nase/Akt (PI3K/Akt) pathway [2,25], thereby suppressing the activ-
ity of glycogen synthase kinase-38 (GSK-3B). Conversely, abnormal
activities of GSK-3p have been reported in AD brains [4], indicating
that PI3K/Akt pathway is inhibited in AD. Although PS1 has re-
cently been demonstrated to be one of GSK-3B substrates
[14,22,23], the effect of PI3K/Akt inhibition on the metabolism of
PS1/y-secretase components has not been demonstrated, yet. To
elucidate how PI3K/Akt affects the metabolism of PS1/y-secretase,
we treated mouse primary neurons with PI3K/Akt inhibitors and
analyzed their effects on the metabolism of PS1/y-secretase.

Materials and methods
Cell culture and drug treatment. Primary neurons were obtained

from the cerebral cortex of fetal ICR mice (14 days gestation) and
cultured in Neurobasal medium supplemented with B27
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(Invitrogen). Neurons in culture day from 10 to 12 were used for
the experiment. HEK293 cells were maintained in Dulbecco’s mod-
ified Eagle’s medium containing 10% fetal bovine serum. For PI3K
inhibition, cells were treated with either LY294002 or Wortmannin
diluted in the media to give a final concentration of 5 uM and
50 nM, respectively, for an indicated period of time. For the inhibi-
tion of Akt, cells were treated with 1 uM Akt inhibitor IV. For pro-
teasome inhibition, cells were treated with 1 pM lactacystin. For
inhibition of protein synthesis, cells were treated with 5 pg/mL
cycloheximide. Control cells were treated with Dimethylsulfoxide
{DMSO).

Construction of plasmids expressing presenilin 1 and ubiquitin mu-
tants and transient transfection. Creation of wild-type human PS1
plasmid was described elsewhere [23]. Human wild-type ubiquitin
¢DNA with a hemagglutinin (HA) tag (HA-WT-Ub) and HA-tagged
ubiquitin whose all lysine residues were replaced with arginine
(HA-KO-Ub) were generous gifts from Dr. Y. Imai (Tohoku Univer-
sity). Precise cloning of all reading frames was verified by direct
sequencing. Lipofectamine LTX agent (Invitrogen) was used for
transient transfection in HEK293 cells according to the manual.

Antibodies and chemical reagents. Rabbit polyclonal anti-PS1 N-
terminal fragment (NTF) antibody was from Santa Cruz. Rabbit
polyclonal anti-Ubiquitin antibody was from DAKO. Mouse mono-
clonal anti-PS1 C-terminal fragment (CTF) was from Chemicon.
Rabbit polyclonal Anti-nicastrin, mouse monoclonal anti-B-actin,
mouse monoclonal anti-p-tubulin, mouse monoclonal anti-y-tubu-
lin antibodies were from Sigma. Rabbit polyclonal Anti-aph-1 anti-
body was from Affinity BioReagents. Rat monoclonal Anti-HA tag
antibody was from Roche. Donkey polyclonal Anti-mouse and rab-
bit horseradish peroxidase-conjugated secondary antibodies were
from Amersham Biosciences. For immunostaining, Alexa Fluor
546 goat anti-mouse IgG (H+L) conjugate and Alexa Fluor 488
goat anti-rabbit IgG (H + L) conjugate from Molecular Probes were
used as secondary antibodies. LY294002 and Wortmannin were
from Sigma. AKT inhibitor IV was from Merck. DMSO was from
Nacalai Tesque. Lactacystin was from Kyowa Medex. Cyclohexi-
mide was from Calbiochem.

