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Article history: Several genome-wide linkage studies have suggested linkage between markers on the long arm of
Received 30 October 2009 chromosome 22 and schizophrenia. It has also been reported that 22q11.2 deletions increase the
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risk of schizophrenia. Therefore, 22q is a candidate region for schizophrenia. To search for genetic
susceptibility loci for schizophrenia on 22q, we conducted a three-stage case~-control association
study in Japanese individuals. In the first stage, we examined 13 microsatellite markers on 22q in
766 individuals (340 patients with schizophrenia and 426 control individuals) and found a
Keywords: potential association of AFM262VH5 (D225283) with schizophrenia. In the second stage, we
Chromosome 22 performed fine mapping of the myosin heavy chain 9, non-muscle (MYH9) gene, where
Case-control study AFM262VHS5 is located, using 25 tagging single nucleotide polymorphisms (SNPs). We obtained

Ei‘;;;ese potential associations between three SNPs in MYH9 and schizophrenia in 1193 individuals (595
Schizophrenia patients and 598 controls), which included the individuals analyzed in the first stage. In the third
stage, however, we could not replicate these associations in 4694 independent individuals (2288
patients and 2406 controls). Our results suggest that MYH9 does not confer increased
susceptibility to schizophrenia in the Japanese population, although we could not exclude

possible contributions of other genes on 22q to the pathogenesis of schizophrenia.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction

o Several genome-wide linkage studies have suggested linkage
* Corresponding author. Tel.: +81 25 227 2213; fax: -+81 25 227-0777. between m?rkers qn the long arm Of _Chromosome 22 and
E-mail address: kane704@med.niigata-u.acjp (N. Kaneko). schizophrenia (Blouin et al., 1998; Delisi et al., 2002; Faraone
! These authors contributed equally to this work. et al,, 2006; Williams et al,, 2003). Two meta-analyses provided

0920-9964/$ ~ see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.schres.2010.01.023

360



H. Amagane et al. / Schizophrenia Research 118 (2010) 106-112 107

supportive evidence for susceptibility loci for schizophrenia on
22q (Badner and Gershon, 2002; Lewis et al., 2003), whereas a
multicenter study and the most recent meta-analysis conducted
both failed to find linkage of 22q to schizophrenia (Mowry et al.,
2004; Ng et al, 2009). There is a higher incidence of
schizophrenia among patients with velocardiofacial syndrome
(Murphy et al, 1999; Shprintzen et al, 1992), which is
associated with a hemizygous interstitial deletion of 22q11.2.
It has been reported that interstitial deletion of 22q11.2
increases the risk of schizophrenia (Arinami, 2006; Karayiorgou
et al, 1995), and this was confirmed by recent genome-wide
surveys of rare copy number variants (International Schizo-
phrenia Consortium, 2008; Xu et al., 2008). In addition, there are
some interesting candidate genes for schizophrenia in this
region including proline dehydrogenase 1 (PRODH) (Liu et al.,
2002), catechol-O-methyltransferase (COMT) (Shifman et al.,
2002) and zinc finger, DHHC-type containing 8 (ZDHHC8) (Mukai
et al,, 2004). Therefore, 22q is a candidate region for schizo-
phrenia, although the results of previous studies are not
necessarily consistent.

To search for genetic susceptibility loci for schizophrenia on
22q, we conducted a three-stage case-control association study
in Japanese individuals. In the first stage, we examined 13
microsatellite markers on 22q in 766 individuals (340 patients
with schizophrenia and 426 control individuals) and found a
potential association of AFM262VH5 (D22S283) with schizo-
phrenia. In the second stage, we performed a fine mapping of
the myosin heavy chain 9, non-muscle (MYH9) gene, where

~AFMR262VHS5 is located, using 25 tagging single nucleotide
polymorphisms (SNPs) in 1193 individuals (595 patients and
598 controls), which included the individuals analyzed in the
first stage. In the third stage, potential associations obtained in
the second stage were further assessed in 4694 independent
individuals (2288 patients and 2406 controls).

2. Materials and methods
2.1. Subjects

The present study was approved by the Ethics Committee of
each participating institute, and written informed consent was
obtained from each participant. All participants were unrelated
Japanese individuals.

The screening population in the first stage consisted of 340
patients with schizophrenia (180 men and 160 women; mean
age, 41.8 [SD 14.9] years) and 426 control individuals (219
men and 207 women: mean age, 38.3 [SD 10.4] years). The
expanded screening population in the second stage consisted
of 595 patients with schizophrenia (313 men and 282
women; mean age, 40.2 [SD 14.1] years) and 598 control
individuals (311 men and 287 women; mean age, 38.1 [SD
10.5] years). The expanded screening population included the
screening population. The confirmatory population in the
third stage consisted of 2288 patients with schizophrenia
(1213 men and 1075 women; mean age, 46.5 [SD 14.4] years)
and 2406 control individuals (1270 men and 1136 women;
mean age, 45.9 [SD 13.9] years), and this population did not
overlap with the expanded screening population.

We conducted a psychiatric assessment of every participant,
as described previously (Watanabe et al, 2006). In brief, the
patients were diagnosed according to the Diagnostic and

Statistical Manual of Mental Disorders Fourth Edition (DSM-IV)
criteria by at least two experienced psychiatrists, on the basis of
all available sources of information, including unstructured
interviews, clinical observations and medical records. The
control individuals were mentally healthy subjects with no
self-reported history of psychiatric disorders; they showed
good social and occupational skills, but were not assessed using
a structured psychiatric interview.

2.2. Genotyping

Initially, we screened 13 microsatellite markers on 22q
with an average inter-marker interval of 2.63 Mb. All
microsatellite markers were genotyped using an ABI 377
genetic analyzer (Applied Biosystems, Foster City, CA) with
the GeneScan program v2.1 (Applied Biosystems), as de-
scribed previously (Kaneko et al, 2007). The sequences of
primers used for amplification are available upon request.

Next, we examined 25 tagging SNPs for MYH9, covering gene
region and the 5’ and 3’ flanking regions (chr22:34996074...
35125125). These tagging SNPs were selected from the HapMap
database (release #22, population: Japanese in Tokyo [JPT],
minor allele frequency [MAF]: more than 0.05). We applied the
criterion of an r* threshold greater than 0.8 in ‘aggressive
tagging: use 2- and 3-marker haplotype’ mode using the ‘Tagger’
program (de Bakker et al., 2005), as implemented in Haploview
v3.32 (Barrett et al,, 2005). All SNPs were genotyped using the
TagMan 5’-exonuclease assay, as described previously (Wata-
nabe et al., 2006). The sequences of probes used for the TagMan
assay are available upon request.

2.3. Statistical analysis

Deviation from the Hardy-Weinberg equilibrium (HWE)
of microsatellite markers was tested using the GENEPOP
v4.0.9 program (Rousset, 2008). The allele frequencies of
microsatellite markers between patients and control indivi-
duals were compared using CLUMP v2.3 (Sham and Curtis,
1995). The number of simulations was 10,000 in each test,
and the T1 statistic was adopted.

Deviations from the HWE for any of the SNPs were tested
using the likelihood ratio test. Linkage disequilibrium (LD)
blocks defined in accordance with Gabriel's criteria (Gabriel
et al,, 2002) and haplotype frequencies were determined using
Haploview v4.01. The genotype, allele and haplotype frequen-
cies of SNPs in patients and control subjects were compared
using y? test or Fisher's exact test. A probability level of p<0.05
was considered to indicate statistical significance.

