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Abstract

The proportion of treatment-resistant schizophrenia (TRS) has been estimated as 20-40% in the schizophrenic patients. Genetic factors are
considered 1o be involved in the development of this condition. Serotonin subtypes are hypothesized 1o be the candidate genes. In the present
study, single marker and haplotype analyses between several mutations of serotonin receptor subtypes (HTR2A, HTR3A and HTR4) and TRS
(TRS = 101. NON-TRS = 239) were performed to determine a possible relationship with the development of TRS. Additionally, we also compared
the daily neuroleptic dosage among each genotype. No significant association was observed between TRS and each allele, genotype, and haplotype.
However, the daily neuroleptic dosage that patients had been receiving during their maintenance therapy was significantly higher in patients with
the T/T genatype of HTRIA polymorphism (rs 1062613, p=0.04 1), The present results support further research to examine the relationship between
HTR3A polymorphism and the development of TRS in the Japanese population.

© 2008 Elsevier Ireland Lid. All rights reserved.
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The proportion of treatment-resistant schizophrenia (TRS) has
been estimated as 20-40% in the schizophrenic patients, and
this unfortunate sitwation in the clinical psychiatric field sull
remain unchanged even after the introduction of several atypical
antipsychotic agents [27]. Among the atypical antipsychotics,
only clozapine has been reported to be effective for 30-60% of
schizophrenic patients refractory to typical and atypical antipsy-
chotics [20.28]. Clozapine is known to provide antipsychotic
effects through binding to the several serotonin receptor sub-
types (5-HT) [3] although the actual mechanism of clozapine for
TRS has not been elucidated yet. In order to ¢larify this mech-
anism several researches investigated the predictable genetic
factors for the clinical response to clozapine, as a result a sig-
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nificant association with the 5-HT receptor subtypes has been
reported in a number of studies as follows.

Clozapine has a high affinity for 5-HT2A receptor [21] and
produces a significant downregulation of cortical 5-HT2A recep-
tor in the radioligand hinding studies [2]. In addition, two PET
studies have shown that the systemic administration of clozap-
ine to schizophrenic patients produces an 84-90% occupation
of cortical 5-HT2A receptor [23.6]. A couple of researches
have reported the association between 5-HT2A receplor gene
(HTR2A) polymorphism and TRS [13.7] or response to clozap-
ine [17]. although no association study has been reported in the
Japanese subjects with TRS.

Since the 5-HT3A receptor has been reported to have poten-
tial anxiolytic and antipsychotic properties from animal studies,
5-HT3A receptor antagonists are being explored as therapeutic
agents for a variety of behavioral disorders [5]. Additionally,
5-HT3A receptor gene (HTR3) is located on 11q23.1, where
linkage with schizophrenia has been suggested in several stud-
ies [19,16]. These results suggest that HTR3 may be related 10
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the treatment response in the schizophrenic patients. Gutierrez
have reported no association between HTR3A polymorphism
and clozapine response [8]. however, this study did not take
haplotype block structure into consideration and did not cover
whole genomic region of HTR3A.

5-HT4 receptor gene (HTR4) also has been reported to be
associated with schizophrenia in the Japanese population [25].
Therefore, this gene could also be a candidate gene for TRS.

Thus, the HTR2A, 3A, 4 could be considered as plausible
genes related to the development of the TRS. Therefore. in the
present study, we performed linkage disequilibrium (LD) anal-
ysis of HTR3A, followed by the case-control association studies
between HTR3A polymorphisms and TRS using single-marker
assoctation analyses and haplotype analyses. In addition, the
association was also examined among HTR2A polymorphism,
HTR4 polymorphism and TRS.

This study was initiated after the approval by the Ethics
Committee of the Nagoya University School of Medicine. Writ-
ten informed consent was obtained from all subjects at study
entry.

A total of 340 patients with schizophrenia (male=200:
female = 140; age: 54+ 12.8; duration of illness: 33.6 124
years; daily neuroleptic dosage: 1021 + 1857 mg/day) who had
been diagnosed using the criteria of DSM-ITR [1] were selected
in this study. All patients were Japanese descent and had been
hospitalized and receiving antipsychotic drugs for more than |
year.

The definition of TRS is described elsewhere in the previous
study [11]. Briefly, information about the neuroleptic therapy
that the schizophrenic patients had been receiving was obtained
from their clinical records. The daily neuroleptic dosage was cal-
culated from the recent 1-year neuroleptic prescription history,
Schizophrenic patients were diagnosed as having TRS when they
had been hospitalized for more than 1 year and had been receiv-
ing antipsychotic therapy at dosages of at least 1000 mg/day
chlorpromazine equivalents for more than 1 year.

Using the information obtained from the HapMap Database
and the dbSNP Database, two single nucleotide polymorphisms
— 151062613 and rs1176713 — were selected as haplotype tag
SNPs (hSNPs) that covered the whole coding region, 5" flanking
region upstream 500 bp, and 3" UTR region downstream 500 bp
of HTR3A. The LD block was defined using HAPLOVIEW Ver-
sion 3.0 (hup://www.broad. mit.edw/mpg/haploview/) as a region
of D'=0.8, In each LD block, haplotype frequency was esti-
mated by the expectation-maximization (EM) algorithm and
WMSNPs were selected using the same program. Additionally, a
SNP(rs6313)of HTR2A and two SNPs (rs2278392, rs3734119)
of HTR4 which have been reported to be associated with
schizophrenia in the previous study [25] were selected. Genotyp-
ing was carried out using polymerase chain reaction-restriction
fragment length polymorphism assays or direct sequence assays
for each SNP. Sequences of each primer pairs are available on
request.

Genotype deviation from the Hardy-Weinberg equilib-
rium (HWE) was evaluated by Chi-square test. Single-marker
and haplotype analyses were performed using SPSS Version
11.0J (Tokyo, Japan) and Cocaphase 2.403 (hup://www.rfcgr.

mrc.ac.uk/~fdudbrid/software/unphased/), respectively. Com-
parison of the daily neuroleptic dosage among each genotype
was performed using Mann-Whitney U-test. Power calcula-
tion was performed by Power Calculator (hup://calculators.
stat.ucla.edu/powercale/). The level of sigmficance for all sta-
tistical tests was set at 0.05.

A ol of 101 schizophrenic patients were identified
as the TRS (TRS: male=67, female=34, age=50+ 10.5,
onset age=20+£53; NON-TRS: male=133. female= 106,
age=56=13.1, onset age=23.5 4+ 8.2). The male ratio tended
1o be higher in the TRS patients (p<(.1), and the age at onset
was significantly younger in this group (p=10.009). However,
no significant difference was observed in the incidence of any
psychiatric symptom between the two groups, such as delusion
and hallucination, bizarre behavior, disorganization, and nega-
tive symptoms at their first episode, as reported in our previous
report [12]. The genotype distnbutions of the polymorphisms
did not deviate significantly from the HWE in each study group
for any polymorphism. The genotype and allele frequencies of
three kinds of serotonin receptor genes in TRS and NON-TRS
groups are shown in Table 1.

No significant association was observed in the single marker
analysis of HTR2A, HTR3A, and HTR4, and in haplotype anal-
ysis of HTR3A and HTR4 (Table 1).

The characteristics of neuroleptic treatment among the three
subgroups showing each SNP polymorphism are shown in
Table 2. In rs1062613 of HTR3A, the daily neuroleptic dosage
during maintenance therapy was significantly higher in patients
with the T/T genotype than the others (p=0.041).

When the proportion of TRS was set 1o be 30% [9], we
obtained more than 80% power to detect an association with
the SNPs of which the minor frequency is more than 10%.