Western blotting and immunoprecipitation. The protein levels of
y-secretase components were analyzed by Western blotting as de-
scribed previously [23]. For immunoprecipitation, cells were
washed and scraped like above. NP40 soluble fractions were made
by solubilizing the samples in TNE Buffer containing 10 mM Tris-
HCl (pH 7.8), 150 mM Na(l, 1% NP40, 1 mM EDTA with proteinase
inhibitor cocktail (Roche). Remnant pellets were then further solu-
bilized in TNE buffer plus 1% SDS. After 10-fold dilution of SDS in
SDS-free TNE buffer, the samples were subjected to immunopre-
cipitation. Alternatively, TNE Buffer plus 1% SDS was directly used
for cell lysis. Cell lysates containing 1% SDS were diluted 10-fold in
SDS-free TNE buffer before immunoprecipitation to avoid degener-
ation of immunoglobulins. The samples were pretreated with Pro-
tein G-Sepharose (GE Healthcare Lifesciences) for an hour at 4 °C to
reduce nonspecific binding. After centrifugation, supernatants
were collected and precipitating antibodies were added. The sam-
ples were rotated at 4 °C for an hour, followed by the addition of
new Protein G-Sepharose and rotation for another hour at 4 °C. Im-
mune complexes were washed five times with TNE Buffer. Sample
buffer was added to the immune complexes and incubated at room
temperature for 10 min. The immunoprecipitated proteins were
subjected to SDS-PAGE.

Semi-quantitative reverse transcriptase- polymerase-chain reac-
tion. Total RNA was extracted from primary cultured neurons using
ISOGEN (Nippon Gene) and the concentration of RNA was mea-
sured by Bio-rad SmartSpec Plus spectrophotometer. The same
amount of total RNA was processed for cDNA synthesis using oligo
(dT) primers and reverse transcriptase, using TaKaRa RNA LA PCR
Kit (AMV) (TaKaRa, Tokyo, Japan). The resulting cDNA was ampli-

fied by polymerase-chain reaction. The primers used were 5'-GGT
ACCCAAGAACCCCAAGT-3' and 5'-CCGGGTCITCACTCGTTAGA-3
for mouse presenilin 1, 5-GGAACCAACTTCAGCAGCTC-3' and 5'-
GAGCCTCTCTGTCCTGTTGG-3' for mouse nicastrin, 5'-ACCACAGTCC
ATGCCATCAC-3’ and 5'-TCCACCACCCTGTTGCTGTA-3' for mouse
GAPDH. The number of cycle was optimized so as to avoid satura-
tion of amplified DNA as previously described [15].

Proteasome activity assay. Proteasome activity was quantified by
the measurement of the release of 7-amino-4-methylcoumarin
from the fluorogenic peptide Suc-Leu-Leu-Val-Tyr-7-amino-4-
methylcoumarin (Suc-LLVY-AMC, Affinity Research Product).
Primary cultured neurons were washed twice with phosphate-buf-
fered saline (PBS), harvested on ice, and resuspended into a buffer
containing 25 mM Hepes and 0.5 mM EDTA. Cells were centrifuged
and lysed by brief sonication. SDS solution was added to the lysate
to give the final concentration of 0.03%. Then the fluorogenic sub-
strate  Suc-Leu-Leu-Val-Tyr-7-amino-4-methylcoumarin ~ was
added to the mixture and incubated at 37 °C for 30 min. Protea-
some activity was detected by changes in fluorescence intensity
at 355 nm of excitation and 460 nm of emission using an automatic
multi-well plate reader. The relative activity was standardized by
protein concentration, which was determined using BCA protein
assay kit (Pierce).

Immunostaining. Cells were fixed with 4% paraformaldehyde for
20 min. Fixed cells were blocked with 3% BSA in PBS with 0.2% Tri-
ton X-100 for 15 min and incubated overnight at 4 °C with each
antibody diluted in PBS containing 3% BSA. Immunoreactivity
was visualized using the species-specific secondary antibodies
mentioned above, Samples were examined using a LSM (Zeiss)
confocal scanning microscope.

Statistical analysis. The relative density of the bands in Western
blotting was analyzed by quantitative densitometry using a com-
puterized image analysis program (NIH image 1.59). To compare
the ratios of each y-secretase component to B—actin between
treatments, Student’s t-test was used for the analysis. The mRNA
levels of vy-secretase components and the proteasomal activity
were analyzed by using One-way Factorial ANOVA, followed by
post hoc Fisher’s protected least significant difference. Quantified
data were expressed as the means + SD, and significance was as-
sessed at P < 0.05.

