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ABSTRACT

The FXYD domain containing ion transport regulator 6 (FXYD6) gene is located within a region of
chromosome 11 (11g23.3) that has been shown by a number of genome scans to be one of the most well-
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
associated with schizophrenia in the United Kingdom samples. Applying the gene-based association con-
cept, we carried out an association study regarding FXYD6 and schizophrenia in a Japanese population,
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 association of two SNPs (rs11216573; genotypic Pvalue: 0.022
and rs555577; genotypic P value: 0.026, allelic P value: 0.011, uncorrected). Nominal P values did not sur-
vive correction for multiple testing (rs11216573; genotypic P value: 0.47 and rs555577; genotypic P value:
0.55, allelic P value: 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.

Schizophrenia is a severe and debilitating mental illness 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 (NRG1),
disrupted-in-schizophrenia 1 (DISC1), and dysbindin (DTNBP1),
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 (EXYDG6;
located on 11g23.3) 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 activity of Na,K-ATPase.

Phosphohippolin, one of the FXYD proteins, modulates the
kinetic activity of Na,K-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-
hippolin 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 FXYDG6 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
GeneNote database (http://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
bipolar 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,
http://www.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 differences in 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 (D) and squared correlation coefficient (r2) in the targeted
population (e.g., tagging SNPs).

By applying the aforementioned concept, we carried out a gene-
based association study between FXYD6 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 4+ 17.5 years) and 1120 healthy control sub-
jects (559 males and 561 females, mean age +S.D.=38.6+15.4
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

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 r2>0.8 in ‘pair-wise tagging only’ mode using the
‘Tagger’ program, implemented by Haploview software version
4.0 (http://www.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 r2 between rs4938445 was 1.0, but we included
rs4938446 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 a multiplicative model of inheritance [1]. Analysis of LD
between markers (r2 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] (http://pngu.mgh.harvard.edu/~purcell/gpc/). Power was esti-
mated 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. 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 I error rate [ 18]
(http://gump.qgimr.edu.au/general/daleN/SNPSpD/).


http://symatlas.gnf.org/SymAtlas/
http://www.genecards.org/
http://www.stanleyresearch.org/brain/
http://www.hapmap.org/
http://www.broad.mit.edu/mpg/haploview/index.php
http://pngu.mgh.harvard.edu/~purcell/gpc/
http://gump.qimr.edu.au/general/daleN/SNPSpD/

L

Table 1
Association analysis of 23 SNPs with FXYD6
N CON SCZ MAF HWE Genotypic Allelic LD Haplotypic
No. SNPID M/m CON SCZ M/M  M/m m/m M/M M/m m/m CON SCZ P value P value *b¢ ¢ P value & Block ¢ global P value © GRR'
1 1511216573 G/A 1084 895 583 417 84 482 370 43 0.27 026 0.47 0.022 a 0.47 0.28 / 1.22
2 152282506 C/T 1092 892 958 131 3 762 124 6 0.06 0.08 0.74 0.19 b 0.09 / 1.40
3 15520333 C/T 1079 893 607 306 76 469 349 75 025 028 0.33 0.21 & 0.07 I 1.22
4 15564989 T/IC 1078 892 469 485 124 414 395 83 0.34 031 1.00 0.20 8 0.09 I 1.21
5 rs10892185 G/C 1081 896 510 455 116 417 394 85 032 032 0.36 0.55 a 0.84 I 0.21 1.21
6 15496371 CIT 1077 896 753 294 30 603 268 25 0.16 0.18 0.90 0.44 8 0.28 I 1.26
7 18555577 G/A 1076 893 502 464 110 363 423 107 032 036 0.90 0.026 2 0.55 0.011 0.24 I 1.21
8 157121573 ° A/G 1091 892 630 39 65 512 307 73 0.24 0.25 0.84 0.14 8 0.35 II 1.23
9 151815774 ** C/G 1083 894 619 399 65 512 313 69 0.24 0.25 1.00 0.28 a 0.56 II 1.23
10 rs11216591 AT 1078 894 587 413 78 479 354 61 0.26 0.27 0.69 0.82 i 0.87 11 0.69 1.22
11 rs11216594 A/G 1087 894 600 410 77 486 331 77 0.26 0.27 0.58 045 & 0.40 11 1.22
12 1s876797 *C/A 1089 894 627 395 67 517 327 50 024 024 0.69 0.87 L 0.77 11 1.23
13 1510790218 ° G/A 1088 894 341 521 226 283 434 177 045 044 0.32 0.87 a 0.68 111 1.20
14 rs4938445 ™ G/A 1042 897 798 220 24 710 173 14 0.13 0.11 0.09 0.28 a 0.11 111 0.63 1.29
15 154938446 ™ T/A 1080 895 822 238 20 705 175 15 0.13 0.12 0.64 0.37 8 0.18 1 1.29
16 157119090 G/C 1078 892 470 488 120 356 428 108 0.34 036 0.76 0.25 8 0.13 / 1.21
17 1511216598 A/G 1077 890 464 489 124 414 376 100 0.34 0.32 0.84 0.30 8 0.22 / 1.21
18 15631898 G/A 1085 896 627 397 6l 513 321 62 0.24 025 0.94 0.49 a 0.50 / 1.23
19 1511605223 C/G 1088 893 814 249 25 694 184 15 0.14 0.12 0.30 0.27 8 0.10 / 1.28
20 rs3809044 T/C 1093 896 942 143 8 773 119 4 0.07 0.07 0.42 0.76 L 0.82 1A% 1.38
21 1s3809043 C/G 1094 895 872 201 21 716 170 9 0.11 0.11 0.04 0.55 £ 0.54 v 0.96 1.31
22 153809042 G/C 1092 896 692 353 47 555 310 31 021 021 0.87 0.40 i 0.82 v 1.24
23 1497768 " G/IC 1073 892 428 486 159 357 419 116 0.38 037 0.30 0.49 a 0.53 / 1.20

