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Figure 3. Large-scale analysis of CpG sites of APP, MAPTand GSK3B in three different brain regions. All the samples described in Table 2 was used for analyses. NC,
openbars; AD, closed bars. (A, D and G) APP; (B, E and H) MAPT, (C, F andI) GSK3B. (A—C) Temporal lobe; (D—F) parietal lobe; (G-I) cerebellum. Bar = SEM.
Two-way ANOVA and Bonferroni’s multiple comparison tests revealed statistical significance. *P < 0.05, **P < 0.01, ***P < 0.001.

that the results were not biased by age or sex. Direct genome se-
quencing excluded any single nucleotide polymorphisms in the
analyzed regions. Since large numbers of AD patients take
choline esterase inhibitors (ChEI), it raises the possibility that
such drugs could affect the results. However, our initial screen-
ing process (shown in Figs 1 and 2), which was carried out on
samples obtained before the approval of donepezil, the first
ChEI, in October 1999 in Japan, eliminates this possibility.
Thus, we concluded that the CpG alterations observed in AD
brains are indeed reflecting the underlying pathological process.

CpGs identified in the analysis were located at different pos-
ition relative to exons and transcription initiation sites (Fig. 7).
CpG methylation at the 5’ promoter region is associated with
low transcription factor binding that reduces transcription,
whereas CpG methylation in other regions could be associated
with enhanced transcriptional activity (23—25). Our in vitro ex-
periment data showed higher methylation results had differential
effects on gene expression, which is in accordance with these
previous findings. Regardless of the CpG methylation alteration,
we found all methylation changes in AD brains were associated
with an increased expression of 4PP and MAPT. Furthermore,

our FACS experiment clearly demonstrates that those changes
resulted in expression occur in both neuronal and non-neuronal
cells. We were initially concerned that significant neuronal
loss in AD brains could bias the result. However, comparison
of FACS event did not show significant difference in the
NeuN+/NeuN — ratio between the NC and AD group, indicat-
ing that the neuronal loss did not contribute to epigenetic alter-
ation observed in bulk derived DNA.

Our present finding is of particular interest since increased
APP production and MAPT can be directly linked to AD patho-
genesis. As for GSK3B, we could not determine the effect of
hypermethylation in our in vitro experiments; however, consid-
ering the position of GSK3B 78-82 (Fig. 7C), we speculate that
hypermethylation may act as a gene expression Suppressor.
Based on the FACS result, GSK3B down-regulation can occur
mainly in non-neuronal cells, which in turn might provide
some protection against abnormal tau phosphorylation com-
pared with neuronal cells; this is compatible with neuropatho-
logical findings that neurofibrillary tangles (NFTs) are seldom
found in glial cells of the AD brain while large number of
neurons harbors NFTs (26).
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Figured4. Results of FACS sorting and pyrosequencing analyses. NeuN-positive (+) are neuronal and NeuN-negative ( — ) are non-neuronal cells. (A) APP, (B) MAPT,
(C) GSK3B. Two-way ANOVA and Bonferroni’s multiple comparison tests revealed statistical significance. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 5. Results of TALE-DNMT3a construct transfection. Two different constructs coding APP CpGs and one against MAPT CpGs were transfected into 293 T
cells, which were then incubated for 48 h. RNA and DNA were simultaneously extracted and subjected to gPCR and pyrosequencing. (A and B) TALE construct
against APP. (C) TALE construct against M4 PT. Fold % methylation was calculated as the relative value of methylation comparing the wild-type DNMT3a construct
against the methylation-defective mutant. Average value from three independent experiments are shown (bar = SEM). Insets are gPCR expression assay results
(DNMT V777G mutant = 100). *P = 0.001, **P = 0.0020, ***P < 0.0001. (D) Actual methylation measurement value (average and SD) of region of interest
upon transfection of the constructs are shown. *P < 0.05 versus mt, **P < 0.01 versus mt.
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Since our results are considering relatively low methylation
level differences between AD and NC brains, it could raise the
concern of pathological significance. For this reason, the results
were further analyzed by bisulfite cloning and sequencing of
APP and MAPT in a limited numbers of samples. This revealed
some heavily methylated clones among fully unmethylated
clones in the AD samples (Supplementary Material, Fig. S§),
thus suggesting that a small percentage of abnormally methylated
cells are located among normal cells in AD brains. This result sup-
ports the aggregation propagation hypothesis that proposes aggre-
gation seed formed somewhere in the brain spreads to other areas
(27), that these ‘abnormally’ methylated cells could serve as seed
clones for aggregated protein production. Regional differences
observed in this study that most of the methylation differences
were observed only in the temporal lobe, where AD pathology
usually begins, could also be supportive of the aggregation propa-
gation hypothesis. Our result suggests that there are nearly 2—5%
of abnormally methylated cells in the AD temporal cortex. Those
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Figure 6. Subgroup analysis of the APP methylation status in temporal lobe
samples by the presence or absence of APOE g4 (APOE4). Overall significance
was tested by two-way ANOVA and Bonferroni’s multiple comparison tests,
which revealed a statistically significant positive relationship *P < 0.0001
versus NC APOE4—, P = 0.0333 versus AD APOE4+, **P = 0.0015 versus
NC APOE4~—, ***P < 0.005 versus NC APOE4—. We analyzed 64 NC
APOE4~— 10 NC APOE4+, 27 AD APOE4 — and 29 AD APOE4+ cases.

cells overproduce APP and MAPT, which could aggregate locally
and further spread to adjacent areas of the brain where abnormal
seed cells are less abundant. This is further supported by the
data shown in Figure 5D that even increase in <10% methylation
level can associate with expression alteration, which is due to low
transfection and expression efficiency resulting in similar situ-
ation observed in the brain that a few abnormally methylated
cells are present among normal cells.

Several genes are considered risk factors for AD; APOE, espe-
cially the 4 genotype, confers the strongest risk. This has been
shown to affect the disease pathogenesis by impairing AB clear-
ance. Approximately 60% of patients with sporadic AD have this
allele (28); however, possession of the £4 allele does not guaran-
tee that an individual will develop AD. Similarly, a significant
portion of patients with AD has &3 alleles, which does not in-
crease the risk of dementia (29). Thus, it is of great interest to
identify AD risk factors for the APOE e4-negative population.
Our results suggest a potential role of epigenetic alterations in
the disease pathogenesis, especially in the APOE e4-negative
AD population. APOE is a protein related to AB clearance,
while the E4 protein is reported to be less effective at this task
(30); for this reason, it is thought to play a major role in A§ ac-
cumulation in APOE &4 cases. Thus, in APOE e4-negative indi-
viduals, it may be increased APP production rather than less
effective APOE that is related to the disease pathogenesis.

AD is the most prevalent neurodegenerative disease among the
elderly and is characterized by the slow progressive decline in
memory and executive function, both of which impair the
patient’s quality of life. As a result of the growing aging popula-
tion in both developed and developing countries, the number of
AD patients will increase dramatically by the year 2050, and the
subsequent impact of this on the world economy will be disastrous
(31). Existing symptomatic treatments do not change the under-
lying disease process or halt symptomatic progression (32). Spor-
adic AD pathogenesis is still unclear, but it is assumed to be
somewhat similar to the FAD disease process. Here, we report a
novel epigenetic alteration that specifically occurs in sporadic
AD patient brains. This result pathomechanistically links FAD
and sporadic AD. We hope this finding improves our
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Figure 7. Structures of CpG islands analyzed in this study. Each vertical bar represents a CpG. Regions translated to mRNAs are shown as ‘exon’, and the first ATG
positions are shown. Detected CpG regions are located below the sequences. (A) APP, (B) MAPT, (C) GSK3B.



understanding of AD and can lead to better therapies for this de-
bilitating disease.

MATERIALS AND METHODS

Sample preparation and pyrosequencing

Post-mortem brains were obtained with written consent from
patient families, and frozen at —80°C until use. Fifty NC, AD
and DLB subjects were obtained from Tokyo Metropolitan Geri-
atric Hospital brain bank, 16 NC and 10 AD were from Univer-
sity of Tsukuba and 30 NC and 2 AD were from the University of
Tokyo. The research was approved by the ethics committee of
the University of Tokyo (#2183-6). Unless otherwise noted,
gray matter from the inferior temporal lobe, the superior parietal
lobe and the cerebellum were excised, and DNA was extracted
using the DNeasy Blood and tissue kit (Qiagen, Hilden,
Germany), as according to the manufacturer’s protocol. After
extraction, DNA concentration was measured using a Qubit
dsDNA BR assay kit (Invitrogen, Carlsbad, CA, USA). Next,
500 ng genomic DNA was subjected to the Epitect Bisulfite
Kit (Qiagen) and eluted with 40 pl buffer. Next, 0.5 ul of the
post-bisulfite reaction eluate was amplified via polymerase
chain reaction (PCR) with a Pyromark PCR Kit (Qiagen), sub-
jected to pyrosequencing with a Pyromark Q24 analyzer
(Qiagen), and the result was analyzed with the Pyromark Q24
software (Qiagen). The list of PCR primers, sequencing
primers and analysis settings are shown in Supplementary Ma-
terial, Table S1. Primer sets for pyrosequencing were designed
by the Pyromark Assay Design 2.0 software (Qiagen). EpiTect
PCR Control DNA set (Qiagen) was used for primer calibration.

Statistical analyses

Statistical analyses were performed using the Graphpad Prism
software (Graphpad Software, La Jolla, CA, USA). Statistical
significance was tested by #-test and two-way ANOVA with
Bonferroni’s multiple comparison tests. Correlation analysis
was tested by Pearson product-moment correlation coefficient
analysis.

Neuropathological diagnosis

According to established criteria by Braak and McKeith
(33-35), trained neuropathologists made diagnosis of AD,
DLB or NC using hematoxylin—eosin, Nissl and silver staining,
as well as immunostainings. Diagnosis of AD was based on
Braak stage >3 and amyloid stage >B. DLB samples were at
Lewy body score >4, Braak stage <3 and amyloid stage <B.

CpG island detection

CpG islands were detected using the CpG island searcher
software (www.uscnorris.com/cpgislands/) (12).

Quantitative PCR

Cells were cultured under 5% CO, and 95% air, and kept at 37°C
in ATCC recommended medium conditions. Cultured cells
included 293, 293T, BE-(2)-C, H4, HeLa, HeLa-S3, IMR-32,
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SH-SYS5Y and SK-SN which were used in Supplementary Ma-
terial, Figure S5 experiments. Cells were treated with TRIzol
reagent (Invitrogen, Carlsbad, CA, USA) to extract RNA and
DNA. A total of 1 pg total RNA per sample was reverse tran-
scribed with Rever-Tra-ACE (Toyobo, Osaka, Japan) and ana-
Iyzed by a Tagman assay using Hs00902194_ml1 (MAPT),
Hs01552283_ml1 (4PP), Hs01047719_ml (GSK) and Hu
GAPDH probe sets (Applied Biosystems, Foster City, CA,
USA) in the 7900HT Fast Real-time PCR system (Applied Bio-
systems). Each individual experiments were assayed in quadru-
plicate and average values were used for further statistical
analysis.

APOE genotyping

APOE genotyping was performed with a Taqman assay using
probes C_3084793_20 and C_904973_10 (Applied Biosystems).

FACS nucleus sorting

FACS sorting was performed according to a published protocol
(13). One hundred to 200 mg of brain tissue were processed to
obtain 100 000—2 000 000 events following NeuN antibody
staining.