Results and discussion

We first investigated the effect of PI3K/Akt activity on the
metabolism of y-secretase. To test this, primary cultured mouse
neurons were treated with either vehicle (DMSO) or a PI3K inhib-
itor, LY294002 for 48 h. Immunoblotting of the cell lysate demon-
strated increased levels of y-secretase components (PS1, nicastrin,
Pen-2, Aph-1) upon PI3K inhibition (Fig. 1A, left). The quantitative
analysis of each y-secretase component band intensity revealed
significant increase after the LY294002 treatment (Fig. 1A, right,
n=3, p<0.05). Similarly, inhibition of Akt activity by a treatment
with Akt inhibitor IV for 24 h caused an accumulation of y-secre-
tase complex components (Fig. 1B). The statistical analysis of three
independent experiments showed a significant increase of every y-
secretase component after Akt inhibition (p <0.05, data not
shown), validating the involvement of PI3K/Akt pathway in the
regulation of y-secretase components protein levels,

We then asked whether this accumulation is due to an acceler-
ated transcription of y-secretase components or, alternatively, an
inhibition on the degradation machinery of the components. To an-
swer this question, we analyzed the mRNA levels of y-secretase
components (PS1 and nicastrin) under PI3K inhibition by semi-
quantitative RT-PCR. Mouse primary cultured neurons were trea-
ted with either vehicle or one of PI3K inhibitors (Wortmannin or
LY294002) for 24 h. Total mRNA was extracted from the cell
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Fig. 1. The level of PS1/y-secretase complex increases upon an inhibition of PI3K/Akt pathway (A) Mouse cortical neurons in primary culture were treated with either vehicle
(DMSO0) or LY294002 for 48 h. The cells were collected and cell lysates were subjected to immunoblotting by anti-PS1 (N-terminal, C-terminal), Nicastrin, Aph-1, or f-actin
antibodies (left). The band intensity of each y-secretase component is normalized by that of B-actin and analyzed by Student’s t-test. The level of each component was
significantly higher in the cells treated with LY294002 compared to that in the cells treated with vehicle (right, n = 3, p < 0.05). (B) Mouse cortical neurons in primary culture
were treated with either vehicle (DMSO) or AKT inhibitor IV for 24 h. Cells were collected and immunoblotted with antibodies against anti-PS1 (N-terminal, C-terminal),
Nicastrin, Aph-1, or B-actin. (C) Mouse cortical neurons in primary culture were treated with vehicle, Wortmannin or LY294002 for 24 h. Cells were collected and the total
RNA was extracted from the cell lysates. mRNA levels were semi-quantified by RT-PCR. The mRNA levels of y-secretase components was normalized to that of GAPDH and
analyzed by One-way Factorial ANOVA (n=3). (D) Mouse cortical neurons in primary culture were treated with CHX alone or CHX together with LY294002. Cells were
collected 0. 12, 24, 48, 72 h after the treatment. Cell lysates were subjected to immunoblotting by anti-PS1 antibedy. The expression level of PS 1 decreased along with the
time after CHX treatment. Co-treatment of cells with CHX and LY294002 inhibited the decrease of PS1. g-tubulin levels were consecutively decreased after CHX treatment
regardless of the presence of LY294002. (E) Primary culture neurons were treated with vehicle, LY294002 or lactacystin for 24 h. Proteasomal activity defined by release of 7-
amino-4-methylcoumarin from the fluorogenic peptide Suc-Leu-Leu-Val-Tyr-7-amino-4-methylcoumarin was measured by fluorescence intensity. Only lactacystin
treatment showed significant decrease in proteasome activity (n =3, One-way Factorial ANOVA).

pellets, followed by the RT-PCR analyses of PS1, nicastrin and B-ac-
tin mRNA levels (Fig. 1C). We observed no significant difference be-
tween the vehicle and a PI3K inhibitor (Wortmannin or LY294002)
treatment groups with respect to the mRNA levels of PS1 and nic-
astrin (n = 3). These results indicate that the transcriptions of PS1
and nicastrin were not affected by PI3K inhibition.