A power calculation was performed using the Genetic Power
Calculator (Purcell et al., 2003). Power was estimated with an o
of 0.05, assuming a disease prevalence of 0.01 and the risk allele
frequencies to be the values observed in control individuals.

3. Results

Initially, we examined 13 microsatellite markers on chro-
mosome 22q in the screening population (Table 1). However,
the alleles of AFM268YG1 (D2251170) could not be precisely
assigned. Mean heterozygosity for 12 markers was 0.747. The
genotype distribution of no marker deviated significantly from
the HWE in either group. We observed a potential association of
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Table 1

Case-control association study of 13 microsatellite markers on 22q in the screening population.
Marker Patients Controls Heterozygosity Allelic

n HWE n HWE P

AFM217XF4 (D225420) 338 0.445 424 0.186 0.730 0.593
AFMAO037ZD1 (D225539) 337 0.503 424 0.107 0.529 0.144
AFM309WD5 (D22S1174) 325 0.585 398 0.638 0.822 0.675
AFM183XE9 (D225315) 338 0.110 426 0.525 0.821 0.704
AFMA298YB5 (D2251154) 338 0.157 417 0.305 0.520 0.907
AFMB294ZC1 (D2251163) 335 0.651 423 0.533 0.718 0.192
AFM225XF6 (D225280) 337 0.872 423 0.635 0.806 0.803
AFM168XA1 (D22S277) 339 0.253 426 0.697 0.866 0.608
AFM262VH5 (D22S283) 332 0.077 417 0.296 0.795 0.047
AFM261XD9 (D225423) 339 0.722 425 0.888 0.787 0318
AFM164THS (D22S274) 337 0.319 424 0172 0.823 0.728
AFM268YG1 (D2251170) NA NA NA NA
AFMB337ZH9 (D2251169) 338 0.751 424 0.758 0.748 0.674

HWE, Hardy-Weinberg equilibrium; NA, not analyzed.

AFM262VH5 (D225283) with schizophrenia (allelic p=0.047),
suggesting that there may be susceptibility loci for schizophre-
nia near this marker.

Because AFM262VHS5 is located in intron 1 of MYH9, we
investigated 25 tagging SNPs for MYH9 in the expanded
screening population (Table 2). The genotype distribution of
no SNP deviated significantly from the HWE in either group.
We found potential associations of 151557538 (SNP#11) in
intron 11, rs5756154 (SNP#15) in intron 5, and 15739096
(SNP#17) in intron 2 with schizophrenia (allelic p=0.021,
0.023 and 0.020, respectively). In MYH9, five LD blocks were

defined (Table 3). The haplotype 2-1-2 of block 4, which
contained the minor allele of rs5756154, the major allele of
1511704382 and the minor allele of 15739096, was potentially
associated with schizophrenia (p =0.024).

To confirm the potential associations of rs1557538,
155756154 and rs739096 with schizophrenia, we examined
these SNPs in the confirmatory population (Table 4). However,
we were unable to replicate these associations in the
confirmatory population or a combined population comprising
the expanded screening and confirmatory populations. Because
rs5756154 (SNP#15) and rs739096 (SNP#17) were in LD, we

Table 2
Genotype and allele frequencies of 25 tagging SNPs in MYH9 in the expanded screening population.

SNP db SNP ID Allele? Patients Controls p

# n 11 12° 272 MAF n 1mn* 2% 2/2° MAF Genotype  Allele
1 rs4821475 T/C 594 282 249 63 0.316 598 294 252 52 0.298 0.520 0.341
2 15767855 C/T 593 498 92 3 0.083 598 500 94 4 0.085 0.983°¢ 0.815
3 1511703176 A/C 593 252 264 77 0.352 591 249 271 71 0349  0.840 0.877
4 15735854 C/T 595 354 214 27 0.225 596 348 218 30 0.233 0.885 0.642
5 155756129 C/T 592 311 226 55 0.284 595 309 239 47 0.280 0.610 0.831
6 155756130 T 595 470 119 6 0.110 597 474 118 5 0.107 0.961° 0.821
7 152239788 A/G 593 537 55 1 0.048 598 542 55 1 0.048 1.000°¢ 0.963
8 rs5756133 T/A 595 443 139 13 0.139 594 465 120 9 0.116 0.265 0.100
9 152239781 T/C 593 233 270 90 0.379 597 239 270 88 0.373 0.958 0.767
10 rs3830104 T/C 593 430 149 14 0.149 597 425 154 18 0.159 0.741 0.504
11 151557538 A/G 594 349 217 28 0.230 596 391 182 23 0.191 0.051 0.021
12 rs9610489 /T 595 280 261 54 0.310 598 286 256 56 0.308 0.932 0.899
13 152239784 T 594 428 152 14 0.152 598 429 159 10 0.150 0.666 0.900
14 51005570 G/A 595 482 109 4 0.098 598 482 110 6 0.102 0.889°¢ 0.764
15 155756154 T 594 420 165 9 0.154 595 458 129 8 0.122 0.047 0.023
16 rs11704382 C/A 595 473 117 5 0.107 597 470 120 7 0.112 0.845°¢ 0.667
17 5739096 G/C . 592 426 157 9 0.148 597 467 122 8 0.116 0.043 0.020
18 rs11089788 C/A 592 538 53 1 0.046 595 555 38 2 0.035 0.205¢ 0.170
19 rs9306310 G/A 595 518 76 1 0.066 598 533 63 2 0.056 0431°¢ 0.330
20 1s933224 T/C 595 406 170 19 0.175 598 412 163 23 0.175 0.754 0.998
21 rs6000262 A/G 595 396 181 18 0.182 597 407 165 25 0.180 0.363 0.885
22 152294356 C/A 595 458 125 12 0.125 598 454 130 14 0.132 0.877 0.615
23 rs5756168 T/C 595 499 91 5 0.085 597 516 77 4 0.071 0431°¢ 0213
24 rs9610498 G/A 592 527 64 1 0.056 598 543 51 4 0.049 0.174°¢ 0483
25 £s11703137 G/A 595 303 247 45 0.283 598 330 223 45 0.262 0.306 0.238

SNP, single nucleotide polymorphism; MYH9, myosin, heavy chain 9, non-muscle; MAF, minor allele frequency.

2 Major/minor alleles.
P Genotypes, major and minor alleles are denoted by 1 and 2, respectively.
¢ Calculated using Fisher's exact test.

362



H. Amagane et al. / Schizophrenia Research 118 (2010) 106-112

Table 3
Haplotype analyses of five LD blocks in MYH9 in the expanded screening
population.

Haplotype Patients Controls p
Block 1 (SNP #2~3-4) 0.8632
1-1-1 0.648 0.650 0.908
1-2-2 0.142 0.148 0.683
1-2-1 0.128 0.118 0430
2-2-2 0.082 0.085 0.828
Block 2 (SNP #5-6) 0.121¢
1-1 0.606 0.613 0.736
2-1 0.284 0.280 0.831
1-2 0.110 0.107 0.826
Block 3 (SNP #8-9) 0.252°%
1-1 0.619 0.625 0.740
1-2 0.243 0.258 0.381
2-2 0.137 0.115 0.117
Block 4 (SNP #15-16-17) 0.073*¢
1-1-1 0.738 0.766 0.112
2-1-2 0.146 0.115 0.024
1-2-1 0.107 0.112 0.665
Block 5 (SNP #21-22-23-24-25) 0376
1-1-1-1-1 0.718 0.732 0.443
2-2-1-1-2 0.122 0.128 0.653
1-1-2-1-2 0.084 0.068 0.153
2-1-1-2-2 0.055 0.046 0.335

LD, linkage disequilibrium; MYH9, myosin, heavy chain 9, non-muscle; SNP,
single nucleotide polymorphism.
Major and minor alleles are denoted by 1 and 2, respectively.