The results presented here suggest that HTR3A may be
involved in the development of TRS in the Japanese popula-
tion. In this study, significant difference in the daily neuroleptic
dosage recetved during maintenance therapy was observed in
schizophrenic patients with the T/T genotype ol HTRIA poly-
morphism (rs1062613).

The SNP rs1062613 is located on the promoter region of
HTR3A and has been reported 1o regulate the expression of
this gene [22]. Since presynaptic 5-HT3A receptors modulate
the release of several neurotransmitters in various brain regions
[15.26]. the abnormal expression of HTRIA might increase the
dopamine concentration in the synaptic cleft. This may lead to
increase the therapeutic antipsy chotic doses in the schizophrenic
patients with this mutation.

Additionally, several antipsychotic drugs reduce the
dopaminergic neurotransmission by antagonizing the 5-HT3A
receplor [24]. Therefore, reduction in the expression of 5-HT3A
receptor may weaken the therapeutic effect of antipsychotics
through this pathway: even higher dose of most antipsychotic
drugs may not reduce the dopaminergic neurotransmission.

Furthermore, this SNP has been reported to have a critical
role in the amygdala activity leading to the facial expression
recognition [10], and the defect of facial expression recognition
has been reported 1o be a specific symptom to the schizophrenia
including TRS [4.18]. Therefore, this SNP may have a role in
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Table 1
Genotype and allele frequencies of HTR2A, HTR3A and HTR4 polymorphisms in TRS and NON-TRS
Genotype p-Value Allele p-Value Global
frequency (%) p-value
HTR2A
rs6313 GC T TT L&
TRS 19 58 3 0.500 48 52 0.777
NON-TRS 48 123 68 46
HTR3A
rsl062613 CiC T T C T
TRS 75 2 5 0117 85 15 0.400
NON-TRS 189 47 3 89 1 0.576
176713 AlA AIG GIG A G
TRS 49 38 14 0.744 67 i3 (0.648
NON-TRS 124 14 7 70 o
HIR4
rs2278392 GIG GIA AlA G A
TRS 59 i6 7 0.867 76 24 0.868
NON-TRS 148 80 15 T 23 0.863
3734119 T T/IC cic 1 C
TRS 59 36 B 0.891 75 25 0.869
NON-TRS 148 80 19 76 24

the development of TRS based on the effect of the SNP on the
impairment of facial expression recognition.

The definition of TRS in the present study is different form
that proposed by Kane et al. [14]. Since the polypharmacy is
widely prevalent in the antipsychotic treatment of schizophrenia
in Japan. In the present study, the psychopathology of TRS was
defined by the total antipsychotic doses that the schizophrenic
patients had been receiving during the recent | year, that is, the
severity of illness was extrapolated by the total antipsychotic
doses. In addition, they had been hospitalized for more than 1
year, indicating that they had been no good level of functioning
over this period. In fact, age at disease onset had been observed
1o be significantly younger in the TRS subjects, suggesting that

Table 2
Characteristics of NLP treatment among three subgroups showing HTR2A,
HTRIA and HTR4 polymorphisms

Genotype

HTR2A

r63l3 cic cT TT

Daily NLP 575 (2-4042) 603 (4-12893) 372 (36283
HTR3A

rsl062613 CciC CT T

Daily NLP 496 (2-12893) 568 (5-12850) 1179 (28130481

1176713 AJA AIG GIG

Daily NLP 559 (3-8337) 417 (2-12893) T10 (424226)
HIR4

rs2278392 GG G/A AlA

Daily NLP 491 (2-12893) 600 (4-6283) 460 (50-2262)

3734119 T TiIC cic

Daily NLLP 491 (2-12893) 605 (4-6283) 439 (30-2262)

Data are expressed as median { min-max).
* p=0.041 when compared to the (C/C + C/T) subgroup.
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the younger onset patients tend to less response to the antipsy-
chotic therapy. Therefore, we consider that virtually no essential
difference exists between the present definition of TRS enrolled
in Japan and that proposed by Kane et al. [14].
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NRG1-ERBB signaling influences the risk for schi-
zophrenia pathology. A recent study has reported
that MAGI1, MAGI2, and protein phos-
phatase, receptor-type, Z polypeptide 1 (PTPRZI;
located on 7q31.3) gene products regulate the
NRG1-ERBB4 signaling pathway, and PTPRZI is
associated with schizophrenia in a Caucasian

INTRODUCTION

Schizophrenia is a chronic and devastating psychiatric
disorder with a global morbidity risk of approximately 1%.
While schizophrenia is highly heritable (heritability score of
approximately 0.8), the underlying genetics are complex, and
the interpretation of genetics data has proven difficult [Freed-
man 2003; Ross et al. 2006]. The hypothesis, which this disease

population. By applying a gene-based iation
concept, we analyzed

PTPRZ1 tagging SNPs and schizophrenia in
the Japanese population (576 schizophrenics and
768 controls). After linkage disequilibrium ana-
lysis, 29 single nucleotide polymorphisms (SNPs)
were genotyped using a 5'-exonuclease allelic dis-
crimination assay. We found a significant associa-
tion of one tagging SNP in a genotype-wise analysis
(P =0.007); however, this might be resulted from
type I error due to multiple testing (P = 0.17 after
SNPSpD correction), No association was observed
between schizophrenic patients and controls in
either allelic, genotypic, or haplotypic analyses.
Our results therefore suggest that PTPRZ! is
unlikely to be related to the development of
schizophrenia in the Japanese population.
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is a devel tal disorder of the nervous system with a late
onset of characteristic symptoms, has been gaining acceptance
over the past vears, and several candidate predisposition genes
such as neuregulin-1 (NRG1), disrupted-in-schizophrenia 1
(DISC1), dysbindin (DTNBP1), and glutamate decarboxylase
67 (GADI) have been reported [Lewis and Levitt, 2002;
Rapoport et al., 2005; Harrison, 2007].

Among these genes, NRG1 is regarded as one of the most
promising susceptibility genes for schizophrenia [Stefansson
et al., 2002; Li et al., 2006; Munafo et al., 2006). NRG1-ERBB
signaling may contribute to the pathogenesis of schizophrenia
by affecting neuronal migration, cortical connectivity, neuro-
transmitter receptor expression (NMDA and GABA,), oligo-
dendrocyte development, and myelination [Norton et al., 2006;
Li et al., 2007; Woo et al., 2007], Any associated alterations of
NRG1-ERBB signaling would thus support a neurodevelop-
mental and a glutamate/GABA hypothesis of schizophrenia
causation [Corfas et al., 2004].

Recently, MAGI proteins were identified as substrates for
the ERBB4 gene product by both a yeast two-hybrid analysis
and a kinase assay [Montgomery et al., 2004]. Likewise, MAGI
proteins are dephosphorylated by receptor protein tyrosine
phosphatase beta (RPTPJ) [Fukada et al., 2005), and thus
notably, RPTPf may also regulate the NRG1-ERBB4 signaling
[Buxbaum et al., 2007].

RPTPf is the PTPRZI (protein tyrosine phosphatase,
receptor type, Z polypeptide 1) gene product, and RPTP
protein is highly expressed during embryogenesis as a trans-
membrane protein, primarily in the central nervous system
[Levy et al., 1993]. Tyrosine phosphorylation and dephosphor-
vlation play a key role in the signaling of cell growth and
differentiation, and the PTPRZ] gene product is believed to
play a role in the recovery and survival of oligodendrocytes in
demyelinating disease [Harroch et al., 2002].