TALE construct

TALE constructs were made with the TALE toolbox kit
(Addgene, Cambridge, MA, USA). The target sequences for
APP were 5'-TGCCGAGCGGGGTGGGCCGG-3' and 5'-TGG
GCCGGATCAGCTGACTC-3'. The target sequence for MAPT
was 5'-TTCTCCTCCGGCCACTAGTG-3'. The TALE effector
sequence was confirmed by direct sequencing. DNMT3a cDNA
(FXC03883) was purchased from Kazusa DNA Research
Institute (Kisarazu, Ciba, Japan). The V777G mutation was
introduced by PCR. Transfection was performed by Lipofecta-
mine2000 (Lifetechnologies, Carlsbad, CA, USA) following
manufacturer’s protocol.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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The aim of this paper is to reveal the causes of death and to verify sudden death of Parkinson's disease (PD) in an
autopsy study. We reviewed the clinical data and the causes of death in 16 PD patients who had postmortem
examinations. Prior to autopsy, nine patients died of known causes: five patients died of aspiration pneumonia,
two of myocardial infarction, one of asphyxia, and one of dilated cardiomyopathy. Autopsy confirmed that the
putative causes of death were compatible with the pathological ones. The remaining seven patients died sudden-
ly of unknown causes. Autopsy revealed that the causes of death were asphyxia in two patients and perforation of

gg;gﬁgg;’-s disease a duodenal ulcer in one patient. Autopsy did not determine the causes of unknown death in the remaining four
Lewy body disease patients. Consequently, autopsy revealed that eight patients died of swallowing problems such as aspiration
Autopsy pneumnonia and asphyxia, four of sudden death, three of cardiac problems, and one of a gastrointestinal problem.
Necropsy Although there was a bias that all patients had a postmortem examination, our study revealed that several PD
Pathology patients died of sudden death without any satisfactory causes of death determined even by autopsy. Therefore,
Sudden death we propose that a non-negligible number of PD patients die of sudden death.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction 2. Materials and methods

The most common cause of death in Parkinson's disease (PD) is aspi-
ration pneumonia [1-9]. Most PD patients die of swallowing problems
such as aspiration pneumonia and asphyxia. Several papers have also
described sudden death in PD [10-12]. In particular, Rajput and
Rozdilsky (1976) reported that their necropsy study revealed that one
out of six PD patients died suddenly without any satisfactory causes of
death [10]. Sato et al. (2006) reported that 10 out of 131 PD patients
died of sudden death (7.6%) [12,13]. However, autopsies were not
conducted to investigate the true causes of death in their study [12,
13]. Therefore, there are few pathological studies on sudden death in
PD patients.

Here, to reveal the causes of death and to verify sudden death of PD,
we reviewed the clinical data and the causes of death in 16 PD patients
who had postmortem examinations. On the basis of the results, we
propose that a non-negligible number of PD patients die of sudden
death.

* Corresponding author at: Department of Neurology, Japanese Red Cross Medical
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We reviewed 451 serial autopsy cases from 1991 to 2006 in
Yokohama Rosai Hospital to extract definite PD cases that were con-
firmed by the pathological findings [14]. This autopsy study was con-
ducted only if the patient's family agreed with our recommendation
on autopsy. All the patients fulfilled the criteria of idiopathic PD accord-
ing to the British Parkinson's Disease Society Brain Bank Criteria [15].
The patients who fulfilled the criteria of dementia with Lewy bodies
were excluded [16]. The brain and spinal cord were removed from the
body and the tissue was fixed in 20% buffered formalin. After gross in-
spection, the appropriate areas were processed for deparaffinized and
6-um-thick sections were stained with hematoxylin~eosin (HE) and
Kliiver-Barrera methods. The pathological diagnosis of PD was based
on finding a clear depletion of brainstem pigmented neurons with
Lewy bodies [15]. In the 16 total PD patients (12 males and 4 females),
a diagnosis of PD was confirmed by both clinical and pathological
findings. The clinical characteristics of the 16 PD patients are shown in
Table 1. The mean + standard deviation (SD) age of death in PD pa-
tients was 72.8 + 8.4 years (range: 48-84 years) and that of onset
was 63.6 + 10.9 years (range: 41-77 years). The duration of disease
was 10.2 & 6.1 years (range: 1-22 years). Hoehn and Yahr stage ranged
from 3 to 5 (stage 3: 2 patients, stage 3.5: 2 patients, stage 4: 2 patients,
and stage 5: 10 patients). All patients had taken anti-Parkinsonian
drugs. Written informed consent to conduct an autopsy study was
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Table 1

Clinical characteristics and causes of death in 16 patients with PD proven by autopsy.

Cause of death
{pathological)
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obtained from all families of the patients. The present study was con-
ducted in accordance with the ethical standards of the Declaration of
Helsinki.

To identify the cause of death in PD patients, all of the major organs
in the body were retrieved for the pathological examination. We de-
fined the cause of death as ‘sudden death’ when no satisfactory causes
of death were revealed even by autopsy. We also retrospectively inves-
tigated the clinical features by reviewing the charts of inpatients and
outpatients as follows: resting tremor, rigidity, akinesia, laterality of
onset, postural instability, dementia, autonomic dysfunctions, and
response to levodopa.

3. Results
3.1. Clinical characteristics and cause of death

Table 1 shows the clinical characteristics and causes of death in the
16 PD patients. Prior to autopsy, nine PD patients died of presumable
causes: five patients died of aspiration pneumonia (cases 3, 8, 11, 13,
and 15), two of myocardial infarction (cases 12 and 16), one of asphyxia
(case 9), and one of dilated cardiomyopathy (case 5). Autopsy con-
firmed that the putative causes of death were compatible with the path-
ological ones. The remaining seven patients died suddenly of unknown
causes (cases 1, 2, 4, 6,7, 10, and 14). Autopsy revealed that the causes
of death were asphyxia in two patients (cases 2 and 10) and perforation
of a duodenal ulcer in one patient (case 6). Autopsy did not reveal the
causes of sudden death in the remaining four patients (cases 1, 4, 7,
and 14). Consequently, autopsy revealed that eight patients died of
swallowing problems such as aspiration pneumonia and asphyxia,
four of sudden death, three of cardiac problems, and one of a gastroin-
testinal problem.

Although the retrospective review did not find several descriptions,
it revealed the following clinical findings in the period from disease
onset to death: resting tremor was described in 11 out of 14 patients
(except for cases 8, 11, and 14), rigidity in 14 out of 14 patients, akinesia
in 14 out of 14 patients, laterality of onset in 13 out of 13 patients, pos-
tural instability in seven out of seven patients, dementia in 11 out of 15
patients (except for cases 5, 6, 10, and 16, who were Hoehn and Yahr
stage 3 or 3.5), autonomic dysfunctions in 10 out of 11 patients (except
for case 5, who was Hoehn and Yahr stage 3), and good response to
levodopa in 10 out of 16 patients (except for cases 2, 3, 10, 11, 14, and
15).

The autonomic dysfunctions were constipation in seven out of eight
patients (cases 6, 8, 12, 13, 14, 15, and 16), urinary disturbance in five
out of six patients (cases 2, 8, 11, 14, and 16), and orthostatic hypoten-
sion in four out of five patients (cases 2,4, 8, and 15). Bilateral vocal cord
palsy with obstructive sleep apnea was observed in one patient (case
12). The duration from disease onset to dementia was 7.0 3 4.3 years
(range: 2-14 years). Dementia was observed only in patients with
Hoehn and Yahr stage 4 or 5.

3.2. Cases of sudden death

In the following four cases, we could not find any satisfactory causes
of death in the clinical and pathological findings. The mean + SD age of
sudden death was 77.3 + 6.8 years (range: 68-84 years) and that of
onset was 69.5 + 7.6 years (range: 59-76 years). The duration of
disease was 8.8 + 1.3 years (range: 7-10 years). Hoehn and Yahr
stage was 4 or 5. Autonomic dysfunctions were described in two pa-
tients (cases 4: orthostatic hypotension, case 14: urinary disturbance),
although there were no descriptions on autonomic dysfunctions in the
other two patients. The corrected-QT (QTc) interval was prolonged in
two out of three patients (cases 4 and 14). We described the actual
clinical situations of sudden death.
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Case 1. The patient was a 76-year-old-male who presented with trem-
or. His past histories were unremarkable. The diagnosis of Parkinson's
disease was made. At the age of 84, he became bedridden. Although
he was admitted to our hospital to control his anti-Parkinsonian medi-
cines, he went into cardiopulmonary arrest the next morning. His
Hoehn and Yahr stage was 5. Total disease duration was nine years.
Anti-Parkinsonian medicines at the time of death were levodopa-
carbidopa 400 mg, bromocriptine 2.5 mg, amantadine 150 mg, and
trihexyphenidyl hydrochloride 6 mg. The other medicines and QTc in-
terval were unknown.

Case4. The patient was a 69-year-old-male who presented with tremor
and gait disturbance. His past history was urinary calculus. The diagno-
sis of Parkinson's disease was made. At the age of 77, he showed loss of
appetite and difficulty in walking. He was admitted to our hospital to
control his anti-Parkinsonian medicines. Head-up tilt test showed se-
vere orthostatic hypotension (systolic blood pressure decreased from
138 mm Hg to 62 mm Hg). Plasma noradrenaline (NA) and vasopressin
(ADH) did not change during the test (pre-standing NA 0.36 ng/ml,
post-standing NA 0.37 ng/ml; pre-standing ADH 1.89 pmol/l, post-
standing ADH 1.93 pmol/l). During the hospitalization, he died suddenly
in the supine position in bed with his eyes open in front of doctors. His
Hoehn and Yahr stage was 4. Total disease duration was nine years.
Anti-Parkinsonian medicines were levodopa-carbidopa 600 mg and
droxidopa 900 mg. The other medicines were midodrine hydrochloride
6 mg for orthostatic hypotension, flunitrazepam 1 mg for insomnia, and
sennoside (tablet) 24 mg for constipation. QTc interval was 480 ms
(>450 ms).

Case 7. The patient was a 59-year-old-female who presented with gait
disturbance and akinesia. Her past history was unremarkable. At the age
of 64, the diagnosis of Parkinson's disease was made. At the age of 67,
she became bedridden due to femoral neck fracture. At the age of 68,
she complained of a loss of appetite in the morning. In the evening,
her caregiver found her in cardiopulmonary arrest at her house. She
was transferred to our hospital, although she had already died. Her
Hoehn and Yahr stage was 5. Total disease duration was 10 years.
Anti-Parkinsonian medicines were levodopa-carbidopa 200 mg and
trihexyphenidyl hydrochloride 4 mg. The other medicines were halo-
peridol 0.75 mg for agitation, clotiazepam 5 mg for insomnia, and
sennoside (tablet) 24 mg for constipation. QTc interval was 433 ms
(<450 ms).

Case 14. The patient was a 74-year-old-male who presented with gait
freezing. His past history was benign prostatic hypertrophy surgically
cured. At the age of 75, the diagnosis of Parkinson's disease was made.
At the age of 80, he became bedridden and he was admitted to our
hospital for treatment of aspiration pneumonia. A few days following
post-recovery discharge, he suddenly lost consciousness and went
into cardiopulmonary arrest after eating a negligible amount of rice.
He was transferred to our hospital, although he had already died. His
Hoehn and Yahr stage was 5. Total disease duration was seven years.
Anti-Parkinsonian medicines were pergolide mesilate 150 pg and
amantadine 100 mg. The other medicines were tiapride hydrochloride
25 mg for agitation, etizolam 0.5 mg for insomnia, and sennoside
(granule) 1 mg for constipation. QTc interval was 454 ms (>450 ms).