2 Global p values.

performed haplotype analyses of these SNPs (Table 5). In the
expanded screening population, the haplotype 1-1, which was
constructed from the major alleles of rs5756154 and rs739096,
was significantly less frequent in patients than in control
individuals (p=10.018). By contrast, the haplotype 2-2, which
was constructed from the minor alleles of these SNPs, was
significantly more frequent in patients than in control
individuals (p=0.024). However, these associations could
not be replicated in either the confirmatory or combined
populations.

4. Discussion

Our three-stage case-control association study failed to find
an association between MYH9 within the 22q region and

109

schizophrenia in the Japanese population. In the first stage, we
examined 13 microsatellite markers on 22q to pinpoint genes for
association analysis. There was a potential association of the
marker AFM262VH5 in MYH9 with schizophrenia. MYH9 encodes
the heavy chain of non-muscle myosin A (NMHC 1I-A), one of
three NMHC II isoforms (A, B and C). The biological functions of
NMHC II-A in the brain are poorly understood. Blebbistatin,
which inhibits both NMHC [I-A and -B, altered the structure of
dendritic spines and decreased excitatory synaptic transmission
(Ryu et al,, 2006). Inhibition of NMHC II-B most likely underlay
the morphological and functional abnormalities of spines caused
by blebbistatin because NMHC II-B mRNA is predominantly
expressed in the human brain among the three NMHC isoforms
(Golomb et al., 2004), and because RNAi of NMHC II-B altered the
structure of dendritic spines similarly to blebbistatin (Ryu et al,,
2006). However, it could not be excluded that NMHC II-A may be
implicated in regulation of the structure and function of spines.
Interestingly, it has been reported that dendritic spine density is
decreased in the brains of patients with schizophrenia (Glantz
and Lewis, 2000; Rosoklija et al, 2000). Although further
investigation will be needed, the role of NMHC II-A in the
development of dendritic spines has possible relevance to
schizophrenia.

Application of corrections for multiple testing decreases
the probability of type I error (false positive), but increases
that of type Il error (false negative). Although the sample size
of the expanded screening population was moderate, the
power was only 0.12-0.49 when the genotypic relative risk
was set at 1.4 for homozygous risk allele carriers under the
multiplicative model of inheritance. To avoid inflation of the
type Il error probability, we did not apply corrections for
multiple testing. Replication is essential for establishing the
credibility of genetic associations (NCI-NHGRl Working
Group on Replication in Association Studies, 2007). Therefore,
possible associations observed in the moderate-scale popu-
lation were further assessed in the large-scale independent
population. However, we were unable to replicate these
associations, The nominally significant associations in the first
and second stages were most likely the results of type I error.
[t is unlikely that the negative results in the third stage were
caused by type Il errors because the power was more than 0.8
in the confirmatory population. There is another possible
explanation for the discrepancy between the results in the

Table 4

Genotype and allele frequencies of three SNPs in MYH9 in the confirmatory and combined populations.
db SNP ID Patients Controls p

n 1/1* 1/2¢ 2/22 MAF n 1/1° 1/2° 2/2° MAF Genotype Allele

51557538 :
Confirmatory 2233 1370 762 101 0.216 2375 1471 790 114 0.214 0.776 0.858
Combined 2827 1719 979 129 0.219 2971 1862 972 137 0.210 0.301 0.233
r$5756154
Confirmatory 2257 1658 555 44 0.142 2359 1728 585 46 0.144 0.987 0.886
Combined 2851 2078 720 53 0.145 2954 2186 714 54 0.139 . 0.624 0.377
rs739096
Confirmatory 2268 1706 521 41 0.133 2380 1783 555 42 0.134 0.957 0.853
Combined 2860 2132 678 50 0.136 2977 12250 677 50 0.131 0.659 0.381

SNP, single nucleotide polymorphism; MYH9, myosin, heavy chain 9, non-muscle; MAF, minor allele frequency.

2 Genotypes, major and minor alleles are denoted by 1 and 2, respectively.
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Table 5
Haplotype analyses for the SNPs rs5756154-1s739096 in MYH9 in the
screening, confirmatory and combined populations.

Haplotype Patients Controls P
Expanded screening population 0.0232
1-1 0.844 0.878 0.018
2-2 0.146 0.115 0.024
Confirmatory population 05182
1-1 0.838 0.842 0.627
2-2 0.114 0.119 0.413
Combined population 0.619°
1-1 0.840 0.849 0.149
2-2 0.120 0.118 0.735

Major and minor alleles are denoted by 1 and 2, respectively.
2 Global p values.

second stage and those in the third stage. Allelic heteroge-
neity may exist for MYH9. In this case, it would be difficult to
provide convincing evidence for an association. It might be
noteworthy that a recent genome-wide association study
(GWAS) of major depressive disorder suggested that there
may be allelic heterogeneity for glutamate receptor, metabo-
tropic 7 (GRM7) (Muglia et al, 2008). Nevertheless, our
results could not show sufficient evidence for an association
of MYH9 with schizophrenia in the Japanese population.

The genetic variants of MYH9 have previously been tested
for associations with schizophrenia. An initial study showed
significantly distorted transmission of AFM262VH5 in 23
families muitiply affected with schizophrenia (Vallada et al.,
1995). However, subsequent case-control studies failed to
replicate this association (Kitao et al., 2000; Williams et al.,
1997). Our three-stage case-control study could not provide
sufficient evidence for an association of MYH9 with schizo-
phrenia. It is noteworthy that although there were no
significant associations between seven SNPs in MYH9 and
schizophrenia, four SNPs (rs3752463 in intron 9, rs1557540
inintron 3, rs713839 in intron 3, and rs739097 in intron 1) in
MYH9 were associated with a subgroup of schizophrenia
patients without deficits in sustained attention (Liu et al,,
2008). Considering these findings together, MYH9 does not
contribute to genetic susceptibility to schizophrenia, but may
have effects on the neuropsychological endophenotypes for
schizophrenia.