In the aforementioned NRG 1-ERBB4 study, a case-control
association study between PTPRZI and schizophrenia has
been carried out, and PTPRZ1 has been demonstrated to be
associated with schizophrenia in a United Kingdom case-
control cohort [Buxbaum et al., 2007], However, while PTPRZ1
is considered to be one of the plausible candidate genes for
schizophrenia, replication of this positive association is
required in order to demonstrate that PTPRZ! is a true
susceptibility gene for this disease,
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It is widely accepted that there are certain limitations in
replicating a genetic association study using the same or a
smaller number of single nucleotide polymorphisms (SNPs) as
the original investigation. One major limitation is due to
differences in allele frequency or variations of the linkage
disequilibrium (LD) structure (population dependence) among
each ethnicity. To overcome this limitation, a gene-based
approach, rather than a SNP-based or haplotype-based app-
roach, is currently recommended [Neale and Sham, 2004]. In
such studies, it is important to include both the gene as well as
the gene-flanking regions when testing for any associations,
and it is also important to select genetic variants which
adequately reflect the LD background by the standardized
disequilibrium coefficient (D') and squared correlation coef-
ficient (r®) in the targeted populatmn (e.g., tagging SNPs). By
applying this gene-based association approach, we sought to
determine the association, if any, between PTPRZ] tagging
SNPs and schizophrenia in the Japanese population.

MATERIALS AND METHODS
Subjects

The cohorts used in this study consisted of 576 patients with
schizophrenia (341 males and 235 females, mean age + SD =
50.1 + 15.1 years) and 768 healthy control subjects (365 males
and 403 females, mean age+SD=40.1+15.6 years). All
subjects were unrelated to each other and were of Japanese
ethnicity. The patients were all diagnosed according to the
Diagnostic and Statistical Manual of Mental Disorders, Fourth
Edition, Text Revision (DSM-IV-TR) criteria for schizophrenia,
with consensus reached among at least two experienced
paychiatrists on the basis of unstructured interviews as well
as a review of the subjects’ medical records. All healthy control
subjects were also psychiatrically screened with brief diag-
nostic unstructured interviews. Suhjects who had current or
past contact with psychiatric services were excluded. After
describing the study to each subject, written informed consent
was obtained. This study was approved by the Ethics
Committee of the Nagoya University Graduate School of
Medicine.

Tagging SNP Selection

To analyze genetic association, we implemented a gene-
based approach. This method implies the inclusion of both the
gene region and the gene-flanking regions in the association
study [Neale and Sham, 2004]. The PTPRZI gene contains 30
exons spanning approximately 188900 base pairs (bp), and
three other splicing isoforms have been reported thus far
[Garwood et al,, 2003; Paul and Lombroso, 2003].

We first consulted the HapMap database (release#22;
phase2, April 2007, population: Japanese in Tokyo, minor
allele frequency (MAF): more than 0.05). All SNPs in the entire
gene region covering all isoforms, as well as the 5,000 bp
upstream 5’ flanking region and the 5,000 bp downstream 3'
flanking region, were listed.

Then we defined 28 tagging SNPs (Table I) with the criterion
ofan r® > 0.8 in ‘pair-wise tagging only’ mode umngthe"fagger
program, implemented by Haploview software version
4.0 (http://www.broad.mit.edu/mpg/haploview/index.php)
|Barrett et al., 2005; de Bakker et al., 2005], considering two
points in particular. First, we mandatorily included marginal
and significant SNPs reported in previous study (Table [;
rs6466808, rs10278079, rs1196471, rs2693657, rsl1147502,
rs1147497, rs1147489, and rs1206381; indicated by asterisk)
as tagging SNPs, except for rs1196513 and rs13241278
[Buxbaum et al., 2007]. Because rs1196513 and rs13241278
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were not listed in the HapMap database, we could not analyze
the LD patterns of these SNPs, Second, due to unavailability of
the reliable genotyping method for rs1206384, we genotyped
rs1860721 (No.8) instead, whose r* value with rs1206384 was 1
(HapMap data). There were three validated exonic SNPs
(MAF > 0.05) and some SNPs in the 3 or 5’ flanking of the gene,
and all these SNPs were covered by the selected tagging SNPs.
Of two other significant SNPs reported by Buxbaum et al.
(rs1196513 and rs13241278), rs13241278 was included, but
rs1196513 was not included in our analysis because this SNP
was not validated and its frequency was not reported in the
dbSNP database (NCBI). Overall, 29 SNPs were examined.

SNP Genotyping

Venous blood was drawn from each subject and genomic
DNA was extracted from whole blood according to standard
procedures. Genotyping of all tagging SNPs was carried out
using 4 TagMan 5-exonuclease allelic discrimination assay
(Applied Biosystems Japan Ltd., Tokyo, Japan). TagMan
probes and Universal PCR Master Mix were obtained from
Applied Biosystems. Allelic-specific fluorescence was meas-
ured using the ABI PRISM 7900 Sequence Detector System
(Applied Biosystems). Details regarding reagents or reaction
conditions are available upon request.

Statistical Analysis

Genotype deviation from the Hardy—Weinberg equilibrium
(HWE) and single-marker allelic association were evaluated
using Haplovmw Analysis of linkage disequilibrium between
markers (r* and D') was also performed using Haploview.
Genotypic association was tested by the chi-squared test or by
Fisher's exact test. Genotypic association of SNPs that
deviated from HWE was analyzed using the Cochran-Armitage
trend test for a multiplicative model of inheritance [Balding,
2006]. For haplotype-wise analysis, LD blocks were initially
defined in accordance with Gabriel's criteria using Haploview
software. Haplotypic analyses were performed with Unphased
software version 2.403 [Dudbridge, 2003], which performs log-
likelihood ratio tests under a log-linear model for global P
values, Rare haplotypes found in less than 3% of both case and
control subjects were excluded from the association analysis to
provide greater sensitivity and accuracy when the effect was
seen incommon haplotypes, and the expectation-maximization
algorithm was then employed. rs13241278 was excluded from
haplotypic analysis because this SNP was not selected by
Tagger. The significance level for all statistical tests was
P < 0.05. Power calculations were performed using the genetic
statistical package Genetic Power Calculator [Purcell et al.,
2003] (http:/pngu.mgh. harvard.edu/~purcell/gpe/). The num-
ber of effective independent SNPs assayed was estimated hy
the spectral decomposition method of Nyholt using SNPSpD
software, This software is able to reflect the correlation of
markers (LD) on corrected P values to control for inflation of
the type I error rate [Nyholt, 2004].

RESULTS

The genotype and allele frequencies of each SNP from
schizophrenic patients and healthy control subjects are
summarized in Table 1. The observed genotype frequencies of
two tagging SNPs deviated from HWE (rs1206477 and
rs13241278). The LD relationships between markers are
provided in Table II. The LD patterns observed in our controls
were nearly identical to those of the JPT HapMap samples, but
obviously different from those of the CEU HapMap samples.
Only rs1196511 showed a significant association with schizo-
phrenics in a genotype-wise analysis (P = 0.007). However, this
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significance may be the result of a type | error due to multiple
testing. We performed P-value correction by using the
SNPSpD program (the effective number of independent
marker loci: 24.8646; the experiment-wide significance thresh-
old required to keep type | error rate at 0.05: 0.002; P=0.17
after SNPSpD correction) [Nyholt, 2004]. No association was
observed between the schizophrenic patients and their controls
in allelic, genotypic, or haplotypic analyses (Tables I and I1I).
Greater than 80% power in detecting any association with
schizophrenia was obtained when the genotype relative risk
{(GRR) was set between 1.25 and 1.61 under a multiplicative
model of inheritance assuming the disease prevalence to be 1%
and the population susceptibility allele frequencies to be the
values observed in control samples.