4. Discussion

This paper described the following findings: (i) the most common
cause of death was swallowing problems, aspiration pneumonia or as-
phyxia, (ii) the second most common cause of death was sudden
death, (iii) some patients did not exhibit resting tremor before death,
(iv) all patients exhibited rigidity, akinesia, and postural instability be-
fore death, (v) all patients with Hoehn and Yahr stage 4 or 5 exhibited
dementia, (vi) average duration from disease onset to dementia was

approximately seven years, (vii) almost all patients exhibited some au-
tonomic dysfunctions except in a relatively young and mild case (case 5:
the age of death was 48 years and Hoehn and Yahr stage was 3), and
(viii) response to levodopa was not always good. Our study revealed
that four out of 16 PD patients died of sudden death without any satis-
factory causes of death determined even by autopsy. In the present
study, there must be a bias for this high frequent sudden death, because
all families requested a postmortem examination. Additionally, we ana-
lyzed only the PD patients who had a postmortem examination and did
not show the clinical incidence of sudden death in PD patients who did
not have a postmortem examination. Actually, the previous large clini-
cal studies mentioned that only 10 out of 131 PD patients died of sudden
death (7.6%) [12,13]. Thus, the actual incidence of sudden death would
be less than that in our study. However, there are very few previous pa-
pers regarding sudden death in PD patients. In particular, there are few
pathological studies on sudden death. Here, we discuss the causes of
sudden death, which is the most important finding in our study. As as-
sumed easily, the true causes of sudden death must be heterogeneous.

In our four cases, the clinical situations did not suggest any clues on
the definite causes of sudden death. However, all these cases certainly
died without any putative causes of death. The age at death and the
disease severity in all cases with sudden death were relatively high, sug-
gesting that these factors might be related to the mechanisms of sudden
death. We assume that orthostatic hypotension might be related to
sudden death as follows.

Actually, in one patient who died of sudden death (case 4), head-up
tilt test showed that the plasma NA and ADH did not change during an
abrupt drop in blood pressure, i.e. severe orthostatic hypotension, sug-
gesting the neurogenic orthostatic hypotension due to the impairment
of both post-ganglionic efferent fibers and afferent fibers in sympathetic
nervous systems. Although the head-up tilt test was conducted only for
the one patient, it suggests that orthostatic hypotension may be one of
the causes of sudden death. Sato et al. (2006) reported that 10 out of
131 PD patients died of sudden death (7.6%) and that three out of the
10 patients died in the bathtub [12,13]. On the basis of the high frequen-
cy of death in the bathtub, they assume that one of the causes of sudden
death might be related to orthostatic hypotension, because the vasodi-
lation effect experienced in the bathtub could lead to fatal syncope in
patients with severe orthostatic hypotension [13]. It is reported that
severe syncope can cause cardiac sudden death [17]. Moreover, anti-
Parkinsonian medicines such as levodopa and dopamine receptor
agonists can exacerbate orthostatic hypotension [18,19].

On the other hand, QTc interval was prolonged in two patients who
died of sudden death (cases 4 and 14). The prolongation of the QTc in-
terval is well known as a risk factor of cardiac sudden death [20]. It is
also reported that the QTc interval in PD patients was prolonged
compared to that in normal controls [11,21,22]. Ishizaki et al. (1996)
also reported that the QTc interval in two PD patients who died of sud-
den death was prolonged. Furthermore, drug-induced QTc prolongation
is also well known as a risk factor of cardiac sudden death. Amantadine,
taken by two patients in sudden death (cases 1 and 14), and psychotro-
pic medicines, taken by three patients in sudden death (cases 4, 7, and
14), also could prolong the QTc interval {23,24]. Therefore, we propose
the possibility that the prolongation of the QTc interval also might
cause cardiac sudden death.

On the basis of our study, we assume that some of the true causes of
sudden death may be related to orthostatic hypotension and QTc
prolongation. To evaluate orthostatic hypotension, the various exami-
nations on autonomic nervous system such as head-up tilt test, coeffi-
cient of variation of RR intervals (CVRR), heart rate variability (HRV),
and '?*l-metaiodobenzylguanidine (MIBG) scintigraphy may be useful.
To measure QTc interval, conventional electrocardiogram (ECG) is
needed. Justifiably, there must be a lot of true causes of sudden death
other than our assumptions. Furthermore, sudden death may be
overlooked when interpreted as death from natural causes according
to the insufficient postmortemn examinations. To identify the true causes
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of sudden death and to draw a final conclusion of the death from natural
causes scientifically, a prospective study using clinical and pathological
examinations including head-up tilt test, CVRR, HRV, MIBG scintigra-
phy, and QTc interval must be required.

In conclusion, our retrospective autopsy study revealed that eight
out of 16 PD patients died of swallowing problems, whereas four out
of 16 PD patients died of sudden death. Although there is a bias derived
from a postmortem examination, we propose that a non-negligible
number of PD patients die of sudden death.

Conflict of interest
There is no conflict of interest.

References

[1] Ben-Shlomo Y, Marmot MG. Survival and cause of death in a cohort of patients with par-
kinsonism: possible clues to aetiology? ] Neurol Neurosurg Psychiatry 1995,58:293-9.

[2] Wermuth L, Stenager EN, Stenager E, Boldsen J. Mortality in patients with
Parkinson's disease. Acta Neurol Scand 1995;92:55-8.

[3] Nakashima K, Maeda M, Tabata M, Adachi Y, Kusumi M, Ohshiro H. Prognosis of
Parkinson's disease in Japan. Tottori University Parkinson's Disease Epidemiology
(TUPDE) Study Group. Eur Neurol 1997;38:560~3.

[4] Hely MA, Morris ]G, Traficante R, Reid WG, O'Sullivan DJ, Williamson PM. The
Sydney multicentre study of Parkinson's disease: progression and mortality at
10 years. | Neurol Neurosurg Psychiatry 1999;67:300-7.

[5] Beyer MK, Herlofson K, Arsland D, Larsen JP. Causes of death in a community-based
study of Parkinson's disease. Acta Neurol Scand 2001;103:7-11.

{6] Chen RC, Chang SF, Su CL, Chen TH, Yen MF, Wu HM, et al. Prevalence, incidence, and
mortality of PD: a door-to-door survey in llan county, Taiwan. Neurology
2001;57:1679-86,

[7] Fall PA, Saleh A, Fredrickson M, Olsson JE, Granérus AK. Survival time, mortality, and
cause of death in elderly patients with Parkinson’s disease: a 9-year follow-up. Mov
Disord 2003;18:1312-6.

[8] D'Amelio M, Ragonese P, Morgante L, Reggio A, Callari G, Salemi G, et al. Long-term
survival of Parkinson's disease: a population-based study. ] Neurol 2006;253:33-7.

[9] Pennington S, Snell K, Lee M, Walker R. The cause of death in idiopathic Parkinson's
disease. Parkinsonism Relat Disord 2010;16:434-7.

[10] Rajput AH, Rozdilsky B. Dysautonomia in Parkinsonism: a clinicopathological study. ]
Neurol Neurosurg Psychiatry 1976;39:1092-100. )

[11} Ishizaki F, Harada T, Yoshinaga H, Nakayama T, Yamamura Y, Nakamura S. Prolonged
QTc intervals in Parkinson's disease—relation to sudden death and autonomic dys-
function. No To Shinkei 1996;48:443-8 [Japanese].

[12] Sato K, Hatano T, Yamashiro K, Kagohashi M, Nishioka K, Izawa N, et al. Prognosis of
Parkinson's disease: time to stage I, IV, V, and to motor fluctuations. Mov Disord
2006;21:1384-95.

[13] lzawa N, Hattori N. Cause of death and sudden death in Parkinson's disease. Neurol
Med 2007;66:98-102 {Japanese].

[14] Matsumoto H, Sengoku R, Saito Y, Imafuku I, Murayama S. Parkinson Disease Brain
Resource Network (PDBRN)~a report from a regional center hospital. Neuropathol-
ogy 2006;26:A56.

[15] Hughes AJ, Daniel SE, Kilford L, Lees AJ. Accuracy of clinical diagnosis of idiopathic
Parkinson's disease: a clinicopathological study of 100 cases. ] Neurol Neurosurg
Psychiatry 1992;55:181-4.

[16] McKeith 1G, Dickson DW, Lowe J, Emre M, O'Brien JT, Feldman H, et al. Diagnosis and
management of dementia with Lewy bodies: third report of the DLB Consortium.
Neurology 2005;65:1863~72.

[17] Grubb BP, Temesy-Armos P, Moore ], Wolfe D, Hahn H, Elliot L. Head-upright tilt-
table testing in evaluation and management of the malignant vasovagal syndrome.
Am | Cardiol 1992;69:904-8.

[18] Pfeiffer R. Optimization of levodopa therapy. Neurology 1992;42:539-43.

[19] Perez-Lioret S, Rascol O. Dopamine receptor agonists for the treatment of early or
advanced Parkinson's disease. CNS Drugs 2010;24:941-68.

{20] Straus SM, Kors JA, De Bruin ML, van der Hooft CS, Hofman A, Heeringa J, et al.
Prolonged QTc interval and risk of sudden cardiac death in a population of older
adults. ] Am Coll Cardiol 2006;47:362-7.

[21] Deguchi K, Sasaki 1, Tsukaguchi M, Kamoda M, Touge T, Takeuchi H, et al. Abnormal-
ities of rate-corrected QT intervals in Parkinson's disease-a comparison with
multiple system atrophy and progressive supranuclear palsy. ] Neurol Sci
2002;199:31-7.

[22] Cunnington AL Hood K, White L. Outcomes of screening Parkinson's patients for QTc
prolongation. Parkinsonism Relat Disord 2013;19:1000-3.

[23] Schwartz M, Patel M, Kazzi Z, Morgan B. Cardiotoxicity after massive amantadine
overdose. | Med Toxicol 2008;4:173-9.

[24] Goodnick PJ, Jerry J, Parra F. Psychotropic drugs and the ECG: focus on the QTc inter-
val. Expert Opin Pharmacother 2002;3:479-98.



Journal of Alzheimer’s Disease 41 (2014) 1031-1038 1031
DOI 10.3233/JAD-140225
108 Press

Short Communication

Lack of Genetic Association Between
TREM? and Late-Onset Alzheimer’s Disease
in a Japanese Population

Akinori Miyashita®*, Yanan Wen?, Nobutaka Kitamura®, Etsuro Matsubara®!,

Takeshi Kawarabayashi®, Mikio Shoji®, Naoki Tomita, Katsutoshi Furukawa®, Hiroyuki Arai¢,
Takashi Asada®, Yasuo Harigayaf, Masaki Ikeda2, Masakuni Amari®, Haruo Hanyu”, Susumu Higuchi',
Masatoyo Nishizawal, Masaichi Suga®, Yasuhiro Kawase!, Hiroyasu Akatsu™2, Masaki Imagawa®,
Tsuyoshi Hamaguchi®, Masahito Yamada®, Takashi MoriharaP, Masatoshi TakedaP, Takeo Takao?,
Kenji Nakata’, Ken Sasaki”, Ken Watanabe®, Kenji Nakashima', Katsuya Urakami", Terumi Ooya",
Mitsuo Takahashi®, Takefumi Yuzuriha®, Kayoko Serikawa?, Seishi Yoshimoto®, Ryuji Nakagawa?,
Yuko Saito?, Hiroyuki Hatsuta®®, Shigeo Murayama?®, Akiyoshi Kakita®, Hitoshi Takahashi®,
Haruyasu Yamaguchi®, Kohei Akazawa®, Ichiro Kanazawa%, Yasuo Thara®, Takeshi Ikeuchi?

and Ryozo Kuwano®**

aDepartment of Molecular Genetics, Brain Research Institute, Niigata University, Niigata, Japan

Y Department of Medical Informatics, Niigata University, Niigata, Japan

¢Department of Neurology, Hirosaki University Graduate School of Medicine, Hirosaki, Japan

dDepartment of Geriatric and Complementary Medicine, Tohoku University Graduate School of Medicine,
Sendai, Japan ,

€Department of Psychiatry, University of Tsukuba, Tsukuba, Japan

f Department of Neurology, Maebashi Red Cross Hospital, Maebashi, Japan

€Department of Neurology, Gunma University Graduate School of Medicine, Maebashi, Japan

Y Department of Geriatric Medicine, Tokyo Medical University, Tokyo, Japan

Accepted 7 March 2014

IPresent address: Department of Neurology, Oita University Fac-
ulty of Medicine, Yufu, Japan.