We recognize some limitations of the present study. First,
we screened only 12 microsatellite markers with an average
inter-marker interval of 2.87 Mb. Therefore, our results cannot
exclude possible contributions of other genes on 22q to the
pathogenesis of schizophrenia. Recent studies using large
samples (more than 1000 cases and 1000 controls) have
indicated that genes on 22q including protein interacting with
PRKCA 1 (PICK1), claudin 5 (CLDN5), DiGeorge syndrome critical
region gene 2 (DGCR2), armadillo repeat gene deletes in
velocardiofacial syndrome (ARVCF) and COMT are not associated
with schizophrenia (Ishiguro et al., 2007, 2008a,b; Okochi et al,,
2009; Sanders et al. 2008). However, to draw a definitive
conclusion, further studies using large samples and sufficient
markers should be carried out in various ethnic populations.
Several GWAS of schizophrenia have been published (Interna-
tional Schizophrenia Consortium, 2009; Kirov et al., 2009;
Lenczetal, 2007; Mahetal., 2006; Need et al., 2009; O'Donovan
et al., 2008; Shi et al., 2009; Shifman et al., 2008; Stefansson et
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al.,, 2009; Sullivan et al., 2008). Interestingly, a polymorphism in
intron 1 of myosin XVIIIB (MYO18B) on 22q12.1 was most
significantly associated with schizophrenia in a large-scale
GWAS (International Schizophrenia Consortium, 2009). A
meta-analysis of GWAS for schizophrenia, which is currently
being conducted (Psychiatric GWAS Consortium Coordinating
Committee, 2009), will be useful for the process of narrowing
down the region for fine mapping on 22q. Second, our
individuals were not assessed using a standardized structured
interview. However, the diagnosis of schizophrenia was made
on the basis of all available sources of information. To the best of
our knowledge, there were no control individuals who were
likely to develop schizophrenia at their present stage of life.
Thus, it is unlikely that our failure to find a significant
association is attributable to misdiagnosis. Despite these
caveats, our results suggest that MYH9 does not confer
increased susceptibility to schizophrenia in the Japanese
population.
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Abstract
For more than half a decade, lithium has been successfully
used to treat bipolar disorder. Worldwide, it is considered
the first-line mood stabilizer. Apart from its proven antiman-
ic and prophylactic effects, considerable evidence also sug-
gests an antisuicidal effect in affective disorders. Lithium is
also effectively used to augment antidepressantdrugs in the
treatment of refractory major depressive episodes and pre-
vent relapses in recurrent unipolar depression. In contrast to
many psychiatric drugs, lithium has outlasted various phar-
macotherapeutic ‘fashions’, and remains an indispensable
element in contemporary psychopharmacology. Neverthe-
less, data from pharmacogenetic studies of lithium are com-
paratively sparse, and these studies are generally character-
ized by small sample sizes and varying definitions of re-
sponse. Here, we present an international effort to elucidate
the genetic underpinnings of lithium response in bipolar dis-
order. Following an initiative by the International Group for
the Study of Lithium-Treated Patients (www.lGSLl.org) and
the Unit on the Genetic Basis of Mood and Anxiety Disorders
at the National Institute of Mental Health, lithium research-
ers from around the world have formed the Consortium on
Lithium Genetics (www.ConLiGen.org) to establish the larg-
est sample to date for genome-wide studies of lithium re-
sponse in bipolar disorder, currently comprising more than
1,200 patients characterized for response to lithium treat-
ment. A stringent phenotype definition of response is one
of the hallmarks of this collaboration. ConLiGen invites all
lithium researchers to join its efforts.

Copyright © 2010 S. Karger AG, Basel

Background

The articles in this special issue of Neuropsychobiology
comprehensively review the use of lithium as a mood sta-
bilizer in bipolar and unipolar affective disorders. They
show that 60 years after Cade’s discovery, lithium is still
a first-line choice for prophylaxis in bipolar disorder.
They furthermore discuss the evidence regarding lithi-
um’s antisuicidal effects, its use as an augmentation strat-
egy in the treatment of unipolar depression, and provide
novel insights into its neurobiological mechanisms of ac-
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tion. Finally, current pharmacogenetic knowledge about
lithium treatment is reviewed. Taken together, however,
these articles also highlight that, despite decades of lith-
ium use in psychiatry and despite the current emphasis
on the study of psychiatric genetics in modern biological
psychiatry, pharmacogenetic data regarding lithium
treatment have a tendency to be circumstantial and in-
conclusive.

Pharmacogenetics is a rapidly growing field that holds
considerable promise for the development of medications
that are more personalized and effective than those cur-
rently available. In all areas of medicine, pharmacoge-
netic studies of outcomes such as treatment response or
characteristic side effects are on the rise; based on these
findings, more and more pharmacogenetic tests are being
offered and approved by the US Food and Drug Admin-
istration [1]. Pretreatment genetic testing has now even
been added to the prescribing information for the antico-
agulant warfarin [2]. Similarly, the Food and Drug Ad-
ministration updated labeling for carbamazepine, rec-
ommending that patients of Asian ancestry be screened
for the presence of the HLA allele B¥1502 that has been
implicated in carbamazepine-induced Stevens-Johnson
syndrome and toxic epidermal necrolysis in Han Chinese
people [3].

Sufficiently large, well-characterized samples as well
as effective and efficient collaboration between academia
and the pharmaceutical industry are among the critical
prerequisites for success in the field of pharmacogenetics
[4, 5]. Pharmacogenetic research in psychiatry has long
been characterized by single lab efforts and small sample
sizes. Only recently has our field witnessed large collab-
orative studies such as the Sequenced Treatment Alterna-
tives to Relieve Depression (STAR*D) study (http://www.
edc.pitt.edu/stard/) [6] in the United States, or the Ge-
nome-Based Therapeutic Drugs for Depression (GEN-
DEP) project (http://gendep.iop.kcl.ac.uk) [7] in Europe,
both of which study the pharmacogenetics of major de-
pression. Indeed, the STAR*D and GENDEP projects
have already generated several intriguing findings con-
cerning the genetics of treatment response and side ef-
fects [8-14]. It is hoped that genome-wide association
studies (GWAS) conducted in these and other samples
will significantly increase our ability to guide the phar-
macological treatment of psychiatric patients through
the identification of genetic markers.

Notably, despite lithium’s proven efficacy [15], to date
there has been only one GWAS examining this ‘pharma-
cological workhorse’ of psychiatry [16]. In two cohorts
encompassing more than 800 lithium-treated patients,
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multiple regions of interest were identified but none met
the threshold for genome-wide significance. While in-
triguing, no adequately powered cohort yet exists to rep-
licate and extend these findings. Here, we present a world-
wide effort to address this situation: the international
Consortium on Lithium Genetics (ConLiGen), spear-
headed by researchers from the International Group for
the Study of Lithium-Treated Patients (IGSLI) and the
National Institute of Mental Health (NIMH).

The International Group for the Study of
Lithium-Treated Patients

The IGSLI is an international group of scientists dedi-
cated to lithium-related research, and its use in mental
illness and mood disorders in particular. Founded in
1988 by Mogens Schou (Risskov/Aarhus, Denmark), Bru-
no Miiller-Oerlinghausen (Berlin, Germany), and Paul
Grof (Ottawa, Canada), the IGSLI has significantly con-
tributed to lithium research over the past 20 years (www.
igsli.org). Other scientists and centers have since joined
the group, which currently comprises 35 members from
Austria, Canada, the Czech Republic, Denmark, Germa-
ny, Poland, Switzerland, and the United States. The main
goal of this group has been to conduct systematic work
on those key questions regarding lithium treatment that
can only be resolved by joint international effort. Unified
designs have been created and scientific data from the
IGSLI member centers have been linked for the purpose
of shared analysis. This approach allows investigators to
work with large numbers of prospectively followed pa-
tients — something that could only be accomplished via a
multicenter approach. Overall, IGSLI research is based
on shared, standardized, computer-based documenta-
tion of patients’ diagnoses, family histories, course of ill-
ness before and during treatment, and on comparable
modalities of treatment. The group meets regularly at re-
search conferences to plan and discuss joint projects and
to prepare publications.