DISCUSSION

The ‘common disease-common variant’ hypothesis postu-
lates that linkage disequilibrium should be detected by the
haplotype association test if the risk haplotype is linked to
causal variants for disease [Chakravarti, 1999]. Regarding
the Japanese population, therefore, the data presented in
this article do not provide sufficient evidence for the involve-
ment of the PTPRZI gene in conferring susceptibility for
schizophrenia.

In this study, we could not replicate a previous report
[Buxbaum et al., 2007], which revealed a significant associa-
tion between PTPRZ1 and schizophrenia in a Caucasian
population. The discrepancy between Japanese and Caucasian
populations may derive from ethnic differences in the etiology
of schizophrenia. Although the sample size used here is smaller
than the sample size of the original study, we obtained a
statistical power expected to detect any possible association,
and so the possibility of a type II error is unlikely. The GRR
value caleulated using power analysis was appropriate when
compared to other promising candidate genes for schizophre-
nia [Shifman et al,, 2002; Schwab et al., 2003]. In this regard, a
prompt gene-hased replication study has become feasible as
the International HapMap project progresses. In this case,
however, PTPRZ1 is a complicated gene with a transeript that
iz spliced into four distinct isoforms, and the HapMap database
focused only one isoform (NM_002851). With such a limitation,
other SNPs involved in mRNA splicing, while having attracted
great attention in the pathology of schizophrenia [Law et al.,
20071, might nonetheless be overlooked. Thus, it might be
useful to investigate not only exons but also splice junctions of
this gene.

Two additional limitations need to be addressed in order to
discuss the present results. First, age-unmatched and male-to-
female ratio unmatched cohorts were examined in the present
study. The mean age of the controls is younger than that of the
patients, This means that a number of these younger controls,
though likely not more than eight subjects given a lifetime
morbidity risk of 1%, may later develop schizophrenia. This
confounding factor might weaken the power of the present
study. We also performed exploratory analysis to investigate
the effect of age and gender on the disease status. Based on the
results of the analysis using logistic regression model, these
variables did not seem to be involved in the results of present
association study (data not shown). Secondly, another limi-
tation, which must be addressed, is that other candidates
related to the NRG1-ERBB signaling would also be in the locus
heterogeneity. In this case, causal variants with extremely
rare MAF's and allelic heterogeneity should be also considered.
Likewise, the combined effect between SNPs on PTPRZI and
SNPs on the other genes (ERBB4, MAGIs, etc) might actually
prove to be a stronger predisposition factor.

Moreover, the definition of phenotypes is vital for a genetic
association study. Therefore, endophenotypes (being more
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TABLE III. Haplotypic Analysis of PTPRZ1

Haplotypic global P-value
window size

No. SNP ID 2 3 4
1 rs13437930
0.22
2 rs2402593 0.38
0.25 0.57
3 rs1916885 0.48
0.64 0.60
4 rs3757548 0.66
0.84 0.77
5  rsl206477 0.74
0.54 0.90
6 rs6974265 0.77
0.64 0.50
7 rsl011692 0.37
0.15 0.45
8 rsl860721 0.31
0.21 0.26
9 rsd731044 0.34
0.58 0.40
10 rs64B6804 0.44
0.41 0.35
11 rs1196482 0.28
0.21 0.24
12 rs10278079 0.19
0.18 0.26
13 rs1196511 0.26
0.16 0.17
14 rs3817483 0.21
0.13 0.41
15 rsl0225212 0.29
0.21 0.34
16 rs1196471 0.23
0.84 0.44
17 rs2693657 0.96
0.92 0.44
18 rsl196474 0.43
0.26 0.41
19 rs17144005 0.33
0.27 0.26
20 rs1147502 027
0.51 0.43
21 rsl2670616 0.73
0.58 0.07
22 rsl147497 0.62
0.62 0.64
23 rs1147492 0.62
0.57 0.39
24 rsl147491 0.32
0.22 0.48
25 rs1918031 0.45
0.47 0.54
26 rsl147489 0.39
0.50 0.36
27 rsl147488 0.37
0.34

28 rs1206381

Haplotypic global P-value was calculated using Unphased software.

specific than phenotypes) or symptoms are also thought to be
important in this field [Gottesman and Gould, 2003; Craddock
et al., 2006; Braff et al., 2007]. We did not take advantage of
these analyses in order to test for a genetic association, but they
may be useful in elucidating the potential role of PTPRZ! in
schizophrenia. Because several studies have demonstrated
that Ptprz-deficient mice suffer hippocampal dysfunction
[Niisato et al.,, 2005; Tamura et al., 2006], additional endo-
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phenotypic approaches such as cognitive function assessment,
brain imaging and other phenotypes that reveal PTPRZI
traits would further contribute to our understanding of
schizophrenia.

In summary, the findings of the present study suggest
that PTPRZ] is unlikely to be related to the development of
schizophrenia in the Japanese population. Further replication
studies incorporating supplemental populations should be
performed for conclusive results.
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Article history: The FXYD domain containing ion transport regulator 6 (FXYD6) gene is located within a region of
Recerved 26 January 2008 chromosome 11 ( 11g23.3) that has been shown by a number of genome scans to be one of the most well-
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Accepted 4 April 2008 established linkages to schizophrenia. FXYD6 encodes the protein phosphohippolin, which is primarily

expressed in the brain. Phosphohippolin modulates the kinetic activity of Na,K-ATPase and has long-term
physiological importance in maintaining cation homeostasis. A recent study reported that FXYD6 was

::“"“"’"‘:’ o associated with schizophrenia in the United Kingdom samples. Applying the gene-based association con-
Ft?;b"a e G cept, we carried out an association study regarding FXYD6 and schizophrenia in a Japanese population,
_{mimph""m with a sample consisting of 2026 subjects (906 schizophrenics and 1120 controls). After linkage disequi-

librium analysis, 23 single nucleotide polymorphisms (SNPs) were genotyped using 5'-exonuclease allelic
discrimination assay. We found a significant associarion of rwo SNPs (rs11216573; genotypic Pvalue: 0.022
and rs555577; genotypic Pvalue: 0.026, allelic Pvalue: 0.011, uncorrected). Nominal P values did not sur-
vive correction for multiple testing (rs11216573: genotypic Pvalue: 0.47 and rs555577; genotypic Pvalue:
0.55, allelic Pvalue: 0.24, after SNPSpD correction ). No association was observed between schizophrenia
patients and controls in allelic, genotypic and haplotypic analyses. Our findings suggest that FXYD6 is
unlikely to be related to the development of schizophrenia in a Japanese population,

© 2008 Elsevier ireland Ltd. All rights reserved.

Single nucleotide polymorphism
Linkage disequilibrium

Schizophrenia is a severe and debilitating mental iliness that affects
approximately 1% of the population worldwide [21]. Although
family. twin and adoption studies have demonstrated a high her-
itability (a heritability score of approximately 0.8), the molecular
basis of the disease remains unclear [10.21]. The hypothesis that
schizophrenia is a developmental disorder of the nervous system
with a late onset of characteristic symptoms has been gaining
acceptance over the past years, and the involvement of sev-
eral candidate predisposition genes, such as neuregulin-1 (NRGT),
disrupted-in-schizophrenia 1 (DISCI), and dysbindin (DTNBPI),
in the development of schizophrenia has been reported [13,20].
Likewise, a hypothetical model based on deficient glutamatergic
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neurotransmission in the prefrontal cortex has been examined in
the aetiology of schizophrenia [15]. In the central nervous system
(CNS), most of the excitatory neurotransmission uses L-glutamate
as the principal neurotransmitter. Glutamate transport depends
on Na°, K* transmembrane gradients generated by Na.K-ATPase
[24].