2Present address: Department of Medicine for Aging Place Com-
munity Health Care/Community-Based Medical Education, Nagoya
City University Graduate School of Medical Sciences, Nagoya,
Japan.

*Correspondence to: Ryozo Kuwano, 1-757 Asahimachi, Chuo-
ku, Niigata, Niigata 951-8585, Japan. Tel.: +81 25 227 2274; Fax:
+81 25227 0793; E-mail: ryosun@bri.niigata-u.ac.jp (R. Kuwano);
and Akinori Miyashita, 1-757 Asahimachi, Chuo-ku, Niigata 951-
8585, Japan. Tel.: +81 25 227 2344; Fax: +81 25 227 0793; E-mail:
miyashi @bri.niigata-u.ac.jp.

ISSN 1387-2877/14/$27.50 © 2014 — 10S Press and the authors. All rights reserved



1032 A. Miyashita et al. / No Association of TREM2 with LOAD in Japanese

iDjvision of Clinical Research, Kurihama Alcoholism Center, Yokosuka, Japan

jDeparrmem of Neurology, Brain Research Institute, Niigata University, Niigata, Japan

XHigashi Niigata Hospital, Niigata, Japan

IKawase Neurology Clinic, Sanjo, Japan

MChoju Medical Institute, Fukushimura Hospital, Toyohashi, Japan

“Imagawa Clinic, Osaka, Japan

®Department of Neurology and Neurobiology of Aging, Kanazawa University Graduate School of Medical Science,
Kanazawa, Japan

PDepartment of Psychiatry, Osaka University Graduate School of Medicine, Suita, Japan

YKurashiki Heisei Hospital, Kurashiki, Japan

'Kinoko Espoir Hospital, Kasaoka, Japan

SWatanabe Hospital, Tottori, Japan

'Department of Neurology, Tottori University, Yonago, Japan

UDepartment of Biological Regulation, Section of Environment and Health Science, Tottori University, Yonago,
Japan

YTown Office, Onan, Japan

Y Department of Clinical Pharmacology, Fukuoka University, Fukuoka, Japan

*Department of Psychiatry, National Hospital Organization, Hizen Psychiatric Center, Saga, Japan
YUreshino-Onsen Hospital, Saga, Japan

“Department of Pathology, National Center Hospital of Neurology and Psychiatry, Tokyo, Japan

R Department of Neuropathology, Tokyo Metropolitan Geriatric Hospital and Institute of Gerontology, Tokyo, Japan
Y Department of Pathology, Brain Research Institute, Niigata University, Niigata, Japan

Graduate School of Health Sciences, Gunma University, Maebashi, Japan

44 National Center Hospital of Neurology and Psychiatry, Tokyo, Japan

€€ Department of Neuropathology, Doshisha University, Kizugawa, Japan

Abstract. Rare non-synonymous variants of TREM2 have recently been shown to be associated with Alzheimer’s disease
(AD) in Caucasians. We here conducted a replication study using a well-characterized Japanese sample set, comprising 2,190
late-onset AD (LOAD) cases and 2,498 controls. We genotyped 10 non-synonymous variants (Q33X, Y38C, R47H, T66M,
NG68K, D87N, TO6K, R98W, H157Y, and L211P) of TREM?2 reported by Guerreiro et al. (2013) by means of the TagMan and
dideoxy sequencing methods. Only three variants, R47H, H157Y, and L.211P, were polymorphic (range of minor allele frequency
[MAF], 0.0002-0.0059); however, no significant association with LOAD was observed in these variants. Considering low MAF
of variants examined and our study sample size, further genetic analysis with a larger sample set is needed to firmly evaluate
whether or not TREM?2 is associated with LOAD in Japanese.
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INTRODUCTION of AD. Concerning LOAD, genome-wide associa-
tion studies with large numbers of subjects have been
conducted, based on the common diseases-common
variants hypothesis. As a result, over a dozen genes
other than APOE have been to be associated with the

susceptibility to LOAD [4-10].

Alzheimer’s disease (AD) is the main cause of
dementia in the elderly. AD is thought to be caused
by complex interactions between genetic and environ-
mental factors. A twin study demonstrated that the

heritability of late-onset AD (LOAD) is approximately
60~80% [1].Itis also assumed that multiple genes/loci
contribute to LLOAD development [2]. Rare non-
synonymous mutations of APP, PSEN!, and PSEN2
are well known to cause familial cases of early-onset
AD (EOAD) [3], which accounts for several percent

TREM?2 was recently identified as a novel sus-
ceptibility gene for LOAD in Caucasians by two
independent study groups [11, 12}, both studies being
performed on the basis of the common diseases-
rare variants hypothesis. A noteworthy fact is that
the most significant non-synonymous variant, R47H
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(rs75932628: CGC—> CAC; and minor allele fre-
quency [MAF] < about 1%), located within exon 2
of TREM?2, shows an odds ratio (OR) range of 2.0-5.0
[11, 12], which is almost equal to the risk magnitude
for the APOE-g4 allele [13, 14]. The association of
this variant with LOAD [15-19] as well as EOAD [20]
has been reproducibly confirmed in multiple Caucasian
populations. As to Asians, at present there has only
been one genetic association study on TREM?2 variants
and LOAD, a northern Han Chinese population being
involved [21]. In that study, it was demonstrated that
no TREM? variants, including R47H, examined show
significant association with LOAD [21]. It is assumed
that TREM?2 may be a Caucasian-specific susceptibility
gene for AD. Therefore, in this study we attempted to
replicate the association of TREM?2 with LOAD utiliz-
ing a Japanese sample set, comprising 4,688 subjects
in total.

SUBJECTS AND METHODS

Subjects

This study was approved by the Institutional Review
Board of Niigata University and by all participating
institutes. All subjects were Japanese and anony-
mously genotyped.

We prepared a Japanese sample set, compris-
ing 2,190 LOAD cases (clinically-verified, n=1,977;
and neuropathologically-characterized, n=213) and
2,498 controls (clinically-verified, n=2,128; and
neuropathologically-characterized, n=370) (Table 1).
From power analysis on the basis of Guerreiro et al.’s
study with Caucasians [11], this sample set was
estimated to be large enough to detect risk alle-
les with an OR of 1.1-2.5 (range of risk allele
frequency =0.01-0.99, a=0.05, power=_80%) [29].
A large proportion of the clinically-verified subjects
were the same (74.8%) as those in the overall sample
set used in our previous genetic study on GAB2 [22].
The LOAD patients met the criteria of the National
Institute of Neurological and Communicative Dis-
orders and Stroke-Alzheimer’s Disease and Related
Disorders Association for a diagnosis of probable
AD [23]. Non-dementia controls were recruited from
among elderly people living in an unassisted manner
in the local community. Mini-Mental State Exami-
nation [24], Clinical Dementia Rating [25], and/or
Function Assessment Staging [26] were applied to
assess the severity of the cognitive impairment. All
neuropathologically-characterized subjects were uti-
lized in our recent genetic study on SORLI [27].

Extraction and quantification of genomic DNA, and
APOE genotyping are described elsewhere [27, 28].
The APOE alleles exhibited strong association with
LOAD, as expected: pajele =6.71E-171 with x? test
(x2 value =783.7, degree of freedom = 2), and OR¢4/¢3
(95% confidence interval [CI]) =4.81 (4.26~-5.42) and
OR¢2/¢3 (95% CI)=0.59 (0.46-0.76).

TREM? variants and genotyping

To determine whether or not TREM?2 is associ-
ated with LOAD in Japanese, we focused on 12
non-synonymous variants of this gene, which were
examined in Guerreiro er al.’s study with Cau-
casians [11]: Q33X (rs104894002), Y38C (rs ID, not
available), R47H (rs75932628), R62H (rs143332484),
T66M (rs201258663), N68K (rs ID, not avail-
able), D8TN (rs142232675), T96K (rs2234253),
RO8W (rs147564421), R136Q (rs149622783), H157Y
(rs2234255), and L211P (rs2234256). However, two
variants, R62H and R136Q, were excluded since one
(R62H) did not satisfy the design criteria for the
TagMan® genotyping assay and the other (R136Q) did
not work well on TagMan® genotyping. Consequently,
we determined the genotypes of the remaining ten
TREM? variants using the TagMan® method (Table 2,
Supplementary Table 1). Heterozygotes were further
evaluated by means of dideoxy DNA sequencing.
Information on sequencing primers is available on
request.

Statistical analysis

To detect genotyping errors, a Hardy-Weinberg
equilibrium (HWE) test based on Fisher’s exact test
was conducted. From a 2 x 2 contingency table (case-
control status and genotype [MM and Mm]), we
computed genotypic p (Pgenotype) based on Fisher’s
exact test and OR with 95% CI as the relative risk of
disease for each polymorphic variant. We further per-
formed multiple variant analysis as one of gene-based
case-control association studies: distribution of minor-
allele carriers (Mm) and non-carriers (MM) as to three
polymorphic variants, R47H, H157Y and L211P, was
compared between cases and controls on the basis of
x? test from a 2 x 2 contingency table. Subjects with
undetermined genotype data in these variants were
omitted for this analysis, with 4,582 subjects remain-
ing. We used SNPAlyze software (DYNACOM, Japan;
http://www.dynacom.co.jp/) for these statistical anal-
yses, as described in detail elsewhere [35].

The statistical significance was set at p <0.05.
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Table 1
Demographics of the study sample set
No. of subjects Age APOE allele frequency
(Female %) Mean (SD) Range &2 e3 g4
Cases 2,190 (70.1) 75.2(6.2) 57-102  0.02 0.67 0.31
Controls 2,498 (54.9) 76.3 (6.6) 65-105  0.05 0.87 0.08

SD, standard deviation.

RESULTS AND DISCUSSION

We attempted to replicate the association of TREM?2
with LOAD in a Japanese sample set, comprising
4,688 subjects in total: cases, n=2,190; and controls,
n=2,498 (Table 1). Three variants, R47H, HI57Y,
and L211P, were found to be polymorphic; however,
the remaining seven, Q33X, Y38C, T66M, N68K,
D8TN, T96K, and R98W, did not show polymor-
phisms (Table 2, Supplementary Table 1). The MAF
of the variants, R47H, H157Y, and L211P, were
less than 0.01 (Supplementary Table 1). Concerning
variant R47H [11, 12], three heterozygous subjects
were observed: one clinically-verified case (female,
age at onset of 76 years old, and APOE-¢3*%3) and
two neuropathologically-characterized controls (one
female, age at death of 99 years old, and APOE-
£3%3; and one male, age at death of 79 years old,
and APOE-£3*3). Variant L211P exhibited the high-
est MAF among them: 0.0041 in cases and 0.0059
in controls (Supplementary Table 1). Variants R47H,
H157Y, and L.211P were all in HWE (Supplementary
Table 1). In both single and multiple variant analyses,
we observed no significant association of TREM?2 with
LOAD (Table 2).