At the 21st IGSLI meeting, which took place in late
September 2007 in Dresden, Germany, the group dis-
cussed the results from the first, newly released GWAS of
bipolar disorder, performed by researchers from the
NIMH and Germany [17]. The strongest findings identi-
fied and replicated in this study were those encoding dia-
cylglycerol kinase eta, a key protein in the lithium-sensi-
tive phosphatidylinositol pathway and several genes in
the Wnt-signaling cascade. Given the absence of a hy-
pothesis-driven selection of single nucleotide polymor-
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phisms in GWAS - a method more typical of candidate
gene association studies - the observation that these find-
ings implicated pathways relevant to lithium’s mecha-
nism of action was particularly intriguing. Spurred on by
these findings, the IGSLI researchers concluded that
studying these genes in samples that included data on pa-
tient response to lithium treatment could improve our
understanding of how these genes determine response to
lithium treatment and impact susceptibility to bipolar
disorder. The IGSLI collaborators thus agreed to explore
a framework that would allow researchers to engage in
genetic studies of lithium response that were sufficiently
powered. It was stated that such an endeavor should allow
for participation by all bona fide lithium researchers
within and beyond the IGSLI, while maintaining the
highest possible level of stringency regarding phenotype
definition.

May 6, 2008:
The Consortium on Lithium Genetics Is Born

Following an invitation by IGSLI member Thomas G.
Schulze and Francis J. McMahon, both from the NIMH’s
Unit on the Genetic Basis of Mood and Anxiety Disor-
ders, prominent scientists in the field of lithium and bi-
polar genetic research met at the NIMH to discuss the
possibility of creating an international consortium dedi-
cated to the study of lithium pharmacogenetics. In atten-
dance were (in alphabetical order): Martin Alda (Halifax,
N.S., Canada), Michael Bauer (Dresden, Germany), Ma-
ria Del Zompo (via phone from Cagliari, Italy), Gonzalo
Laje (Bethesda, Md., USA), Francis J. McMahon (Bethes-
da, Md., USA), Mirko Manchia (Cagliari, Italy), Roy
H. Perlis (Boston, Mass., USA), Janusz K. Rybakowski
(Poznan, Poland), Thomas G. Schulze (Bethesda, Md.,
USA), Johannes Schumacher (Bethesda, Md., USA), and
Jordan W. Smoller (Boston, Mass., USA).

Reviewing evidence from the literature, and based on
their own observations, the group emphasized the evi-
dent familiality in lithium treatment response, raising
the possibility that genetic variation may contribute to
interindividual differences in treatment response. If such
differences could be identified, they might facilitate the
development of novel treatments for bipolar disorder, or
allow for better matching between patients and treat-
ments. Over the last decade, the quest for a ‘personalized
medicine’ approach in psychiatry has propelled a host of
pharmacogenetic studies. Because of the lengthy trial-
and-error process that currently characterizes the search
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for the most optimal treatment, pharmacogenetic studies
in psychiatry have traditionally focused on treatment re-
sponse or adverse effects associated with antidepressants
or antipsychotic medications [18-22]. While initially lim-
ited by small sample sizes, pharmacogenetic studies in
psychiatry have increasingly come to rely on large-scale
collaborative efforts, such as STAR*D, GENDEP, or
the Clinical Antipsychotic Trials of Intervention Effec-
tiveness (CATIE) project. While some pharmacogenetic
studies performed with these collaborative samples have
produced intriguing results, difficulties in defining strin-
gent target phenotypes across the various subsamples re-
main an important challenge [23, 24].

The researchers gathered at the NIMH on May 6, 2008
noted that, despite considerable and well-documented
worldwide experience with lithium as an effective anti-
manic agent, mood stabilizer, and putative antisuicidal
agent, there is a surprising dearth of large-scale pharma-
cogenetic studies of lithium treatment. We thus decided
to create an international initiative whose goal would be
to facilitate high-quality, well-powered analyses of lithi-
um treatment response data that would ultimately allow
for robust conclusions. The Consortium on Lithium Ge-
netics, hereafter referred to as ConLiGen, was born.

ConlLiGen’s Scientific Goals

ConLiGen aims to identify genetic determinants of re-
sponse to lithium treatment in bipolar disorder, as well as
genetic determinants of adverse events emerging during
lithium treatment. In the long run, ConLiGen may also
study response to lithium treatment in general (e.g. lith-
ium augmentation in the treatment of major depres-
sion).

Membership in ConLiGen

Any bona fide researcher or research group with ac-
cess to samples of lithium-treated patients for whom
DNA is available can join ConLiGen. Any new admission
request is voted upon by ConLiGen members.

Communication between the ConLiGen Members
To ensure a constant exchange of ideas between mem-

bers and allow for a straightforward realization of Con-
LiGen’s goals, a monthly conference call is conducted.
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Furthermore, members meet once or twice a year at in-
ternational meetings of various biological psychiatric or-
ganizations.

ConliGen Advisory Board

An Advisory Board comprising international experts
in the field of mood disorders research, and lithium re-
search in particular, was established to offer ConLiGen
an outside perspective as well as guidance on broad sci-
entific directions, to serve as a liaison to nonacademic
communities such as funding institutions, or industry,
and finally, to act as one of ConLiGen’s publicly visible
faces. Currently, the following researchers are members
of the Advisory Board (in alphabetical order): Robert H.
Belmaker (Division of Psychiatry, Ben Gurion University
of the Negev, Beersheva, Israel), Gian Luigi Gessa (De-
partment of Neuroscience ‘B.B. Brodie’, University of Ca-
gliari, Cagliari, Italy), Paul Greengard (Laboratory of
Molecular and Cellular Neuroscience, Rockefeller Uni-
versity, New York, N.Y., USA), Kay R. Jamison (Depart-
ment of Psychiatry and Behavioral Sciences, Johns Hop-
kins University School of Medicine, Baltimore, Md.,
USA), Richard S. Jope (Department of Psychiatry and
Behavioral Neurobiology, University of Alabama at
Birmingham, Birmingham, Ala., USA), Husseini K.
Manji (CNS & Pain, Johnson and Johnson Pharmaceuti-
cal Research and Development, Titusville, N.J., USA),
and Leon E. Rosenberg (Department of Molecular Biol-
ogy and the Woodrow Wilson School of Public and In-
ternational Affairs, Princeton University, Princeton, N.J.,
USA).

Phenotype Definition of Lithium Response:
A Major Prerequisite for Pharmacogenetic Studies
of Lithium

ConLiGen’s first and most crucial goal is to define the
phenotype of lithium response. Treatment response is a
complex construct that requires researchers to make
judgments about adequacy of treatment and tolerability
as well as assess changes in episode frequency or symp-
tom severity. In many cases this information must be as-
sessed retrospectively, with the inherent limitations as-
sociated with recall bias, missing information, or the fact
that the treatment has not followed a strict research pro-
tocol. One scale that incorporates such dataisan 11-point
scale developed by Martin Alda and colleagues [25]
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Name: Date:

Criterion A

The criterion A is used to determine an association between clinical
improvement and the treatment. The rating should apply to the period
of treatment considered adequate in duration and dosage. The iliness
activity should be judged by frequency, severity, and duration of
episodes.

10 = Complete response, no recurrences in the course of adequate
treatment, no residual symptoms, and full functional recovery
9= Very good response, no recurrences, but the patient may have
minimal residual symptoms (transient anxiety, sleep disturbance,
dysphoria, irritability) not requiring any intervention
Very good response. lliness activity reduced by more than 90%
Good response. lliness activity reduced by 80 - 90 %
Good response. Reduction in activity of illness by 65 - 80%
Moderate response. Reduction in iliness activity by 50 - 65%
Moderate improvement. Reduction in illness activity by 35 - 50%
Mild improvement. Reduction of iliness activity by 20 - 35%
Mild improvement. Reduction of iliness activity by 10 - 20%
Minimal improvement. Reduction of iliness activity by 0 - 10%
No change or worsening

O=NWHPTO~NC®

A Criterion Score:

Criteria B

The criteria B are used to establish whether there is a causal
relationship between clinical improvement and the treatment. Score 0,
1 or 2 points for each item:

B1: Number of episodes off the treatment.