$2-02 (8002) 8€¥ S191397 23Ud12S0.N3N / ]D 32 03] ‘A

N, number; M, major allele; m, minor allele; CON, control; SCZ, schizophrenia; MAF, minor allele frequency; HWE, Hardy-Weinberg equilibrium; LD, linkage disequilibrium; GRR, genotype relative risk (o« =0.05, 1 — 3=0.8).
IDs with asterisk represent significant (**) or marginally significant (*) SNPs in Choudhury’s report.

Genotypic P-value was calculated by the chi-square test (a), Fisher’s exact test (b) and Cochran-Armitage trend test (c).

Allelic P-value was calculated and LD block (Gabriel’s criteria) was defined using Haploview software (d).

Haplotypic global P-value was calculated using Unphased software (e).

GRR was calculated using Genetic power calculator (f).

Bold numbers represent significant P-values (uncorrected).

Corrected P-value was calculated by Nyholt's method (g).

Effective number of independent marker loci: 21.38

Experiment-wide significance threshold required to keep Type I error rate at 5%: 0.0023.



Table 2
Linkage disequilibrium analysis of FXYD6

No. 1 2 3
4 5 6 7 8 9
10 11 12 13 14
1 15 16
1511216573 053 066 069 056 067 076 042 043 7 i o 2 21 22 2
2 12282506 il 096 ! ! 045 046 043 035 000 001
3 10520333 o o g g.;g 100 064 090 051 055 028 056 021 046 085 078 8'51 019 008 002 001 007 029 025
I L I 099 099 097 053 : : - : . 07 046 012  0.02 ' ’
4 rs564989 034 002 016 : 53 054 021 052 024 035 04 : 1.00 004 012 012
- . - 097 098 099 035 - b 48 055 012 037 010 045 O
5 1510892185 005 003 045 g b 035 060 033 056 035 5 06 042 001 0.14
! ! \ 697 100 099 o ! ! 002 001 053 024 002 0.1
6 5496371 003 001 056 : : 87 088 045 079 047 049 y b 009 003 024 0.17
! ! \ 010 009 100 ! ! 011 012 031 014 002 0.10
7 18555577 010 012 068 : 045 048 013 049 025 027 : b 005 014 044 0.8
\ \ i s G g . ! 016 029 034 036 025 056
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- A b 002 012 014 022 - : 060 060 070 023 016 0.14
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! ! | 002 010 013 021 ! ! 097 100 093 031 007 002
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T e 068 @O 6E ! ! 008 008 060 007 055 039 : : 057 011 051  0.00
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18 s631898 001 000 000 . X 001 001 002 001 002 003 : - 007 040 046 040
! ! ! 000 000 000 000 ! ! 001 001 003 031 O
19 ! ! 000 000 000 L 03 002 017 029
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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-
ging SNPs (rs11216573 and rs555577) before correction for multiple
testing. It is important to control for inflation of type I 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, Bonferroni correction is
thought to be too conservative. We thus performed multiple test-
ing correction by the spectral decomposition method of Nyholt
using SNPSpD software. 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
FXYDG6 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; thus the possibility of a type Il error is 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 lifetime 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 more 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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