TREM? is mainly expressed in microglia in the brain
[30]. This protein directly interacts with a type I trans-
membrane adapter protein, DAP12 [30]. Recent whole
transcriptome analysis of microglia, purified from
mouse brains by means of flow cytometry, revealed
that TREM?2 belongs to a DAP12-centered protein net-
work, in which multiple microglial marker proteins
such as Cd68 are included [31]. A TREM2-DAP12 sig-
naling pathway is involved in innate immune responses
as well as the differentiation of myeloid progeni-
tor cells into mature microglia [30, 32]. Microglia
play an important role in the clearance of amyloid-
B protein in the brain [33]. Thus, it is likely that
genomic variants of not only TREM?2 but also other
genes involved in the TREM2-DAP12 signaling path-
way may accelerate amyloid plaque deposition through
microglial dysfunction [34]. Although none of the rare
non-synonymous TREM?2 variants investigated here

exhibited association with LOAD in our sample sets
(Table 2), we could not rule out the possibility that
TREM?2 is one of the crucial proteins for AD from the
point of view of biological functions of this protein.

In conclusion, we were not able to detect the sig-
nificant association of TREM?2 variants examined with
LOAD in Japanese, which is consistent with a recent
study involving Chinese [21]. On the other hand,
TREM?2 has been reproducibly shown to be strongly
associated with both LOAD [15-19] and EOAD [20]
in multiple Caucasian sample sets. Given these data,
TREM?2 may contribute to the susceptibility of LOAD
only in Caucasians, i.e., not or only weakly in Asians.
However, considering the very low MAF of variants
investigated (Table 2, Supplementary Table 1) and our
study sample size (Table 1), alarge-scale meta-analysis
is further needed to comprehensively evaluate whether
or not TREM?2 is associated with LOAD in Asians.
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Table 2

Genotypic distribution of three polymorphic variants, R47H, H157Y, and L211P, on TREM2 in Japanese
Single variant analysis Allele Cases (frequency) Controls (frequency) Pgenotype ORwMm (95% CI)®
Variant dbSNP M m MM Mm mm MM Mm mm
R47H 1rs75932628 G a 2,171 (0.9995) 1(0.0005) 0(0.0) 2,477(0.9992) 2(0.0008) 0(0.0) 1.00E+00 0.57 (0.05-6.30)
H157Y 2234255 C t 2,147 (0.9972) 6(0.0028) 0(0.0) 2474(0.9984) 4(0.0016) 00.0) 5.29E-01 1.73 (0.49-6.13)
L211P s2234256 T c 2,161(0.9917) 18(0.0083) 0(0.0) 2,461(0.9884) 29(0.0116) 0(0.0) 3.04E-01 0.71 (0.39-1.28)
Multiple variant analysis Combind genotype Cases (frequency) Controls (frequency) Pgenotype®  ORcg-2 (95% cyy
Combind  Combind CG-1 CG-2 CG-1 CG-2 others CG-1 CG-2 others
variant dbSNP
R47H- 1rs75932628- Ga-CC-TT, .
H157Y- rs2234255- GG-CC-TT  GG-Ct-TT, 2,104 (0.9883) 25(0.0117) 0(0.0) 2,419(0.9861) 34(0.0139) 0(0.0) 5.26E-01 0.85 (0.50-1.42)
L211P 1rs2234256 GG-CC-Tc

In single variant analysis, only three variants, L211P, H157Y, and R47H, are shown here since heterozygotes (Mm) were observed. M, major allele; m, minor allele; MM, major genotype; Mm,
heterozygous genotype; mm, minor genotype; CG, combined genotype. *Fisher’s exact test; PORMm (95% CI) for the heterozygote (Mm); Schi-squared test (degree of freedom = 1); 4OR¢g-2
(95% CI) for CG-2 (Ga-CC-TT, GG-Ct-TT, and GG-CC-Tc).

asoundop ut QVO'T i ZIWAYL Jo uoup08SSY ON /10 19 DIIYSOSI 'Y

SA0l



1036 A. Miyashita et al. / No Association of TREM2 with LOAD in Japanese

ture, Sports, Science and Technology of Japan (S.M.);
and (7) National Center for Geriatrics and Gerontology
Funds (Grant number, 23-42), Obu, Japan (S.M.).
Authors’ disclosures available online (http://www.j-
alz.com/disclosures/view.php?id=2196).

SUPPLEMENTARY MATERIAL

The supplementary table is available in the elec-
tronic version of this article: http://dx.doi.org/10.3233/
JAD-140225.

REFERENCES

[1] Gatz M, Reynolds CA, Fratiglioni L, Johansson B, Mortimer
JA, Berg S, Fiske A, Pedersen NL (2006) Role of genes and
environments for explaining Alzheimer disease. Arch Gen
Psychiatry 63, 168-174.

[2] Daw EW, Payami H, Nemens EJ, Nochlin D, Bird TD, Schel-
lenberg GD, Wijsman EM (2000) The number of trait loci in
late-onset Alzheimer disease. Am J Hum Genet 66, 196-204.

[3] Cruts M, Theuns I, Van Broeckhoven C (2012) Locus-specific
mutation databases for neurodegenerative brain diseases.
Hum Mutat 33, 1340-1344. )

f4] Harold D, Abraham R, Hollingworth P, Sims R, Gerrish A,
Hamshere ML, Pahwa JS, Moskvina V, Dowzell K, Williams
A, Jones N, Thomas C, Stretton A, Morgan AR, Lovestone S,
Powell I, Proitsi P, Lupton MK, Brayne C, Rubinsztein DC,
Gill M, Lawlor B, Lynch A, Morgan K, Brown KS, Passmore
PA, Craig D, McGuinness B, Todd S, Holmes C, Mann D,
Smith AD, Love S, Kehoe PG, Hardy J, Mead S, Fox N,
Rossor M, Collinge J, Maier W, Jessen F, Schiirmann B, Heun
R, van den Bussche H, Heuser 1, Kornhuber J, Wiltfang J,
Dichgans M, Frélich L, Hampel H, Hiill M, Rujescu D, Goate
AM, Kauwe JS, Cruchaga C, Nowotny P, Morris JC, Mayo
K, Sleegers K, Bettens K, Engelborghs S, De Deyn PP, Van
Broeckhoven C, Livingston G, Bass NJ, Gurling H, McQuillin
A, Gwilliam R, Deloukas P, Al-Chalabi A, Shaw CE, Tsolaki
M, Singleton AB, Guerreiro R, Miihleisen TW, Nothen MM,
Moebus S, Jockel KH, Klopp N, Wichmann HE, Carrasquillo
MM, Pankratz VS, Younkin SG, Holmans PA, O’Donovan
M, Owen MJ, Williams J (2009) Genome-wide association
study identifies variants at CL.U and PICALM associated with
Alzheimer’s disease. Nat Genet 41, 1088-1093.

[5] Lambert JC, Heath S, Even G, Campion D, Sleegers K,
Hiltunen M, Combarros O, Zelenika D, Bullido MJ, Tav-
ernier B, Letenneur L, Bettens K, Berr C, Pasquier F, Fiévet
N, Barberger-Gateau P, Engelborghs S, De Deyn P, Mateo
I, Franck A, Helisalmi S, Porcellini E, Hanon O, European
Alzheimer’s Disease Initiative Investigators, de Pancorbo
MM, Lendon C, Dufouil C, Jaillard C, Leveillard T, Alvarez
V, Bosco P, Mancuso M, Panza F, Nacmias B, Bosst P, Pic-
cardi P, Annoni G, Seripa D, Galimberti D, Hannequin D,
Licastro F, Soininen H, Ritchie K, Blanché H, Dartigues JF,
Tzourio C, GutI, Van Broeckhoven C, Alpérovitch A, Lathrop
M, Amouyel P (2009) Genome-wide association study iden-
tifies variants at CLU and CR1 associated with Alzheimer’s
disease. Nat Genet 41, 1094-1099.

[6] Seshadri S, Fitzpatrick AL, Ikram MA, DeStefano AL, Gud-
nason V, Boada M, Bis JC, Smith AV, Carassquillo MM,
Lambert JC, Harold D, Schrijvers EM, Ramirez-Lorca R,

m

(8}

Debette S, Longstreth WT Jr, Janssens AC, Pankratz VS, Dar-
tigues JF, Hollingworth P, Aspelund T, Hernandez I, Beiser A,
Kuller LH, Koudstaal PJI, Dickson DW, Tzourio C, Abraham
R, Antunez C, Du Y, Rotter JI, Aulchenko YS, Harris TB,
Petersen RC, Berr C, Owen MJ, Lopez-Arrieta J, Varadara-
jan BN, Becker JT, Rivadeneira F, Nalls MA, Graff-Radford
NR, Campion D, Auerbach S, Rice K, Hofman A, Jonsson
PV, Schmidt H, Lathrop M, Mosley TH, Au R, Psaty BM,
Uitterlinden AG, Farrer LA, Lumley T, Ruiz A, Williams J,
Amouyel P, Younkin SG, Wolf PA, Launer LJ, Lopez OL, van
Duijn CM, Breteler MM; CHARGE Consortium; GERAD1
Consortium; EADII Consortium (2010) Genome-wide anal-
ysis of genetic loci associated with Alzheimer disease. JAMA
303, 1832-1840.

Hollingworth P, Harold D, Sims R, Gerrish A, Lambert JC,
Carrasquillo MM, Abraham R, Hamshere ML, Pahwa JS,
Moskvina V, Dowzell K, Jones N, Stretton A, Thomas C,
Richards A, Ivanov D, Widdowson C, Chapman J, Lovestone
S, Powell J, Proitsi P, Lupton MK, Brayne C, Rubinsztein
DC, Gill M, Lawlor B, Lynch A, Brown KS, Passmore PA,
Craig D, McGuinness B, Todd S, Holmes C, Mann D, Smith
AD, Beaumont H, Warden DD, Wilcock G, Love S, Kehoe PG,
Hooper NM, Vardy ER, Hardy I, Mead S, Fox NC, Rossor M,
Collinge J, Maier W, Jessen F, Riither E, Schiirmann B, Heun
R, Kolsch H, van den Bussche H, Heuser I, Kornhuber J, Wilt-
fang J, Dichgans M, Frolich L, Hampel H, Gallacher J, Hiill
M, Rujescu D, Giegling I, Goate AM, Kauwe JS, Cruchaga
C, Nowotny P, Morris JC, Mayo K, Sleegers K, Bettens K,
Engelborghs S, De Deyn PP, Van Broeckhoven C, Livingston
G, Bass NJ, Gurling H, McQuillin A, Gwilliam R, Deloukas
P, Al-Chalabi A, Shaw CE, Tsolaki M, Singleton AB, Guer-
reiro R, Miihleisen TW, Nothen MM, Moebus S, Jockel KH,
Klopp N, Wichmann HE, Pankratz VS, Sando SB, Aasly JO,
Barcikowska M, Wszolek ZK, Dickson DW, Graff-Radford
NR, Petersen RC; Alzheimer’s Disease Neuroimaging Initia-
tive, van Duijn CM, Breteler MM, Tkram MA, DeStefano AL,
Fitzpatrick AL, Lopez O, Launer LI, Seshadri S; CHARGE
consortium, Berr C, Campion D, Epelbaum J, Dartigues JF,
Tzourio C, Alpérovitch A, Lathrop M; EADI1 consortium,
Feulner TM, Friedrich P, Riehle C, Krawczak M, Schreiber
S, Mayhaus M, Nicolhaus S, Wagenpfeil S, Steinberg S, Ste-
fansson H, Stefansson K, Snaedal J, Bjornsson S, Jonsson
PV, Chouraki V, Genier-Boley B, Hiltunen M, Soininen H,
Combarros O, Zelenika D, Delepine M, Bullido MJ, Pasquier
F, Mateo I, Frank-Garcia A, Porcellini E, Hanon O, Coto E,
Alvarez V, Bosco P, Siciliano G, Mancuso M, Panza F, Sol-
frizzi V, Nacmias B, Sorbi S, Bosstt P, Piccardi P, Arosio
B, Annoni G, Seripa D, Pilotto A, Scarpini E, Galimberti D,
Brice A, Hannequin D, Licastro F, Jones L, Holmans PA, Jon-
sson T, Riemenschneider M, Morgan K, Younkin SG, Owen
MIJ, O’Donovan M, Amouyel P, Williams J (2011) Common
variants at ABCA7, MS4A6A/MS4A4E, EPHAT1, CD33 and
CD2AP are associated with Alzheimer’s disease. Nat Genet
43, 429-435.