0= 4 or more episodes
1= 2or3episodes
2= 1 episode

B1:

© Martin Alda, 2002

Drug: Evaluated By:

B2: Frequency of episodes off the treatment.

0= Average to high, including rapid cycling
1= Low, spontaneous remissions of 3 or more years on average
2= 1 episode only, risk of recurrence cannot be established

B2:

B3: Duration of the treatment.

0= 2ormore years
1= 1-2years

2= Lessthan 1 year
B3:

B4: Compliance during period(s) of stability.

0= Excellent, e.g. documented by drug levels in the therapeutic
range

1= Good, more than 80% levels in the therapeutic range

2 = Poor, repeatedly off treatment, less than 80% levels in the

therapeutic range
B5: Use of additional medication during the period of stability.
0= None except infrequent sleep medication (1 per week or less);

no other mood stabilizers, antidepressants or antipsychotics for
control of mood symptoms

1= Low-dose antidepressants or antipsychotics as an "insurance",
or prolonged use of sleep medication
2= Prolonged or systematic use of an antidepressant or

antipsychotic

B Criteria Score:

Total Scale Score:
(Subtract B from A)

Fig. 1. Retrospective criteria of Jong-term treatment response in research subjects with bipolar disorder.

(fig. 1); other approaches include longitudinal outcome
measures that consider time to recurrence or symptom
burden during treatment [16, 26].

The 11-point scale measures the extent of improve-
ment during long-term treatment. The scale’s A score is
a composite measure of change in frequency, duration,
and severity of illness episodes in the course of lithium
treatment. It is weighted by factors that influence the
degree to which the observed clinical change is consid-
ered to be due to lithium (B1-B5 scores in the scale). The

76 Neuropsychobiology 2010;62:72~78

scale has been developed in the context of a study assess-
ing response to treatment in subjects not followed ac-
cording to a research protocol, namely relatives of pro-
bands in our genetic studies [25]. Subsequently, it has
been widely used in several other studies at IGSLI cen-
ters [27-29] and at other centers involved in lithium re-
search [pers. commun. from John Kelsoe, San Diego,
Calif., USA and Maria del Zompo, Cagliari, Italy], which
imparts face validity. Within ConLiGen, phenotypic as-
sessment will be based on any available information in-
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cluding life charts when available and quantified using
the scale; interrater reliability meetings will be orga-
nized, facilitated by ConLiGen member Martin Alda,
and case vignettes will also be reviewed to establish be-
tween-center reliability.

Variables describing treatment tolerability or side ef-
fects may be studied in subsequent projects. Because the
issue of ‘best response phenotype’ is far from trivial, Con-
LiGen will strive to continuously weigh evidence from
future clinical and biological studies of lithium in an ef-
fort to refine the definition of phenotype response. Eval-
uating response to long-term treatment in an illness with
a highly variable natural course presents a challenge.
Many patients with bipolar disorder experience sponta-
neous remissions of variable timing and duration. More-
over, in a pharmacogenetic study we need to evaluate the
quality of response not for groups of subjects as in clinical
trials but individually for each patient. While prospective
studies will be able to implement more precise measures,
our approach is a practical way to assess the quality of
response in a variety of patients treated in diverse set-
tings.

ConLiGen’s Current Project and Long-Term Mission

ConLiGen is poised to assess all aspects of the phar-
macogenetics of lithium treatment in psychiatric disor-
ders, including the study of genetic susceptibility to po-
tential treatment-emergent adverse events (e.g. weight
gain, hypothyroidism, tremor). As its first project, Con-
LiGen intends to conduct a GWAS of stringently defined
response to lithium treatment in bipolar disorder. Con-
LiGen members and the various research centers which
they are affiliated with are joining their samples for a
centralized genotyping effort to be performed at the
Unit on the Genetic Basis of Mood and Anxiety Disor-
ders of the NIMH and the Department of Genomics of
the Life and Brain Center at the University of Bonn, Ger-
many. For the primary projects, a previously validated
scale will be used to define response to lithium treat-
ment, as described above. Individuals scoring between
7 and 10 will be considered lithium ‘responders’, while
individuals with scores between 0 and 6 will be consid-
ered ‘nonresponders’. Presently, the total sample com-
prises more than 1,200 bipolar patients for whom re-
sponse to lithium treatment has been or is currently be-
ing assessed by means of the scale. From preliminary
analyses conducted in select IGSLI samples (data not
shown), we can assume that about 35-40% of patients
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will qualify as responders. Previous studies [8, 9] sug-
gest larger genetic effect sizes (e.g. allelic odds ratios be-
tween 1.5 and 2) for a narrowly defined pharmacoge-
netic phenotype than for a categorically defined clinical
diagnosis. Thus, assuming a minor allele frequency of
0.3 and genotype relative risks of 1.4 for individuals het-
erozygous, and of 1.96 for individuals homozygous for
the risk allele, the combined ConLiGen sample will have
a power of 83% to detect an effect at a significance level
of 1 x 107® [30].

Although the combined ConLiGen sample will be the
largest sample to date to investigate lithium response on
a genome-wide scale, we are aware that any finding, re-
gardless of whether it reaches levels of genome-wide sig-
nificance, will ultimately have to be confirmed in inde-
pendent samples. Thus, ConLiGen’s mission will not be
finished after the completion of its GWAS. On the con-
trary, ConLiGen will continue to invite researchers to
join its efforts in order to increase the available sample
size of patients adequately characterized for lithium re-
sponse. In collaboration with both IGSLI centers and
large, long-standing multicenter projects such as the
NIMH Bipolar Disorder Genetics Initiative, ConLiGen
will be actively engaged in supporting and organizing ur-
gently needed prospective studies of lithium response in
bipolar disorder and other conditions.

Since Cade discovered lithium’s beneficial effects in
the treatment of bipolar disorder 60 years ago, this agent
has become almost synonymous with the treatment of
bipolar disorder worldwide [15]. Yet, little is known about
the genetic underpinnings of lithium response or the de-
velopment of side effects associated with its use. In a sci-
entific environment characterized by calls for personal-
ized medicine and the growth of large-scale pharmaco-
genetic studies in many fields of medicine, ConLiGen’s
goal is to put lithium at the forefront of pharmacogenetic
studies in psychiatry.
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No association between DAO and schizophrenia
in a Japanese patient population: A multicenter
replication study

Dear Editors

p-serine, a co-agonist that enhances N-methyl-p-aspartate
(NMDA) glutamate receptors, is hypothesized to be involved
in the pathophysiology of schizophrenia because treatment
with p-serine improves some schizophrenic symptoms (Tsai
et al, 1998). Thus, genes that are related to p-serine
metabolism have arisen as candidate genes that may play a
role in schizophrenia. Genomic case-control studies of one
such candidate gene, p-amino acid-oxidase (DAO; 12q24),
have shown relatively consistent positive results in which
DAO is a susceptibility locus for patients with schizophrenia
(Chumakov et al,, 2002; Corvin et al,, 2007; Schumacher et al,,
2004; Wood et al., 2007). A previous well-explained report
about the role of DAO in schizophrenia (Verrall et al., 2009)
and two representative meta-analyses showed an association
between DAO and schizophrenia, specifically with the SNP,
154623951 (Allen et al., 2008; Shi et al, 2008). Previously, we
performed stage 1 genomic case-control studies (340 schizo-
phrenia patients, 340 healthy controls) for genes (PHGDH,
SHMT1, SRR, DAO) related to p-serine synthesis/degradation.
Our results from a haplotype case-control analysis showed that
only three SNPs (rs3825251, 153918347, and rs4964770) in DAO
which are in strong linkage disequilibrium (LD) and show an
association with schizophrenia, even after correction for multiple
testing (Chnuma et al., 2009). Some negative results have also
been reported regarding a possible association between DAO and
schizophrenia (Fallin et al., 2005; Jonsson et al,, 2009; Liu et al,,
2006; Shinkai et al, 2007; Vilella et al, 2008; Yamada et al,
2005). Thus, we performed a stage 2 replication study to clarify
the conclusions of a possible role for DAO in schizophrenia. We
reinvestigated the association between the above DAO haplotype
(rs3825251-153918347-154964770) and schizophrenia using
adequate statistical power.