We then examined whether PI3K inhibition cause an altered
degradation activity of PS1 in neurons, using a protein synthesis
inhibitor, cycloheximide (CHX). Mouse primary cultured neurons
were incubated with CHX in the presence or absence of
LY294002 for 0, 12, 24, 48, 72 h. The protein levels of PS1 and B-
tubulin gradually decreased by the treatment with CHX alone,
reflecting the protein degradation in the absence of new protein
synthesis (Fig. 1D, top, left). On the contrary, simultaneous treat-
ment of cells with CHX and LY294002 maintained the amount of
PS1 up to 72 h after the treatment (Fig. 1D, top, right). These results
indicate that PI3K inhibition precludes the degradation of PS1 to
stabilize its protein expression. Conversely, the decrease in cellular
B-tubulin levels was comparable between the cells treated with
CHX alone and the cells simultaneously treated with CHX and
LY294002 (Fig. 1D, bottom), indicating LY294002 specifically stabi-
lize the level of PS1.

In order to rule out a possibility that PI3K inhibition caused gen-
eral inhibition of proteasome activity, thereby non-specifically
inhibiting the degradation of y-secretase components as well as
many other proteins, we measured the proteasome activity within
mouse primary cultured neurons under PI3K inhibition. Mouse pri-
mary cultured neurons were treated with vehicle, LY294002, or
lactacystin, a specific proteasome inhibitor, for 24 h followed by
the measurement of proteasome activity (Fig. 1E). There was no
significant difference in proteasome activity between in the cells
treated with the vehicle and LY294002, whereas significant de-
crease in proteasome activity was observed in the cells treated
with lactacystin. Thus, LY294002 stabilizes PS1/y-secretase com-
ponents by specifically inhibiting their degradation.

Since the level of PS1 is regulated by the ubiquitin-proteasome
system [13,18], we postulated that PI3K inhibition could have
altered the ubiquitination status of PS1, thereby stabilizing its
protein level. To test this, HEK293 cells were transfected with
wild-type PS1 and treated with either PI3K inhibitors (Wortmannin
or LY294002) or proteasome inhibitor (lactacystin). After the treat-
ment, cell lysates were fractionated into NP40 soluble or insoluble
fractions. Each fraction was immunoprecipitated with anti-PS1
antibody, followed by Western blotting with anti-ubiquitin
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Fig. 2. PI3K inhibition increases multiple mono-ubiquitination of PS1. (A) HEK293 cells were transfected with wild-type PS1 and treated with either PI3K inhibitors
(Wortmannin or LY294002) or a proteasome inhibitor (lactacystin). After the treatment, cell lysates were fractionated into NP40 soluble or insoluble fractions. Each fraction
was immunoprecipitated with anti-PS1 C-terminal antibody, followed by Westermn blotting with anti-ubiquitin antibody. Treatment with Wortmannin, LY294002, and
lactacystin increased ubiquitinated protein in the immunoprecipitates from NP40 soluble fraction (Upper left panel). Only lactacystin treatment increased total ubiquitinated
protein in the NP40 soluble lysate (Upper right panel). In the NP40 insoluble fraction, only lactacystin treatment increased ubiquitinated proteins both in the
immunoprecipitate (bottom left panel) and lysate (bottom right panel). (B) HEK293 cells were transiently co-transfected with wild-type human presenilin 1 and with HA-
tagged wild-type ubiquitin (HA-WT-Ub) or HA-tagged ubiquitin whose all lysine residues were replaced with arginine (HA-K0-Ub). Cells were treated either with vehicle or
LY294002 for 24 h. Cells were harvested and solubilized with 1% SDS to disrupt protein-protein interaction. After dilution of SDS concentration, lysates were
immunoprecipitated with anti-PS1 C-terminal antibody. Immunoprecipitates were analyzed by Western blotting using HA-tag antibody. Expression of HA-WT-Ub alone
accelerated the ubiquitination of PS1 (3rd lane), which was further enhanced by the treatment with 1Y294002 (4th lane). The expression of HA-KO-Ub alone did not enhance
the ubiquitination of PS1 (5th lane), whereas treatment with LY294002 drastically enhanced the ubiquitination (6th lane).