The FXYD domain containing ion transport regulator 6 (FXYD6:
located on 11q23.3) gene is a member of a family of seven FXYD
genes. The chromosome 11q22-24 region has been shown to be one
of the most well-established linkages to schizophrenia by a meta-
analysis of 20 genome scans and other studies of genome scans
(locus SCZD:; MIM #181500) [12,14,16). The FXYD proteins share
homology for a single common transmembrane domain |25]. Each
FXYD protein is expressed in a tissue-specific manner and functions
by altering the kinetic acrivity of Na K-ATPase.

Phosphohippolin, one of the FXYD proteins, modulates the
kinetic activity of NaK-ATPase and has long-term physiological
importance in maintaining cation homeostasis [8]. FXYD6 encodes
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the protein phosphohippolin, which is primarily expressed in the
brain and kidney [28]. In rats, phosphohippolin has been found to
be expressed in the neuronal fibers of the medial part of lateral
habenula nucleus. thalamus, hypothalamus, stria terminalis. zona
incerta, amygdaloid body, cingulum, olfactory bulb, hippocampus,
cerebral cortex. and cerebellum [11]. Expression studies of the
brain during development show the greatest amount of phospho-
hippelin in the postnatal 3-week-old rat brain, with a substantial
capacity for phosphohippolin still existing in the adult brain [11].
This suggests that phosphohippolin may play an important role
in neuronal excitability of the CNS during postnatal development,
as well as that in the adult brain [11]. In humans, the expres-
sion of FXYDG is primarily in the brain, with the highest level
of expression found in the fetal brain, prefrontal cortex, amyg-
dala, occipital lobe, and hypothalamus according to the Novartis
gene-expression-atlas database (GNF Sym-Atlas; Human GeneAt-
las GNF1H, gcRMA; http://symatlas.gnf.org/SymAtlas/) and the
GeneNore database (hrtp://www.genecards.org/). The notable lev-
els of expression occur in regions of the brain thought to be
involved in schizophrenia, as identified by brain-imaging abnor-
malities [26]. In a postmortem brain study of schizophrenia and
hipolar disorder, the expression of FXYD6 in the dorsolateral pre-
frontal cortex (Brodmann area 46) was tended to be decreased
compared with healthy subjects (the Stanley Brain Collection,
htep: [ fwwwi.stanleyresearch.org/brain/). FXYD6 is, therefore, a
positional and functional candidate gene for schizophrenia.

Recently, a case~control association study between two genes
located on 11q23.3 (FXYD2 and FXYD6) and schizophrenia was
carried out, and FXYD6 was demonstrated to be associated with
schizophrenia in United Kingdom samples (rs3168238: P=0.009:
odds ratio 1.64. rs1815774: P=0.049; odds ratio 1.21, rs4938445:
P=0.010; odds ratio 1.31, rs4938446: P=0.025: odds ratio 1.26 and
rs497768: P=0.023; odds ratio 1.24) | 5]. However, although FXYD6
is considered one of the plausible candidate genes for schizophre-
nia, a replication of this positive association is required to maintain
that FXYD6 is a true susceptibility gene for schizophrenia.

Itis widely accepted that there are differencesin allele frequency
or variations of the linkage disequilibrium (LD) structure (popula-
tion dependence) among each ethnicity. Therefore, a gene-based
approach, rather than a single nucleotide polymorphism (SNP}-
based or haplotype-based approach, is currently recommended
[17]. In such studies, it is important to include both the gene as
well as the gene flanking regions when testing for any association,
and it is also important to select genetic variants that adequately
reflect the LD background by the standardized disequilibrium coef-
ficient () and squared correlation coefficient (r?) in the targeted
population (e.g., ragging SNPs).

By applying the aforementioned concept, we carried out a gene-
based association study between FXYDE and schizophrenia in a
Japanese population to try to replicate previous findings.

The total sample used in this research, comprising 2026 sub-
jects (906 schizophrenics and 1120 controls ). The cohorts consisted
of 906 patients with schizophrenia (513 males and 393 females,
mean age +S.D.=42.3 £ 17.5 years) and 1120 healthy control sub-
jects (559 males and 561 females, mean age +5.D.=386+154
years). All subjects were unrelated to each other and were of
Japanese ethnicity. The patients were diagnosed according to the
DSM-IV-TR ( Diagnostic and Statistical Manual of Mental Disorders,
Fourth Edition, Text Revision) criteria for schizophrenia with the
consensus reached among at least two experienced psychiatrists
on the basis of unstructured interviews as well as a review of the
subjects’ medical records. All healthy control subjects were also
psychiatrically screened on the basis of brief diagnostic unstruc-
tured interviews. Subjects who had current or past contact with
psychiatric services were excluded. After describing the study to
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each subject, written informed consent was obtained. This study
was approved by the Ethics Committee of the Nagoya University
Graduate School of Medicine and Fujita Health University School of
Medicine.

We used a gene-based approach to analyze genetic asso-
ciations. This method implies the inclusion of both the gene
region and gene flanking regions in the association study [17].
FXYD6 contains eight exons spanning approximately 39,700 base
pairs (bp) and no validated splicing isoform has been annotated
thus far (RefSeq NCBI). We first consulted the HapMap database
(http://www.hapmap.org/: release#22; phase2, April 2007, pop-
ulation: Japanese in Tokyo). All common SNPs (minor allele
frequency (MAF)>0.05) in the entire gene region, as well as the
5000 bp upstream 5' flanking region and 5000 bp downstream 3
flanking region were listed.

Then we defined 22 tagging SNPs (Table 1) with the crite-
rion of an #>08 in 'pair-wise tagging only’ mode using the
“Tagger' program, implemented by Haploview software version
4.0 (hetp:/jwww.broad.mit.edu/mpg/haploview/index.php) [2.7].
In other words, if r calculated from HapMap data was more than
0.8, only one of the two loci was selected for the association study.
Significant SNPs(rs1815774, rs4938445 and rs497768) in the previ-
ous study | 5] were selected by "Tagger'(Table 1). rs4938446 was not
selected because its r¥ between rs4938445 was 1.0, but we included
54938446 in our analysis. rs3168238 was not included in our anal-
ysis, because it was not polymorphic in the Japanese population
(dbSNP NCBI. HapMap database). Overall, 23 SNPs were examined.

Venous blood was drawn from the subjects and genomic DNA
was extracted from whole blood according to standard procedures.
Genotyping of all tagging SNPs was carried out using TagMan 5'-
exonuclease allelic discrimination assay (Applied Biosystems Japan
Ltd.. Tokyo, Japan). TagMan probes and Universal PCR Master Mix
were obtained from Applied Biosystems. Allelic-specific fluores-
cence was measured using the ABI PRISM 7900 Sequence Detector
System Applied Biosystems). Details regarding reagents or reaction
conditions are available upon request.