The case-control genetic association studies were per-
formed using 1656 unrelated Japanese patients with schizo-
phrenia (863 males, 793 females; mean age 45.2 years, S.D.+
15.4) who met the DSM-IV diagnosis of schizophrenia. We
also used 1842 unrelated healthy controls (784 males, 1058
females; mean age 47.1years, S.D.419.1). Patients and
controls were recruited from four geographic regions of
Japan: Osaka, Aichi, Saitama, and Tokyo. The criteria for

0920-9964/% ~ see front matter © 2010 Elsevier B.V. All rights reserved.
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enrolling both patients and controls have been previously
described (Chnuma et al, 2009). Of these participants, 340
patients with schizophrenia and 340 healthy controls had
been analyzed in our previous stage 1 study (Ohnuma et al,,
2009); the remaining patients and controis were new to the
present study. The mean age of the schizophrenic group was
significantly different from that of the control group (Stu-
dent's t-test, t=3.27, P=0.001), and the gender distribution
of the two groups was significantly different (y?=31.9,
P<0.001). The Ethics Committee of the Juntendo University
School of Medicine approved this study. All participants gave
their written informed consent prior to participating in the
study.

Genomic DNA was extracted from peripheral white blood
cells using a QIAamp® DNA Blood Maxi kit (Qiagen,
Courtaboeuf, France). Three SNPs (rs3825251, rs3918347,
and rs4964770) were typed using TagMan® technology as
previously described in detail (Chnuma et al,, 2009). SNP
information, including position and distance between SNPs,
has also been described (Ohnuma et al., 2009).

For the case-control association study, genetic statistical
analysis, Hardy-Weinberg Equilibrium (HWE) testing, differ-
ences in genotypic/allelic frequencies, LD, and case-control
haplotype analysis were all done using SNPAlyse V7.0 Pro
(Ohnuma et al, 2009). All P-values reported are two-tailed
and were considered statistically significant when <0.05. We
performed power calculations using the Power Calculator for
Two Stage Association Studies (http://www.sph.umich.edu/
csg/abecasis/CaTS/). Power was calculated under the preva-
lence of 0.01 using an additive or a multiplicative model, which
was based on allelic frequencies of the associated markers that
ranged from 0.49 (rs3918347) to 0.50 (rs4964770). The odds
ratio ranged from 1.152 (rs3918347) to 1.166 (rs4964770) for
the SNPs investigated in our current study (Chnuma et al,
2009), with an alpha level of 0.05. Results of power analysis
showed that the power ranged from 80% (rs3918347) to 90%
(rs4946770).

The three SNPs in DAO were genotyped in 1656 patients
with schizophrenia and in 1842 controls. No deviation from
HWE in either patients or controls was observed, and no
single SNP showed a significant association between their
allelic or genotypic frequencies and schizophrenia (Supple-
mentary Table 1). Further investigation of the three SNPs
showed a strong LD (Table 1), but case-control haplotype
association analysis (minor haplotypes with frequencies less
than 3% in either group were omitted) using windows of two
or three SNPs failed to show a significant association with
Japanese schizophrenia (Table 1).
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Table 1
Results of linkage disequilibrium (D'/? value) between the SNPs and two-
and three-SNP-based haplotype analyses.

Haplotypic global
P-value
SNPs Drd 2 windows 3 windows
153825251 0.91/0.82 0.93/0.86 0.85 0.84

153918347 . 0.96/0.89
1s4964770 - 0.94/0.87 - 0.98/0.97

0.95/0.88 0.87

 For D'/r? value, right upper diagonal: schizophrenia, left lower diagonal:
controls.

[nour previous stage 1 study, the 3/ regions of DAO showed a
strong LD, including three SNPs (rs3825251-1s3918347-
1s4964770) that showed an association with Japanese schizo-
phrenia. In particular, haplotype GGC may be a protective
haplotype in schizophrenia (Ohnuma et al,, 2009). But in our
current stage 2 study that had adequate statistical power, our
results did not show any significant association between
schizophrenia and single SNPs or two- and three-SNP-based
haplotypes. Thus, the results from our previous study should be
considered a type | error (false positive), because they did not
have adequate statistical power to produce reliable results.
Previously, two representative meta-analyses showed an
association between 154623951 in the 5’ region and schizo-
phrenia; however, none of the studies that only used Japanese
subjects showed positive findings for 154623951, whereas the
studies with only Japanese subjects showed marginal positive
findings in the 3’ region (Ohnuma et al,, 2009; Yamada et al,,
2005). In addition, Japanese subjects were not included in all
studies that reported positive associations between schizo-
phrenia and SNPs situated in the 5’ region of DAO (Churmnakov
et al,, 2002; Corvin et al., 2007; Schumacher et al., 2004; Wood
et al., 2007). Taken together, these results suggest that there
may be some ethnic differences in DAQ, and that a schizophre-
nia susceptibility locus in Japanese patients may have a nominat
effect and may be situated in the 3’ region. Indeed, the minor
allelic frequencies of the three investigated SNPs, especially
153825251, were different among different ethnic populations,
and the LD pattern in the 3’ region was also different between
Japanese and Caucasian individuals (http://www.hapmap.org/
index.htmlja). In addition, symptomatic differences and
schizophrenia subtypes were not considered in the current
study, and thus the heterogeneity of this disease may also lead
to inconsistent results in genetic studies of schizophrenia.

Thus, further genetic case-control studies of DAO with
careful consideration of schizophrenia heterogeneities (i.e.,
differences in ethnicity, clinical subtypes, and symptoms) and
investigation of gene-gene interactions among b-serine-related
genes may be needed to determine a possible association
with schizophrenia. Thus, we currently conclude that DAO does
not have an apparent degree of association with Japanese
schizophrenia.

Funding for this study was provided by the Juntendo
Institute of Mental Health (2008).

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.schres.2010.01.028.
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The aim of the current study was to examine the association of KREMENT and DKK1, two wnt
pathway-related genes with schizophrenia in Japanese subjects. We genotyped 16 common
genetic variants within the aforementioned genes and examined their associations with
schizophrenia. Results demonstrated that a common variant in the promoter region of
KREMEN1 might modulate the risk of schizophrenia in the Japanese. However, further
replication will be needed for conclusive interpretation of the effect of this locus on the
pathogenesis of schizophrenia.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Irregularities consistent with abnormal brain development,
including faulty neuronal migration, altered spatial neuronal
arrangement, and absence of significant gliosis, have been
reported in schizophrenia. Together with behavioral, neuro-
metor, and other functional abnormalities that occur in
childhood and predict schizophrenia, such as low 1Q, poor

Abbreviations: SNP, single nucleotide polymorphism:tSNP, tagging SNP;
HWE, Hardy-Weinberg equilibrium;MDR, multifactor dimensionality reduc-
tion method;TA, testing accuracy;CVC, cross-validation consistency.