Naj AC, Jun G, Beecham GW, Wang LS, Vardarajan BN,
Buros J, Gallins PJ, Buxbaum JD, Jarvik GP, Crane PK, Lar-
son EB, Bird TD, Boeve BF, Graff-Radford NR, De Jager PL.,
Evans D, Schneider JA, Carrasquillo MM, Ertekin-Taner N,
Younkin SG, Cruchaga C, Kauwe JS, Nowotny P, Kramer P,
Hardy J, Huentelman MJ, Myers AJ, Barmada MM, Demirci
FY, Baldwin CT, Green RC, Rogaeva E, St George-Hyslop
P, Amold SE, Barber R, Beach T, Bigio EH, Bowen JD,
Boxer A, Burke JR, Cairns NJ, Carlson CS, Carney RM, Car-
roll SL, Chui HC, Clark DG, Corneveaux J, Cotman CW,
Cummings JL, DeCarli C, DeKosky ST, Diaz-Arrastia R,



(91

A. Miyashita et al. / No Association of TREM2 with LOAD in Japanese

Dick M, Dickson DW, Ellis WG, Faber KM, Fallon KB,
Farlow MR, Ferris S, Frosch MP, Galasko DR, Ganguli M,
Gearing M, Geschwind DH, Ghetti B, Gilbert JR, Gilman
S, Giordani B, Glass JD, Growdon JH, Hamilton RL, Har-
rell LE, Head E, Honig LS, Hulette CM, Hyman BT, Jicha
GA, Jin LW, Johnson N, Karlawish J, Karydas A, Kaye JA,
Kim R, Koo EH, Kowall NW, Lah JJ, Levey Al, Lieberman
AP, Lopez OL, Mack WJ, Marson DC, Martiniuk F, Mash
DC, Masliah E, McCormick WC, McCurry SM, McDavid
AN, McKee AC, Mesulam M, Miller BL, Miller CA, Miller
JW, Parisi JE, Perl DP, Peskind E, Petersen RC, Poon WW,
Quinn JF, Rajbhandary RA, Raskind M, Reisberg B, Ring-
man JM, Roberson ED, Rosenberg RN, Sano M, Schneider
LS, Seeley W, Shelanski ML, Slifer MA, Smith CD, Sonnen
JA, Spina S, Stern RA, Tanzi RE, Trojanowski JQ, Troncoso
JC, Van Deerlin VM, Vinters HV, Vonsattel JP, Weintraub S,
Welsh-Bohmer KA, Williamson J, Woltjer RL, Cantwell LB,
Dombroski BA, Beekly D, Lunetta KI., Martin ER, Kam-
boh MI, Saykin AJ, Reiman EM, Bennett DA, Morris JC,
Montine TJ, Goate AM, Blacker D, Tsuang DW, Hakonarson
H, Kukull WA, Foroud TM, Haines JL, Mayeux R, Pericak-
Vance MA, Farrer LA, Schellenberg GD (2011) Common
variants at MS4A4/MS4A6E, CD2AP, CD33 and EPHA1 are
associated with late-onset Alzheimer’s disease. Nat Genet 43,
436-441.

Lambert JC, Ibrahim-Verbaas CA, Harold D, Naj AC, Sims
R, Bellenguez C, Jun G, Destefano AL, Bis JC, Beecham
GW, Grenier-Boley B, Russo G, Thornton-Wells TA, Jones
N, Smith AV, Chouraki V, Thomas C, Ikram MA, Zelenika
D, Vardarajan BN, Kamatani Y, Lin CF, Gerrish A, Schmidt
H, Kunkle B, Dunstan ML, Ruiz A, Bihoreau MT, Choi SH,
Reitz C, Pasquier F, Hollingworth P, Ramirez A, Hanon O,
Fitzpatrick AL, Buxbaum JD, Campion D, Crane PK, Bald-
win C, Becker T, Gudnason V, Cruchaga C, Craig D, Amin
N, Berr C, Lopez OL, De Jager PL, Deramecourt V, Johnston
JA, Evans D, Lovestone S, Letenneur L, Morén FJ, Rubin-
sztein DC, Eiriksdottir G, Sleegers K, Goate AM, Fiévet N,
Huentelman MJ, Gill M, Brown K, Kamboh MI, Keller L,
Barberger-Gateau P, McGuinness B, Larson EB, Green R,
Myers AJ, Dufouil C, Todd S, Wallon D, Love S, Rogaeva
E, Gallacher I, St George-Hyslop P, Clarimon J, Lleo A,
Bayer A, Tsuang DW, Yu L, Tsolaki M, Bossu P, Spalletta
G, Proitsi P, Collinge J, Sorbi S, Sanchez-Garcia F, Fox NC,
Hardy J, Naranjo MC, Bosco P, Clarke R, Brayne C, Gal-
imberti D, Mancuso M, Matthews F; European Alzheimer’s
Disease Initiative (EADI); Genetic and Environmental Risk in
Alzheimer’s Disease (GERAD); Alzheimer’s Disease Genetic
Consortium (ADGC); Cobhorts for Heart and Aging Research
in Genomic Epidemiology (CHARGE), Moebus S, Mecocci
P, Del Zompo M, Maier W, Hampel H, Pilotto A, Bullido
M, Panza F, Caffarra P, Nacmias B, Gilbert JR, Mayhaus
M, Lannfelt L, Hakonarson H, Pichler S, Carrasquillo MM,
Ingelsson M, Beekly D, Alvarez V, Zou F, Valladares O,
Younkin SG, Coto E, Hamilton-Nelson KL, Gu W, Razquin
C, Pastor P, Mateo I, Owen MIJ, Faber KM, Jonsson PV,
Combarros O, O’Donovan MC, Cantwell LB, Soininen H,
Blacker D, Mead S, Mosley TH Ir, Bennett DA, Harris TB,
Fratiglioni L, Holmes C, de Bruijn RF, Passmore P, Montine
TJ, Bettens K, Rotter JI, Brice A, Morgan K, Foroud TM,
Kukull WA, Hannequin D, Powell JF, Nalls MA, Ritchie K,
Lunetta KI., Kauwe JS, Boerwinkle E, Riemenschneider M,
Boada M, Hiltunen M, Martin ER, Schmidt R, Rujescu D,
Wang LS, Dartigues JF, Mayeux R, Tzourio C, Hofman A,
Nothen MM, Graff C, Psaty BM, Jones L, Haines JL, Holmans
PA, Lathrop M, Pericak-Vance MA, Launer LJ, Farrer LA,

(10]

(11

[12]

[13]

[14]

[15]

[16]

[17]

(18]

1037

van Duijn CM, Van Broeckhoven C, Moskvina V, Seshadri
S, Williams J, Schellenberg GD, Amouyel P (2013) Meta-
analysis of 74,046 individuals identifies 11 new susceptibility
loci for Alzheimer’s disease. Nat Genert 45, 1452-1458.
Miyashita A, Koike A, Jun G, Wang LS, Takahashi S, Matsub-
ara E, Kawarabayashi T, Shoji M, Tomita N, Arai H, Asada T,
Harigaya Y, Ikeda M, Amari M, Hanyu H, Higuchi S, Ikeuchi
T, Nishizawa M, Suga M, Kawase Y, Akatsu H, Kosaka K,
Yamamoto T, Imagawa M, Hamaguchi T, Yamada M, Mori-
hara T, Takeda M, Takao T, Nakata K, Fujisawa Y, Sasaki K,
Watanabe K, Nakashima K, Urakami K, Ooya T, Takahashi M,
Yuzuriha T, Serikawa K, Yoshimoto S, Nakagawa R, Kim JW,
Ki CS, Won HH, Na DL, Seo SW, Mook-Jung I, Alzheimer
Disease Genetics Consortium, St George-Hyslop P, Mayeux
R, Haines IL, Pericak-Vance MA, Yoshida M, Nishida N,
Tokunaga K, Yamamoto K, Tsuji S, Kanazawa I, Thara Y,
Schellenberg GD, Farrer LA, Kuwano R (2013) SORLI1 is
genetically associated with late-onset Alzheimer’s disease in
Japanese, Koreans and Caucasians. PLoS One 8, e58618.
Guerreiro R, Wojtas A, Bras J, Carrasquillo M, Rogaeva
E, Majounie E, Cruchaga C, Sassi C, Kauwe IS, Younkin
S, Hazrati L, Collinge J, Pocock J, Lashley T, Williams J,
Lambert JC, Amouyel P, Goate A, Rademakers R, Morgan
K, Powell J, St George-Hyslop P, Singleton A, Hardy J;
Alzheimer Genetic Analysis Group (2013) TREM?2 variants
in Alzheimer’s disease. N Engl J Med 368, 117-127.
Jonsson T, Stefansson H, Steinberg S, Jonsdottir I, Jonsson
PV, Snaedal J, Bjornsson S, Huttenlocher J, Levey Al Lah JJ,
Rujescu D, Hampel H, Giegling I, Andreassen OA, Engedal
K, Ulstein I, Djurovic S, Ibrahim-Verbaas C, Hofman A,
Ikram MA, van Duijn CM, Thorsteinsdottir U, Kong A, Ste-
fansson K (2013) Variant of TREM2 associated with the risk
of Alzheimer’s disease. N Engl J Med 368, 107-116.

Farrer LA, Cupples LA, Haines JL, Hyman B, Kukull WA,
Mayeux R, Myers RH, Pericak-Vance MA, Risch N, van
Duijn CM (1997) Effects of age, sex, and ethnicity on the asso-
ciation between apolipoprotein E genotype and Alzheimer
disease. A meta-analysis. APOE and Alzheimer Disease Meta
Analysis Consortium. JAMA 278, 1349-1356.

Bertram L, McQueen MB, Mullin K, Blacker D, Tanzi
RE (2007) Systematic meta-analyses of Alzheimer disease
genetic association studies: The AlzGene database. Nat Genet
39, 17-23.

Benitez BA, Cooper B, Pastor P, Jin SC, Lorenzo E, Cervantes
S, Crachaga C (2013) TREM?2 is associated with the risk of
Alzheimer’s disease in Spanish population. Neurobiol Aging
34,1711.el5-e17.

Giraldo M, Lopera F, Siniard AL, Corneveaux JJ, Schrauwen
I, Carvajal J, Mufioz C, Ramirez-Restrepo M, Gaiteri C,
Myers AJ, Caselli RJ, Kosik KS, Reiman EM, Huentelman MJ
(2013) Variants in triggering receptor expressed on myeloid
cells 2 are associated with both behavioral variant frontotem-
poral lobar degeneration and Alzheimer’s disease. Neurobiol
Aging 34,2077.el1-e18.