Genotypes were tested for Hardy-Weinberg equilibrium using
the chi-square goodness-of-fit test. Single-marker allelic and geno-
typic associations were evaluated using the chi-square test or
Fisher's exact test. Genotypic association of SNPs that devi-
ated from HWE was analyzed using Cochran-Armitage trend
test for @ multiplicative model of inheritance [1]. Analysis of LD
between markers (rf and D) was performed using Haploview
software. For haplotype-wise analysis, LD blocks were initially
defined in accordance with Gabriel's criteria using Haploview
software, Haplotypic analyses within LD blocks were performed
with Unphased software version 2.403 [9], which performs log-
likelihood ratio tests under a log-linear model for global P values,
Rare haplotypes found in less than 5% of both case and control
subjects were excluded from the association analysis to pro-
vide greater sensitivity and accuracy when the effect was seen
in common haplotypes, and the expectation-maximization algo-
rithm was then used. We also used in a 2- to 5-marker sliding
window fashion analysis. The significance level for all statistical
tests was P<0.05. Power calculations were performed using the
web-based genetic statistical package Genetic Power Calculator
[19] {heep://pngu.mgh.harvard.edu/~purcell/gpc/). Power was esti-
mated under a multiplicarive model of inheritance, assuming the
disease prevalence to be 1% and the population susceptibility allele
frequencies to be the values observed in control samples. The num-
ber of effective independent SNPs assayed was estimated by the
spectral decomposition method of Nyholt using SNPSpD software.
This software is able to reflect the correlation of markers (LD) on
corrected Pvalues to control for inflation of the type | error rate [18]
(http://gump.gimr.edu.au/general /daleN/SNPSpD/).
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Table 3
Haplotypic analysis of FXYD6
No. SNPID Haplotypic global P value
Window size
2 3 4 5
1 rs11216573
027
2 rs2282506 036
054 032
3 rs520313 035 046
0.66 049
4 rs564989 063 0.56
049 0.67
5 510892185 053 021
090 0,18
6 rs406371 an 0.47
009 0.40
7 rs555577 0.36 0.26
0.70 026
8 s7121573° 0.56 015
0.63 039
9 rs1815774™ 066 0.26
0.65 0.43
mn rs11216591 044 0.66
038 0.66
1 511216594 0.69 0.81
055 0.86
12 5876797 0.75 0.79
059 0.78
13 rs10790218" 0.57 0.72
032 0.56
14 54938445 0.61 0.50
0.88 0.64
15 rs4938446" 0.89 0.60
0.80 027
16 57119090 058 0.62
028 0.89
17 rs11216598 0.49 095
097 0.68
18 s631898 057 077
069 0.88
19 s 11605223 0.66 0.94
025 0.86
20 3809044 026 077
098 093
21 33809043 096 0.73
0.78 0.67
22 53809042 0.59
0.76
23 497768
Haplotypic global P value was caiculated using Unphased software.
IDs with asterisk represent significant (**) or marginally sigmificant (*) SNPs in

Choudhury’s report.

The genotype and allele frequency of each SNP in schizophrenic
patients and healthy control subjects are summarized in Table 1.
The observed genotype frequency of rs3809043 deviated from
HWE. The LD relationships between markers are shown in Table 2.
The LD parterns observed in controls were nearly identical to those
of the |PT HapMap samples, but obviously different from those of
the CEU HapMap samples. The haplotypic analysis is provided in
Tables 1 and 3. We found a significant association of two tagging
SNPs (rs11216573; genotypic P value: 0.022 and rs555577; geno-
typic P value: 0,026, allelic P value: 0.011) before correction for
multiple testing. To correct for multiple testing, we estimated the
effective number of independent SNPs using the method of Nyholt
[ 18]. The number of independent SNPs was estimated at 21.38. Thus
the gene-wide corrected P value for significance was 0.002338.
Nominal Pvalues did not survive correction for multiple testing. No
association was observed between schizophrenia patients and con-
trols in allelic and genotypic analyses after correction for multiple
testing (Table 1), More than 80% power in detecting an associa-
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tion with schizophrenia was obtained when the genotype relative
risk (GRR) was set at 1.20-1.40 under a multiplicative model of
inheritance.

The “common disease-common variant”™ hypothesis postulates
that LD should be detected by the haplotype association test if the
risk haplotype is linked to causal variants for disease [4). Regarding
the Japanese population, therefore, the data presented in this article
do not provide sufficient evidence for the involvement of FXYD6 in
conferring susceptibility for schizophrenia.

In this study, we found a significant association of two tag-
gingSNPs(rs11216573 and rs555577) before correction for multiple
testing. It is important to control for inflation of type | errors due
to multiple testing. Bonferroni correction is typically used for solv-
ing multiple testing problems: however. because markers are not
independent due to the existence of LD, Bonferronl correction is
thought to be too conservative. We thus performed multiple test-
ing correction by the spectral decomposition method of Nyholt
using SNPSpD sofrware. Nominal P values did not survive correc-
tion for multiple testing (rs11216573; genotypic P value: 0.47 and
rs555577: genotypic P value: 0.55, allelic P value: 0.24, corrected
by the spectral decomposition method of Nyholt). The significant
association in our results was thought to be a false-positive finding
due to multiple testing. Over time, we could not replicate a pre-
vious report [5], which revealed a significant association between
FXYD6 and schizophrenia in a Caucasian population. The discrep-
ancy between Japanese and Caucasians may derive from ethnic
differences in the etiology of schizophrenia. Although the sample
size used here is smaller than the sample from the original study, we
obtained more than 80% power in detecting any possible associa-
tion: thusthe possibility of atype Il erroris less likely. The GRR value
predefined in our power analysis was appropriate when compared
with Choudhury's report {odds ratio: 1.21-1.64) and other promis-
ing candidate genes for schizophrenia [22.23]. We also performed
haplotypic analysis excluding rs4938446, because this SNP was not
selected by Tagger. However, no significant results were obtained
(data not shown).

Two additional limitations need to be addressed to discuss the
present results. First, age-unmatched and male-to-female ratio
unmatched cohorts were examined in the present study. The
mean age of the controls was younger than that of patients. This
means that a number of these younger controls, though likely
not more than 12 subjects given a liferime morbidity risk of 1%,
may later develop schizophrenia. In order to address this issue,
we also included an explorative analysis of gender effect. How-
ever, no associations were found in analysis subdivided by gender
(supplementary Table 1).

Second, the definition of phenotypes is vital for a genetic associ-
ation study. Therefore, endophenotypes (being mare specific than
phenotypes) or symptoms are also thought to be important in this
field [3.6]. We did not take advantage of these analyses to test
for a genetic association; however, those analyses might be use-
ful in elucidating the potential role of FXYD6 in schizophrenia.
Additional endophenotypic approaches, such as cognitive func-
tion assessment, brain imaging, and other phenotypes that reveal
FXYD6 traits would further contribute to our understanding of
schizophrenia. In this regard, a recent study reported that DAOA/G30
influences susceptibility to the symptomatology of psychiatric dis-
orders including schizophrenia and bipolar disorder, but not to the
diagnosis itself [27]. The phenotypic definition should be consid-
ered in future genetic association studies.