antibody (Fig. 2A). Interestingly, the ubiquitination of PS1 in the
NP40 soluble fraction was enhanced in the cells treated with either
of PI3K inhibitors {(Wortmannin or LY284002) (Fig. 2A, top left pa-
nel, lanes 4 and 5), compared to that in the cells treated with vehicle
(Fig. 2A, top left panel, lane 3). Neither Wortmannin nor LY294002
increased total ubiquitinated proteins in the NP40 soluble fraction,
and in the insoluble fraction (Fig. 2A, top and bottom right panels,
lanes 4 and 5), indicating that proteasome activity itself was not al-
tered by the treatment with these PI3K inhibitors (see also Fig, 1E).
On the contrary, lactacystin treatment expectedly increased the le-
vel of total ubiquitinated proteins in both soluble and insoluble
fractions (Fig. 2A, top and bottom right panels, lane 6), indicating
an effective inhibition of proteasome activity by the treatment.
Moreover, treatment with PI3K inhibitors did not increase the level
of ubiquitinated PS1 in the insoluble fraction (Fig. 2A, bottom left
panel, lanes 4 and 5), whereas lactacystin treatment did (Fig. 2A,
top left panel, lane 6).

These results suggest that the ubiquitination of PS1 under PI3K
inhibition might have different property from that observed under
proteasome inhibition. Ubiquitin is first linked to a target protein
via covalent bond between its C-terminus glycine residue {G76)
and a lysine (K) residue in the target protein. Ubiquitin chain is
subsequently achieved by the sequential conjugation of an internal
K residue of ubiquitin (i.e. K6, 11, 27, 29, 33, 48, or 63) to the G76
residue of a new ubiquitin. Polyubiquitin chains linked via K48 are
typically associated with protein degradation by the proteasome
[18,12,24]. On the other hand, multiple mono-ubiquitination,
achieved by the addition of multiple monomeric ubiquitin mole-
cules to K residues of target proteins has been attributed to various
other cellular functions [1,19}].

In order to assess the mode of PS1 ubiquitination in the pres-
ence of PI3K inhibitor, HEK293 cells were transiently co-transfec-
ted with wild-type PS1 together with either HA-tagged wild-type
ubiquitin (HA-WT-Ub) or HA-tagged ubiquitin whose all lysine res-
idues were replaced with arginine (HA-K0-Ub). HA-KO-Ub cannot
form covalent bond except for the terminal carboxyl residue, thus
considered to represent multiple mono-ubiquitination. Cells were
treated with either vehicle or LY294002, followed by the IP-Wes-
tern blotting to detect ubiquitinated PS1. In order to avoid a possi-
bility that immunoprecipitation with anti-PS1 antibody pulls down
PS1-interacting protein together with PS1, which contaminates the
‘true’ ubiquitination signal of PS1, cells were first lysed with high
concentration of SDS to disrupt the protein-protein interaction ex-
cept for covalent bonds. The lysates were subsequently diluted to
be applicable for IP. Expression of HA-WT-Ub alone enhanced the
ubiquitination of PS1 in our experimental system, which was fur-
ther accelerated in the presence of PI3K inhibitor, LY294002
(Fig. 2B). In contrast to the HA-WT-Ub expression, the expression
of HA-KO-Ub caused minimal ubiquitination of PS1 in the absence
of PI3K inhibition. Surprisingly, treatment with LY294002 mark-
edly increased the ubiquitination of PS1 by the HA-KO-Ub.
Although we could not rule out a possibility that the linkage be-
tween the K residue of the endogenous ubiquitin and the terminal
carboxyl residue of HA-KO-Ub formed polyubiquitin chains under
PI3K inhibition, these results suggest that PI3K inhibition could in-
duce multiple mono-ubiquitination of PS1.