* Corresponding author. Department of Psychiatry Nagoya University
Graduate School of Medicine 65 Tsurumai-cho, Showa-ku, Nagoya 466-8550,
Japan. Tel.: 81 52 744 2282; fax: +81 52 744 2293,

E-mail address: branko@med.nagoya-wacjp (B. Aleksic).

0920-9964/% - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.schres.2010.01.014

motor skills, and poor development of language and social
skills, these morphological findings indicate a developmental
origin for schizophrenia (Crow 1995, Benes et al,, 1986).
Recentadvances in the understanding of genes that regulate
brain development offer insights into the mechanisms of
developmental brain changes. One important issue is the
identification of signaling pathways that coordinate changes
in gene expression with dynamic changes in cell adhesion and
migration, events that are important for the complex cellular
architecture of the human brain. Although several growth
factors affect both gene expression and cell migration, recent
focus has been on the wnt signaling pathway (Clevers, 2006).
wnts are powerful regulators of cell proliferation and differen-
tiation, and their signaling pathway involves proteins that
directly participate in both gene transcription and cell adhesion
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(currently > 150 genes (Li et al., 2006). Because schizophrenia
involves developmental brain changes and abnormal neuronal
and synaptic organization, alterations in the transduction of
wnt signaling pathway may represent such a mechanism
(Clevers, 2006; Emamian et al., 2004). The genetic associations
of several wnt pathway genes and schizophrenia have been
reported (Proitsi et al,, 2008). As coordinate changes in gene
expression are important for normal brain development, the
present study focused on negative modulators of the wnt
signaling pathway, KREMEN1 and DKK1.

wnt/beta-catenin signaling is inhibited by the secreted
protein Dickkopfl, a member of a multigene family, which
induces head formation in amphibian embryos (Niehrs, 2006).
Dickkopf1 inhibits wnt signaling by triggering LRP5/6 internal-
ization through formation of a ternary complex with Kremen
receptors (Mao et al, 2002). DKK1 encodes a protein that is a
member of the dickkopf family. This gene maps on chromo-
some 10 region q11.2, a region with suggestive linkage
evidence for schizophrenia (Faraone et al, 1998). KREMEN]
encodes a high-affinity dickkopf homolog 1, a transmembrane
receptor that functionally cooperates with dickkopf1 to block
wnt/beta-catenin signaling. KREMEN1 maps to chromosome
22q12.1, relatively close to the region with weak, but suggestive
linkage evidence for schizophrenia (Pulver et al., 1994).

We genotyped 16 common genetic variants within the
aforementioned genes and examined their associations with
schizophrenia. Additionally, we examined interactions between
single nucleotide polymorphisms (SNPs) within KREMEN1 and
DKKT.

2. Materials and methods

Subjects comprised 1624 patients with schizophrenia (mean
age, 46.5 + 14.5 years) and 1621 volunteers with no personal or
family history of psychiatric illness (mean age, 45.1 4 14.0 years).
Subjects were divided into a screening samiple (n=1681) and a
confirmation sample (n=1564). A general characterization and
psychiatric assessment of subjects is available elsewhere (Ikeda
et al., 2008). The screening and confirmation sample were
collected independently at each university hospital. All subjects
provided written informed consent. This study was approved by
the ethics committee at Nagoya University.

DNA was extracted from peripheral blood. Genotyping
was performed using a fluorescence-based allelic discrimi-
nation assay (Tagman, Applied Biosystems, Foster City, CA,
USA). Power was calculated according to the methods of Skol
et al (Skol et al,, 2006).

SNP tagging criteria were based on minor allele frequency
(>5%) and correlation coefficient between loci (>0.8) as
reported in the HAPMAP database (rel #24, Japanese popula-
tion). Based on these criteria, 16 tagging SNPs (tSNP) were
selected for genotyping. To exclude low-quality DNA sample or
genotyping probes, data sets were filtered on the basis of tSNP
genotype call rates (95% completeness) or deviation from the
Hardy-Weinberg equilibrium (HWE) (P=0.05) in the control
sample. Subjects whose percentage of missing genotypes was
>10% or who had evidence of possible DNA contamination
were excluded from subsequent analyses.

All allele-wise association analyses (screening or confir-
mation sample) were carried out by calculating the P values
for each tSNP. Significance was determined at the 0.05 level
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using Fisher's exact test. All P values were two-sided. Log
likelihood ratio tests for assessing haplotype-wise associa-
tions between schizophrenia and combination of tagging
SNPs was performed using UNPHASED software v3.04 (Dud-
bridge, 2008). The rare haplotype frequency threshold was
set at 5%.

To reduce the total number of tests, clearly unassociated
markers were removed in the first stage involving the screening
sample of the present study. Next, conditional on the findings of
the first stage, which used a less stringent nominal level, was
tested in the second stage involving the confirmation sample
using the augmented data and data from the first stage. In this
joint sample analysis, P values were generated by Cochran-
Mantel-Haenszel stratified analysis, and the Breslow-Day test
was performed for evaluation of heterogeneous associations as
implemented in PLINK v1.06 (Purcell et al., 2007).

To determine high- and low-risk genotype combinations,
the muitifactor dimensionality reduction method (MDR) was
used (Moore et al,, 2006). This procedure was developed to
detect higher-order interactions between polymorphisms to
predict a dichotomous trait variation, even when marginal
effects are small. A 10-fold cross-validation test was conducted.
Accordingly, a model was constructed based on 9/10 of the data
(training data) and then evaluated using the remaining 1/10 of
the data (testing data). The fitness of the MDR model was
assessed by estimating the testing accuracy (TA). Models that
were true positive would have an estimated TA of >0.5. The
cross-validation consistency (CVC) was a measure of how many
times among 10 divisions of the data the MDR found the same
best model. We used the Tuned ReliefF algorithm (Moore and
White, 2007) to removed noisy SNPs from the pool of possible
candidates. Statistical significance was evaluated using a 1000-
fold permutation test to compare observed testing accuracies
with those expected under the null hypothesis. Permutation
testing corrects for multiple testing by repeating the entire
analysis on 1,000 data sets that are consistent with the null
hypothesis. Models were significant at the 0.01 level.

3. Results

The results of the power analysis are presented in Table 1.
We genotyped 16 tSNPs using the screening sample All tSNPs
were in HWE, and the SNP-wise call rate was >95%. The
association signal was detected in allele-wise analysis at
1s713526 as well as in the haplotype-wise analysis (Table 2).
To deal with multiple testing issues and to keep the statistical
power uncompromised, we performed additional genotyping
of rs713526 using the confirmation sample. Although the
direction of the association was the same, no statistically
significant results were obtained (Table 3). To maximize
statistical power, we performed joint association analysis
combining the data from the screening and confirmation
sample and obtained a positive association signal.

We performed an exploratory SNP-SNP interaction analysis.
For a specific number of SNPs we reported a single best model
that maximized the TA. This is the model that is most likely to
generalize to independent data sets. We also reported the CVC,
which represents the nurnber of times in a particular cross
validated run that a given SNP combination was selected as the
best model. The strongest evidence for SNP interaction was
between rs1896368 (DKK1), rs2288335 (DKK1), and 15752866