In summary, the findings of this present study suggest that
FXYDG6 is unlikely to be related to the development of schizophrenia
in a Japanese population. Further replication studies incorpo-
rating supplemental populations are required for conclusive
results.
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Schizophrenia is a complex mental disorder with a fairly high degree of heritability. Although the causes of
schizophrenia remain unclear, it is now widely accepted that it is a neurodevelopmental and neurodegenera-
tive disorder involving disconnectivity and disorder of the synapses. Disrupted-in-schizophrenia 1 (DISC7) is
a promising candidate susceptibility gene involved in neurodevelopment, including maturation of the
cerebral cortex. To identify other susceptibility genes for schizophrenia, we screened for DISC7-interacting
molecules [NudE-like (NUDEL), Lissencephaly-1 (LIS1), 14-3-3epsilon (YWHAE), growth factor receptor
bound protein 2 (GAB2) and Kinesin family 5A of Kinesen1 (KIF5A)], assessing a total of 25 tagging
single-nucleotide polymorphisms (SNPs) in a Japanese population. We identified a YWHAE SNP
(rs28365859) that showed a highly significant difference between case and control samples, with higher
minor allele frequencies in controls (Pajee = 1.01 x 107° and Pgenotype = 4.08 x 107% in 1429 cases and
1728 controls). Both messenger RNA transcription and protein expression of 14-3-3epsilon were also
increased in the lymphocytes of healthy control subjects harboring heterozygous and homozygous minor
alleles compared with homozygous major allele subjects. To further investigate a potential role for YWHAE
in schizophrenia, we studied Ywhae*'~ mice in which the level of 14-3-3epsilon protein is reduced to 50%
of that in wild-type littermates. These mice displayed weak defects in working memory in the eight-arm
radial maze and moderately enhanced anxiety-like behavior in the elevated plus-maze. Our results suggest
that YWHAE Is a possible susceptibility gene that functions protectively in schizophrenia.

INTRODUCTION These morphological correlates of schizophrenia range from a

reduction in brain size to localized alterations in the morphology
Recent neuroimaging studies show that structural brain abnorm-  and molecular composition of specific neuronal, synaptic and
alities are an established feature of schizophrenia and are glial populations in specific brain areas such as the hippo-
characterized by decreased total gray matter volume (1,2). campus, dorsolateral prefrontal cortex and dorsal thalamus

“To whom correspondence should be addressed. Tel: <81 52 744 2074; Fax: +8] 52 744 2083. Email: kaibuchif@med.nagoya-u.ac jp
The authors wish it to be known that, in their opinion, the first three authors should be regarded as joint First authors.

C The Author 2008. Published by Oxford University Press, All rights reserved
Far Permissions, please email: journals.permissions@oxfordjournals.org

[0 ]
L
n




These findings have fostered the current view of schizophrenia
as a disorder of connectivity (3.4) and of the synapse (5).
Although the mechanism underlying the neurodevelopmental/
neurodegenerative process is still unclear, a way forward 1s
provided by the recent identification of several putative
susceptibility genes, such as Newregulin 1 (6), Dysbindin (7).
G72 (B), Catechol-O-methyltransferase (COMT) (9-11) and
others (12.13). For none of these genes. however, has a
causative allele or the mechanism by which it predisposes to
schizophrema been identified.

Disrupted-in-schizophrenia 1 (DISC!) was first described as
a strong candidate gene in a large Scottish family in which a
balanced chromosomal translocation segregates with schizo-
phrenia and other psychiatric disorders (12,14,15). The trans-
location mutation may result in loss of DISCI function via
haploinsufficiency or dominant-negative effects of a predicted
mutant DISC! truncated protein product. D/SC/ has been
implicated in neurodevelopment, including maturation of the
cerebral cortex (16).

DISC1 interacts with several proteins, including NudE-like
(NUDEL) (17-19), hssencephaly-1 (LIS, also called
PAFAHIBI) (20). fasciculation and elongation protein zeta |
(FEZ1)(21) and phosphodiesterase 4B (PDE4B) (16). Recently.
we identified several novel DISCl-interacting molecules,
including 14-3-3epsilon, Kinesin family SA of Kinesenl
(KIF5A) and Growth factor receptor bound protein 2 (Grb2)
by affinity column chromatography (22.23). Furthermore, we
confirmed that DISC1 regulates the localization of the
NUDEL/LIS1/14-3-3¢psilon complex or Grb2 into axons as a
cargo receptor (22.23) and it also regulates Neurotrophin-
induced axon elongation by Grb2 (23).

In this study, we screened for the genetic association of
DISC I-interacting molecules—NUDEL (17pl3.1, OMIM:
*607538), LIS! (17p13.3, OMIM: #607432), 14-3-3epsilon
(17p13.3, OMIM: *605066). Grb2 (17p24-q23, OMIM:
*108355) and KIF54 (12q13, OMIM: *602821 }—with schizo-
phrema, and identified the gene encoding 14-3-3epsilon
(YWHAE) as a possible susceptibility gene. Our results show
that a SNP of YWHAE, which influence the expression of
14-3-3epsilon RNA and protein. is associated with schizo-
phrenia and seems to work protectively. We also investigated
the behavioral phenotype of mice with ~50% reduction in
14-3-3epsilon protein expression and found that these mice
displayed weak phenotypes consistent with some aspects of
human schizophrenia.

RESULTS

Screening analysis of DISCJ-related genes and
identification of YWHAE as a possible susceptibility
gene for schizophrenia

To investigate whether novel DISCl-interacting molecules
such as NUDEL. LISI, YWAHE, GRB? and KIF5SA are
associated with schizophrenia, we performed genetic associa-
tion analyses using a Japanese population.

We failed to develop the genotyping of three SNPs in
LISI (rs8082331. rs12938775 and rs4790348) and one SNP
in GRB2 (rsI6967795), therefore a rotal of 25 SNPs were
assessed in this analysis.

Human Molecular Genetics, 2008, Val. 17. No. 20 3213

Though genotype distributions of two SNPs significantly
deviated from Hardy—Weinberg Equilibrium (HWE,
Pywe = .0143: rs4789172 in case sample. and P ywi=
0171 511172247 in control sample), those of the other
markers were in HWE. Six tagging SNPs in YWHAE were sig-
nificantly associated with schizophrenia and also YWHAE
showed gene-wide significance (permutation P = 0.0021),
whereas we found no association of tagging SNPs in
NUDEL, LIS1, GRB2 or KIF54 (Table 1).

Since six tagging SNPs in YWHAE located in the intron
region, we performed denaturing high-performance liquid
chromatography (dHPLC) analysis in 5" flanking regions and
entire exon regions of YWHAE 1o identify the possible
causal polymorphism, and detected two SNPs: one in the §
flanking region (— 261 bp from the imitial exon: rs2¥3635539)
and the other one in the 3-UTR (rs9393). Since the 5' flanking
region SNP might have a functional effect due to its position,
we focused on this SNP in the following analysis [linkage dis-
equilibrium (LD) structure of first-set samples in YWHAE can
be seen in Fig. 1),

First, to examine the association of this SNP, we expanded
the sample size (1065 cases and 1386 controls in a second set
of confirmation samples, for a total of 1429 cases and 1728
controls including the first set of screening samples, call
rates were 100%). and significant association was obtained
(Pajete = 1.01 x 107 and Pyenorype = 4.08 x 107°). Further-
more, the significance could be detected in either sct indepen-
dently (Table 2). The commonly observed feature of these
analyses was that the minor allele frequencies (MAFs) of
this SNP were higher in controls than in schizophrenia
patients. There was no discrepancy out of 380 randomly
selected samples (190 cases and 190 controls) genotyped
in duplicate and by another method (TagMan Assay:
C12125119) for this marker, suggesting it is unlikely that geno-
typing error had occurred.

Functional analysis of the promoter SNP in YWHAE: in
vitro and in vivo expression assays

We first investigated the influence of rs283635859 on YWHAE
expression by dual-luciferase assay, although there is no evi-
dence that the region where this SNP is located on is evolu-
tionally conserved and that any regions in YWHAE are
march as a core promoter by in silico promoter detection soft-
ware. As shown in Fig. 2, a trend for significance in a promo-
terless vector and significance in a promoter vector were
obtained in the different cell lines. The constructs containing
a munor allele (C allele) showed higher expression in the pro-
moter vector, suggesting that the C allele plays a possible
enhancer role in these cell lines.