Gonzalez Murcia JD, Schmutz C, Munger C, Perkes A,
Gustin A, Peterson M, Ebbert MT, Norton MC, Tschanz JT,
Munger RG, Corcoran CD, Kauwe JS (2013) Assessment of
TREM?2 rs75932628 association with Alzheimer’s disease in
a population-based sample: The Cache County Study. Neuro-
biol Aging 34, 2889.e11-e13.

Ruiz A, Dols-Icardo O, Bullido MJ, Pastor P, Rodrfguez-
Rodrfguez E, Lépez de Munain A, de Pancorbo MM,
Pérez-Tur J, Alvarez V, Antonell A, Lépez-Arrieta J,
Hernandez I, Tarraga L, Boada M, Lle6 A, Blesa R, Frank-
Garcia A, Sastre I, Razquin C, Ortega-Cubero S, Lorenzo



1038

[19]

(21]

[23]

[24]

[25]

[26]

A. Miyashita et al. / No Association of TREM?2 with LOAD in Japanese

E, Sanchez-Juan P, Combarros O, Moreno F, Gorostidi
A, Elcoroaristizabal X, Baquero M, Coto E, Sinchez-
Valle R, Clarimén J; dementia genetic Spanish consortium
(DEGESCO)(2014) Assessing the role of the TREM2 p. R47H
variant as a risk factor for Alzheimer’s disease and frontotem-
poral dementia. Neurobiol Aging 35, 444.el-e4.

Cuyvers E, Bettens K, Philtjens S, Van Langenhove T,
Gijselinck I, van der Zee I, Engelborghs S, Vandenbulcke M,
Van Dongen J, Geerts N, Maes G, Mattheijssens M, Peeters
K, Cras P, Vandenberghe R, De Deyn PP, Van Broeckhoven
C, Cruts M, Sleegers K; BELNEU consortium (2014) Inves-
tigating the role of rare heterozygous TREM2 variants in
Alzheimer’s disease and frontotemporal dementia. Neurobiol
Aging 35, 726.el1-¢19.

Pottier C, Wallon D, Rousseau S, Rovelet-Lecrux A, Richard
AC, Rollin-Sillaire A, Frebourg T, Campion D, Hannequin D
(2013) TREM?2 R47H variant as a risk factor for early-onset
Alzheimer’s disease. J Alzheimers Dis 35, 45-49.

Yu JT, Jiang T, Wang YL, Wang HF, Zhang W, Hu N, Tan
L, Sun L, Tan MS, Zhu XC, Tan L (2014) Triggering recep-
tor expressed on myeloid cells 2 variant is rare in Jate-onset
Alzheimer’s disease in Han Chinese individuals. Neurobiol
Aging 35, 937.el-3.

Miyashita A, Arai H, Asada T, Imagawa M, Shoji M, Higuchi
S, Urakami K, Toyabe S, Akazawa K, Kanazawa I, Thara Y,
Kuwano R (2009) GAB2 is not associated with late-onset
Alzheimer’s disease in Japanese. Eur J Hum Genet 17, 682-
686.

McKhann G, Drachman D, Folstein M, Katzman R, Price
D, Stadlan EM (1984) Clinical diagnosis of Alzheimer’s dis-
ease: Report of the NINCDS-ADRDA Work Group under the
auspices of Department of Health and Human Services Task
Force on Alzheimer’s Disease. Neurology 34, 939-944.
Folstein MF, Folstein SE, McHugh PR (1975) “Mini-mental
state”. A practical method for grading the cognitive state of
patients for the clinician. J Psychiatr Res 12, 189-198.
Morris JC (1993) The Clinical Dementia Rating (CDR): Cur-
rent version and scoring rules. Neurology 43, 2412-2414.
Reisberg B (1988) Functional assessment staging (FAST).
Psychopharmacol Bull 24, 653-659.

(27}

[28]

[29]

[30]

[31]

[35]

Wen Y, Miyashita A, Kitamuora N, Tsukie T, Saito Y, Hat-
suta H, Murayama S, Kakita A, Takahashi H, Akatsu H,
Yamamoto T, Kosaka K, Yamaguchi H, Akazawa K, Ihara
Y, Kuwano R (2013) SORLI1 is genetically associated with
neuropathologically characterized late-onset Alzheimer’s dis-
ease. J Alzheimers Dis 35, 387-394.

Kuwano R, Miyashita A, Arai H, Asada T, Imagawa M, Shoji
M, Higuchi S, Urakami K, Kakita A, Takahashi H, Tsukie
T, Toyabe S, Akazawa K, Kanazawa I, Thara Y; Japanese
Genetic Study Consortium for Alzeheimer’s Disease (2006)
Dynamin-binding protein gene on chromosome 10q is asso-
ciated with late-onset Alzheimer’s disease. Hum Mol Genet
15, 2170-2182.

Kitamura N, Akazawa K, Miyashita A, Kuwano R, Toyabe
S, Nakamura J, Nakamura N, Sato T, Hoque MA (2009)
Programs for calculating the statistical powers of detecting
susceptibility genes in case-control studies based on muiti-
stage designs. Bioinformatics 25, 272-273.

Colonna M (2003) TREMs in the immune system and beyond.
Nat Rev Iinmunol 3, 445-453.

Hickman SE, Kingery ND, Ohsumi TK, Borowsky ML, Wang
LC, Means TK, El Khoury J (2013) The microglial sensome
revealed by direct RNA sequencing. Nat Neurosci 16, 1896-
1905.

Paradowska-Gorycka A, Jurkowska M (2013) Structure,
expression pattern and biological activity of molecular com-
plex TREM-2/DAP12. Hum Immunol 74, 730-737.

Lee CY, Landreth GE (2010) The role of microglia in amyloid
clearance from the AD brain. J Neural Transm 117, 949-960.
Rohn TT (2013) The triggering receptor expressed on myeloid
cells 2: “TREM-ming” the inflammatory component associ-
ated with Alzheimer’s disease. Oxid Med Cell Longev 2013,
860959.

Miyashita A, Arai H, Asada T, Imagawa M, Matsubara E,
Shoji M, Higuchi S, Urakami K, Kakita A, Takahashi H, Toy-
abe S, Akazawa K, Kanazawa I, Ihara Y, Kuwano R; Japanese
Genetic Study Consortium for Alzheimer’s Disease (2007)
Genetic association of CTNNA3 with late-onset Alzheimer’s
disease in females. Hum Mol Genet 16, 2854-2869.



oumal of ——

Neurosaence >

Research =

Journal of Neuroscience Research 92:641-650 (2014)

Influence of APOE Genotype and the
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The APOE genotype is the major risk factor for Alzhei-
mer’s disease (AD); however, it remains unclarified how
the ¢4 allele accelerates whereas the ¢2 allele suppresses
AD development, compared with the more common &3
allele. On the basis of the previous finding that the
assembly of the amyloid-B protein (AB) into fibrils in the
brain, an early and invariable pathological feature of AD,
depends on the lipid environment, we determined the lev-
els of synaptic membrane lipids in aged individuals of dif-
ferent APOE genotypes. In the comparison between
amyloid-free ¢2/¢3 and &3/¢3 brains, the presence of the
£2 allele significantly decreased the level of cholesterol.
Alternatively, in the comparison among ¢3/¢3 brains, the
presence of AD pathology substantially decreased the
levels of cholesterol. This study suggests that the ¢2 allele
suppresses the initiation of AD development by lowering

the cholesterol levels in synaptic membranes. © 2014
Wiley Periodicals, Inc.
Key words: Alzheimer’s disease; cholesterol; ganglio-

side; synaptic plasma membrane; microdomain

The ¢4 allele of the apolipoprotein E gene (APOE)
increases the risk of Alzheimer’s disease (AD), whereas
the &2 allele decreases it, compared with the most com-
mon &3 allele (for review see Holtzman et al., 2012; Liu
et al.,, 2013). Despite intensive efforts, the mechanisms
underlying APOE-allele-linked modulation of AD devel-

opment still remain to be clarified. However, it is at least

confirmed that the APOE alleles can affect the risk of AD
through a wide range of biological functions of apolipo-
protein E, not through a simple function, such as the reg-
ulation of lipid transport, glucose metabolism, or
neuroinflammation (for review see Holtzman et al., 2012;
Liu et al., 2013). In addition, it is assumed that the APOB
alleles modulate AD development upstream and down-
stream of amyloid deposition, a fundamental core of AD
pathology, or through their effects on amyloid-dependent
and amyloid-independent processes (Liu et al., 2013).

© 2014 Wiley Periodicals, Inc.

‘With regard to amyloid deposition in the brain, post-
mortem neuropathological examination and clinical amy-
loid imaging by positron emission tomography revealed
that it is enhanced in the presence of the &4 allele (Schme-
chel et al,, 1993; Oyama et al., 1995; Polvikoski et al.,
1995; Reiman et al., 2009) but suppressed in the presence
of the €2 allele (Benjamin et al.,, 1994; Nagy et al., 1995;
Polvikoski et al., 1995; Lippa et al., 1997; Tiraboschi et al.,
2004). Although the APOE—Oenotype -dependent effects on
amyloid deposition also remain unknown, such effects
likely are due to modulation of fibrillogenesis and/or clear-
ance of the amyloid-B protein (AR), a proteinaceous com-
ponent of amyloid (for review see Holtzman et al., 2012).

Accumulating evidence suggests that AP assembles
into fibrils in the brain upon interaction with cellular
membranes, especially through specific binding to gan-
gliosides (for review see Yanagisawa, 2007; Ariga et al.,
2008; Matsuzaki et al., 2010; Di Paolo and Kim, 2011).
In our early studies with human APOE knock-in mouse
brains, the €4 knock-in brains, compared with the €3
knock-in brains, showed significant increases in choles-
terol levels in the exofacial leaflet of synaptic membranes
(Hayashi et al., 2002) and ganglioside levels in an age-
dependent manner in synaptic membrane microdomains
(Yamamoto et al., 2004). Taken together with the evi-
dence that amyloid deposition in the brain starts at

Contract grant sponsor: National Center for Gerjatrics and Gerontology,
Contract grant number: 22-14; Contract grant sponsor: Strategic
Research Program for Brain Sciences by the Ministry of Education,
Sports, Science and Technology of Japan

*Correspondence to: Katsuhiko Yanagisawa, Department of Drug Dis-
covery, Center for Development of Advanced Medicine for Dementia,
National Center for Geriatrics and Gerontology, Obu 474-8522, Japan.
E-mail: katuhiko@ncgg.go.jp

Received 19 September 2013; Revised 28 October 2013; Accepted 9
November 2013

Published online 21 January 2014 in Wiley Online Library
(wileyonlinelibrary.com). DOI: 10.1002/jnr.23341



642 Oikawa et al.

presynaptic terminals (Bugiani et al., 1990; Probst et al.,
1991), it is reasonable to assume that the effect of APOE
genotype on amyloid deposition is attributable to the
modulation of synaptic membrane lipids.