Recent studies have shown that ubiquitination acts as a signal
for intracellular trafficking in addition to the proteasomal function
[1,19]. In order to prove that the PI3K inhibition and the protea-
some inhibition drive differential modes of ubiquitination, we
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Fig. 3. PI3K inhibition does not cause accumulation of PS1 in the aggresome. Primary neurons were treated with vehicle (DMSO), lactacystin or LY294002. After treatment,
cells were immunostained with antibodies against PS1 (green) and y-tubulin (red). Nucleus was stained with DAPI (blue). In control cells (top panels), PS1 is distributed
around the nucleus with minimal co-localization with y-tubulin, which represents immunoreactivity of a centrosome (arrows). After lactacystin treatment (middle panels),
prominent perinuclear co-localization of PS1 and y-tubulin (arrowheads) around the centrosome (arrows) was observed, indicating the accumulation of PS1 in the
aggresome. LY294002 (bottom panels) treatment did not enhance the co-localization of PS1 with y-tubulin (arrows).

investigated the intracellular localization of PS1 after PI3K, as well
as proteasome inhibition. Mouse primary cultured neurons were
triply stained with the anti-PS1 antibody, the anti-y-tubulin anti-
body and DAPI after vehicle, LY294002 or lactacystin treatment.
v-Tubulin was used as a marker of a centrosome or an aggresome,
as previously reported [13]. In control cells, PS1 immunoreactivity
was observed mainly in perinuclear area, probably reflecting ER
distribution (Fig. 3, top). y-Tubulin was visualized as a perinuclear
spot, representing the distribution of a centrosome (Fig. 3, top, ar-
rows). In cells treated with lactacystin, PS1 was largely colocalized
with +y-tubulin in the perinuclear area (Fig. 3, middle panels,
arrowheads), indicating the redistribution of PS1 to an aggresome,
which was formed around the centrosome (Fig. 3, middle panels,
arrows). Interestingly, in cells treated with LY294002, the perinu-
clear co-localization of PS1 with y-tubulin was negligible, whereas
PS1 was likely to be widely redistributed into the intracellular
membranes (Fig. 3C, bottom panels). y-Tubulin immunoreactivity
was similar to that in control cells (Fig. 3C, bottom panels, arrows),
reflecting the intracellular distribution of a centrosome. These re-
sults suggest that an accelerated ubiquitination of PS1 under
PI3K inhibition could alter the intracellular localization of PS1 in
a different fashion from that under proteasomal inhibition.

Since PS1/y-secretase is deeply involved in AP production, dee-
per knowledge into its metabolism under physiological as well as
pathological settings is important for investigating the pathogene-
sis of AD. In the present study, we have demonstrated that PI3K
inhibition leads to an accumulation of ubiquitinated PS1. This
accelerated ubiquitination after PI3K inhibition was suggested to
be different from the proteasome-targeting poly-ubiquitination
of PS1, because of following experimental results: (1) Protein levels
of PS1/y-secretase were increased rather than decreased after PI3K
inhibition. (2) The mode of ubiquitination was considered to be the
multiple mono-ubiquitination rather than the poly-ubiquitination
according to the HA-KO-Ub experiment. (3) An accelerated ubiqui-
tination of PS1 after PI3K inhibition led to different intracellular
distribution of PS1 from that observed after proteasomal inhibi-
tion. Thus, it can be postulated that the multiple-mono-ubiquitina-
tion of PS1 after PI3K inhibition could have altered the subcellular
distribution of PS1, thereby segregating it from proteasome-medi-
ated degradation, although the precise localization of PS1 after
PI3K inhibition was not clarified in this study. It has previously
been demonstrated that PS1 is degraded by the proteasome upon
binding of msel-10 and following poly-ubiquitination [16]. It is un-

clear whether msel-10 is involved in the multiple-mono-ubiquiti-
nation of PS1 under PI3K inhibition. In addition, whether GSK-
3B-mediated direct phosphorylation of PS1 [14,22,23] is involved
in this mode of ubiquitination needs to be clarified. The physiolog-
ical significance of the ubiquitination of PS1 under PI3K inhibition
can be an interesting target of future study.
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