Next, to examine the role of this SNP in peripheral blood of
healthy control subjects, real-time RT-PCR and western blot
analysis were performed. Similar to the luciferase assays,
heterozygous and homozygous minor allele (G/C and C/C
genotype) subjects showed higher expression levels of [4-3-
3epsilon than did homozygous major allele (G/G genotype)
subjects (one-way analysis of variance, ANOVA, P=
0.0251 and 0.0014 in real-time RT—-PCR and western blot
analysis, respectively). Experimental analysis were performed
to cxamine the differences under an additive model (G/G

256
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Table 1. Screening analysis of DISC|-related genes

Ciene SNPs Position® Missing rate (%) MAF Pvalue
Cases Controls Allele Genotype

NUDEL rs3744652 C>T B2R0008 0.3 330 359 0.250 0.274
rsR064653 C>T 8301185 0 332 363 0.22% 0.246

LISI sl 266474 A=G 2481460 0.4 9.72 124 0.110 0.0876
4790356 G=A 2532979 0 10.6 1.7 0.528 0.730
rs7212450 C>G 2538690 V] 423 41.7 0.521 0.907

YWHAE rs34041110 C>T 1193642 0 48.9 425 0.0166 0.00563
9393 A=G 1195142 0 273 279 0.805 0.868
rsB064578 C>T 1201625 0 485 434 00562 0.117
rs71224258 G=C 1202252 2.1 150 203 0.0102 0.0342
rs3752826 G=T 1211814 0 48.6 411 0.0139 0.0175
rs7214541 T=>C 1220072 0 44.6 494 0.0723 0.107
rsl 1655544 A>G 1230748 23 293 38.3 0.000418 0.00162
rs2131431 A=C 1241645 03 13.2 18.5 0.00598 0.0176
rs| 873827 A>G 1247650 0 424 49.6 000732 0.0136
12452627 C>T 1249222 0 17.7 19.6 0367 0.662

GRE2 7219 T=C TOR26963 0 9.07 6.85 0.125 0.239
8079197 C=G TOR28274 0.6 845 6,60 0.190 0.308
4789172 Cc>T 70853307 0.6 249 26.1 0617 0.659
32053156 T=G TOROO03 S 0 6.04 4.53 0.206 0.344
13930296 G=A T915763 0 591 4.66 0.298 0,432

KIF3A s 1172247 C=G 56232777 ] 94 m.3° 0.676 0.609
sl 1172254 G=>A 36255005 03 19.5 212 0422 0.679
775250 C=A 36263307 [ 20.8 217 0.672 0,690
rs775251 C>T 56265007 04 .7 322 0.0713 0129
rsl678536 C>G 56265457 0.1 479 474 0.833 0.644

YWHAE showed gene-wide significance (permutation P = 0.0021).

Bold numbers represent significant P-values (< 0.05),

"Hased on HapMap database releasef21

"deviated from Hardy - Weinberg equilibrium

MAF, minor allele frequency.

versus G/C+C/C), again significant associations were hippocampus, whereas Ywhae' = mice, in which the

obtained.

Furthermore, haplotype trend regression test was applied to
check the effects of haplotypes of rs28365859 and other four
SNPs in intron | (rs//655548, rs2131431, rsI873827 and
rsl2452627), which might also be in an enhancer region.
This showed significant association in cither analysis (P =
0.0282 and 0.0186 in real-time RT-PCR and western blot
analysis. respectively), however, each SNP in intron 1 was
not correlated with the expression level (data not shown).

Effect of reduction of 14-3-3epsilon protein
on the cognitive functions of mice

14-3-3 proteins are highly conserved across species, from bac-
teria to humans, and bind to phosphoserine/phosphothreonine
motifs in a sequence-specific manner (24-28). Previously
we  reported that 14-3-3epsilon binds w0 CDKS5/p3s-
phosphorylated NUDEL and maintains NUDEL phosphoryl-
ation. To examine the protective effect of 14-3-3epsilon on
schizophrenia using mice, we should investigate whether over-
expression of 14-3-3epsilon results in resistance for the onset
of schizophrenic symptoms. However, an assay system to
evaluate the effect of a gene on the onset of schizophrenia
in mice has not yet been developed. Thus, in support of a
role for YWHAE in schizophrenia, we investigated Ywhae
knockout mice, Null mice of Ywhae gene (Ywhae™ ~ ) show
a severe cell migration defect in both the cortex and the

expression level of 14-3-3epsilon protein is reduced to
~50% compared with their wild-type littermates, show a
milder migration defect (29). Because most Ywhae™ ~ mice
dic at birth as previously reported (29), Ywhae '~ mice and
their wild-type littermates were analyzed by a comprehensive
behavioral test battery to investigate whether the reduction in
14-3-3¢psilon protein affects behavior (30.31). Ywhae™
mice appeared normal, healthy and fertile (Table 3).

To examine whether reduction in 14-3-3epsilon was associ-
ated with cognitive deficits, we analyzed Ywhae ™ mice and
their wild-type littermates in working memory and reference
memory tasks (Table 3). To assess working memory of
Ywhae™ ~ mice, we used a spatial working memory version
of the 8-arm radial maze task (32.33). The mice were
trained for 26 trials. During training, both control and
mutant mice improved their performance and no significant
difference was observed (P =03325) (Fig. 3A). The
number of revisiting errors of Ywhae™ = mice was signifi-
cantly more than their wild-type littermates during trials
with a delay of 300 s (P = 0.0229) (Fig. 3C). The number of
different arms chosen duning the first eight choices, which is
considered a measure of working memory that is relatively
independent of locomotor activity levels and the total
number of choices. was not significantly affected by the
deficit of 14-3-3epsilon protein during training and trials
with 30, 120 and 300 s of delay (P =0.3325, 0.8972, 0.6476
and 0.5077. respectively) (Fig. 3B and D). These results
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Figure 1. Tagging SNPs and LD evaluation of YIWHAE for first-set screening samples. 28365839 was included. Vertical bars represent exons. Numbers in
boxes represent r values, which should be expressed as decimals. +* values of 1.0 are not shown. Color scheme was based on GOLD format. Additonal infor-

mation is provided at the Haploview website

Table 2. Association analysis of promoter SNP in YWHAE (r«28363859)

Samples® Phenotype n Genotype P-values
GiG GIC CiC MAF (%) HWE" Allele CGienotype

Combined Cases 1429 921 457 51 19.6 0.537 101 x 10°* 408 x 107"
Controls 1728 1000 620 108 242 (1366

First-set Cases 364 245 106 13 18.1 0715 (L.00108 0.00545
Controls 342 192 127 23 253 0.748

Second-set Cases 1065 676 351 g 200 0359 000123 0.00280
Controls 1386 SOR 493 RS 239 0.399

First-se1 samples were identical 1o those used in screening analysis
Second-set samples were ind lent set of sampl
*Combined samples = first-set+second-set samples
HWE, Hardy - Weinberg equilibrium.

suggest that Ywhae' ~ mice show weak defects in working
memory.

Next. we analyzed reference memory of Ywhae™ ~ mice,
using the left-right discrimination test version of the
T-maze. Ywhae ™~ mice and their wild-type littermates were
trained for 6 trials; then the correct side was reversed. The
next 6 trials were performed under the reversal-learning

to increase the sample size.

condition, No significant difference was observed in the
percentage of corrcet choices at the sixth trial (Ywhae" *,
80.647%: Ywhae™ ~, 77.157%; P =0.7516), and no signifi-
cant difference was observed under the reversal-leaming
condition (P = 0.4567) (Table 3). These results suggest that
a decrease in the 14-3-3cpsilon protein results in weak
defects, specifically in spatial working memory.