This study examined the frontal cortices of autop-
sied brains of aged individuals carrying the £2/63, £3/¢3,
g3/¢e4, and e4/¢4 alleles. Available brains from individuals
carrying the ¢4 allele all showed advanced AD pathology,
making it difficult for us to perform fine analyses of syn-
aptic membrane lipids. In contrast, available brains from
individuals carrying the £2 allele all lacked amyloid depo-
sition. The extent of AD pathology varied in the brains
with the £3/¢3 allele; therefore, we selected the brains
lacking or showing amyloid deposition. We focused on
cholesterol and gangliosides because the major role of
apolipoprotein E is the transport of cholesterol between
cells in brains, and gangliosides likely are involved in the
acceleration of AP assembly (Matsuzaki et al., 2010).
Here we report the following. First, in the comparison
between amyloid-free £2/63 and £3/63 brains, the pres-
ence of the 2 allele decreased the levels of cholesterol in
synaptic membranes and synaptic membrane microdo-
mains. Second, in the comparison among £3/¢3 brains,
the presence of AD pathology decreased the levels of cho-
lesterol in synaptic membranes and synaptic membrane
microdomains and the levels of some species of ganglio-
sides in synaptic membrane microdomains. This study
suggests that &2 allele suppresses AD development by
keeping cholesterol in synaptic membranes and/or synap-
tic membrane microdomains under a certain level, which
is prerequisite for the initiation of AP assembly into
fibrils.

MATERIALS AND METHODS
Materials

The following antibodies were used: synaptophysin (Synap-
tic Systems, Gottingen, Germany), SNAP25 (Enzo Life Science,
Farmingdale, NY), Bip/GRP78 and flotillin-1 (BD Transduction
Laboratories, San Jose, CA), LAMP-1 (Millipore, Billerica, MA),
transferrin  receptor (TfR; Life Technologies, Carlsbad, CA),
prion protein (PrP; Sigma, St. Louis, MO), anti-B amyloid 11-28
(12B2; IBL, Maebashi, Japan), and antiphosphorylated tau (ATS;
Innogenetics, Temse, Belgium). Cholera toxin B subunit-peroxi-
dase conjugate (CTB-HRP) and an Amplex-red cholesterol assay
kit were purchased from Sigma-Aldrich and Life Technologies,
respectively. Synthetic GM1(d18:1-°C16:0) and GM3(d18:1—
14:0) were purchased from Tokyo Chemical Industry (Tokyo,
Japan) and Avanti Polar Lipids (Alabaster, AL), respectively. All
the organic solvents used in liquid chromatography-mass spec-
trometry (LC-MS) were of LC-MS grade (Fluka, Sigma-
Aldrich).

Tissue Source

Human brain specimens were obtained from the Brain
Bank for Aging Research at the Tokyo Metropolitan Institute
of Gerontology. This study was approved by the Ethics Com-
mittees of the National Center for Geriatrics and Gerontology
and Tokyo Metropolitan Institute of Gerontology. Each speci-

men was taken from Brodmann area 8 or 9. Neuropathological
analysis was performed by modified methenamine and Gallyas-
Braak silver staining and immunohistochemical analysis with
anti-Af 11-28 (12B2, monoclonal) and antiphosphorylated tau
(AT8, monoclonal) antibodies as previously reported (Adachi
et al., 2010). AD neuropathologies were classified in accordance
with the criteria of Braak and Braak (1991).

Preparation of Synaptosomes

Synaptosomes were prepared as previously reported
(Igbavboa et al., 1996; Yamamoto et al., 2008). Briefly, after
removal of the white matter from a tissue piece, the gray matter
was homogenized in ice-cold buffer A (10 mM HEPES, 0.32
M sucrose, 0.25 mM EDTA, pH 7.4) by motor-driven homog-
enization at 1,000 rpm with 10 strokes. After the removal of
the nuclei by centrifugation at 580¢ for 8 min at 4°C, a crude
mitochondrial pellec (CMP) was collected by centrifugation of
the postnuclear supernatant (PNS) at 14,600¢ for 20 min at
4°C. The CMP was suspended in buffer B (10 mM HEPES,
0.32 M sucrose, pH 7.4) by hand homogenization, layered over
7.5% and 14% Ficoll in buffer B, and then centrifuged at
87,000g (SW50.1 rotor, Beckman) for 30 min at 4°C. The
interface between 7.5% and 14% Ficoll solutions rich in synap-
tosomes was collected in 10 ml buffer B and then centrifuged at
18,550¢ for 15 min at 4°C.

Preparation of Syﬁaptic Plasma Membranes

Synaptic plasma membranes (SPMs) were prepared as
previously reported (Cotman and Matthews, 1971; Fontaine
et al., 1980; Igbavboa et al., 1996). Briefly, synaptosomes were
osmotically shocked by suspension in ice cold 5 mM Tris buffer
(pH 8.5) and stirming on ice for 90 min with vortex mixing
every 30 min. After centrifugation of the suspension at 43,700g
for 20 min at 4°C, the resultant pellet was suspended in buffer
B, layered over 25% and 32.5% sucrose in 10 mM HEPES (pH
7.4), and then centrifuged at 41,000¢ (SW50.1 rotor; Beckman)
for 30 min at 4°C. The interface between 25% and 32.5%
sucrose solutions rich in SPMs was collected in 9 volumes of 10
mM HEPES buffer (pH 7.4) and then centrifuged at 50,380¢
for 20 min at 4°C.

Isolation of Low-Density Membrane Microdomains
From SPMs

Low-density membrane microdomains (LDMs), or lipid
rafts, were isolated by a detergent-free method based on a pre-
vious report (Persaud-Sawin et al., 2009). Briefly, SPMs were
suspended in buffer C (25 mM Tris, 150 mM NaCl, 1 mM
CaCl,, 1 mM MgCly, pH 7.4) containing Complete protease
inhibitor cocktail without EDTA (Roche, Mannheim, Ger-
many) and sonicated five times for 8 sec each on ice at a high
power output with an ultrasonic disruptor (UD201; Tomy
Seiko, Tokyo, Japan) at 1-2-min intervals. After adjusting to
40% sucrose by mixing with buffer C and 80% sucrose in Tris-
buffered saline (TBS; 25 mM Tris, 150 mM NaCl, pH 7.4), the
suspension was placed at the bottom of a tube, and a discontin-
uous sucrose gradient was prepared by pouring 35%, 25%, 15%,
and 5% sucrose in TBS sequentially on top of the suspension.
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The gradient was ultracentrifuged at 261,000g (SW41 rotor;
Beckman) for 18 hr at 4°C. Fractions (1 ml each) were col-
lected from the top. Fractions 4, 5, and 6 were collected in 7
volumes of water and centrifuged at 450,000¢ for 20 min at
4°C (type 70.1 rotor; Beckman). The resultant pellets were
used as LDM samples. In characterizations of the fractions by
Western blotting, each sample was subjected to trichloroacetic
acid (TCA) precipitation. The samples were mixed with an
equal amount of 20% TCA solution and incubated for 1 hr at
—20°C. After centrifugation at 20,400¢ for 15 min at 4°C, the
pellets were washed with ice-cold 100% ethanol, and recentri-
fuged at 20,400g for 15 min at 4°C. The resultant pellets were
air dried and analyzed by SDS-PAGE and Western blotting.

Measurement of Cholesterol Level

Cholesterol level was measured using an Amplex-red
cholesterol assay kit, as previously reported (Oikawa et al,
2012).

Lipid Extraction

Lipids were extracted as previously reported (Oikawa et al.,
2012). Briefly, whole lipids were extracted from SPMs and
LDMs with chloroform—methanol (2:1; v/v) and chloroform—
methanol-water (1:2:0.8; v/v/v). Gangliosides were separated by
two-phase partitioning, as previously reported (Folch et al,
1957). After evaporation under N gas, whole-lipid extract was
redissolved in chloroform—methanol-water (8:4:3; v/v/v) and
then centrifuged at 1,500 rpm for 10 min, and the upper phase
was collected. Pure-solvent upper phase prepared from chloro-
form—methanol-water (8:4:3; v/v/v) was added to the resultant
lower phase, followed by centrifugation at 1,500 rpm for 10 min.
The upper phase was then collected. This step was repeated
twice. The collected upper phases were combined, evaporated
under N, gas, and redissolved in methanol. Synthetic
GM1(d18:1-°C16:0) and GM3(d18:1-14:0) were added to SPM
and LDM samples, respectively, as internal standards for MS.

LC-MS

Gangliosides were analyzed by LC-MS, as previously
reported, with slight modification (Nagafuku et al, 2012).
Briefly, gangliosides were separated by LC using a Develosi
£30 column (1 mm i.d. X 50 mm; Nomura Chemical) and elu-
tion solvents, solvent A (12.5% [SPMs] or 20% [LDMs] water,
10 mM ammonium formate, and 0.1% formic acid in metha-
nol) and solvent B (2.5% [SPMs and LDMs| water, 10 mM
ammonium formate, 0.1% formic acid, 50% isopropyl alcohol
in methanol), using a gradient elution of 20% B in A for 5 min,
from 20% to 100% B in A for 20 min, and 100% B for 5 min.
The flow rate in LC was 50 pl/min. MS was performed using a
Shimadzu LC-IT-MS in the negative ion and automode with
the mass range from m/z 200 to 2,000 and the detector voltage
at 1.9 kV. The ratio of ganglioside signals to internal standard
signals was measured using mass chromatograms monitoring
[M=H] ions. Ganglioside structures were confirmed by MS2
with collision-induced dissociation (CID) energy at 50% arbi-
trary, and ceramide structures were characterized by MS3 or
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MS4 with manual mode detection monitoring corresponding
m/z values.

Statistical Analyses

All statistical analyses were performed in GraphPad Prism
version 5. Data are presented as mean = SEM (in cholesterol
analysis) or mean (in ganglioside analysis). For comparisons
between groups with different APOE genotypes and AD
pathology, Student’s t-test was used, and P < 0.05 were consid-
ered significant.

RESULTS

Demographics and Neuropathological
Characteristics of Autopsied Brains

There were no significant differences between groups
in any of the demographics, including age and post-
mortem delay (Table I). Histopathological analysis showed
no AR deposition in the amyloid-free £2/3 and €3/3 brains
(Fig. 1A,B). In the €3/3 brains with AD pathology, numer-
ous senile plaques and neurofibrillary tangles were observed
(Fig. 1C,D).

SPM and LDM Preparation From Brain Tissues

We first attempted to extract synaptosomes and
SPMs from brain cortical tissues by density gradient fractio-
nation (Igbavboa et al., 1996; Yamamoto et al., 2008). As
previously reported, synaptic proteins, such as synaptophy-
sin and SNAP25, were abundant in the synaptosome frac-
tion, whereas an endoplasmic reticulum-localized protein,
Bip/GRP78, and a lysosomal protein, LAMP-1, were lim-
ited in the fraction (Fig. 2A). Subsequently, SPMs were
prepared from the collected synaptosomes by osmotic
shock and sucrose density gradient fractionation, as previ-
ously reported (Cotman and Matthews, 1971; Fontaine
et al., 1980). Next, to determine whether lipid distribution
was also affected in synaptic membrane microdomains by
the APOE genotype and the presence of AD pathology,
LDMs were collected from SPMs by the detergent-free
method, which potently prevents the artificial domain for-
mation that commonly occurs in the conventional deter-
gent method (Lichtenberg et al., 2005; Lingwood and
Simons, 2007). For the detergent-free isolation of LDMs,
we employed an original method (Persaud-Sawin et al.,
2009), with minor modification as follows. The samples

TABLE 1. Demographics and Neuropathologic Characteristics of
the Autopsied Brains*

Group £2/€3 (AF) £3/¢3 (AF) £3/€3 (AD)
N (male/female) 8 (6/2) 8 (7/1) 8 (2/6)
Age (years; mean * SD) 79*2 782 81+2
PMD (hr; mean & SD) 147 +8.0 16.0 £ 8.5 15.2%£19.9

Senile plaque stage 0 0 C

Braak stage (male/female) 1(5/0) I(4/1) V (2/6)
I (1/1) I (3/0)
I (0/1)

*N, number of brain; AF, amyloid free; AD, neuropathologically diag-
nosed as Alzheimer’s disease; PMD, post-mortem delay.



