No association was found between schizophrenia and con-
trols. Our sample size has a power of 0.80 to detect signifi-
cant associations between each ‘tag SNP' and
schizophrenia, assuming a genotype relative risk {(GRR) of
1.42-1.57 under a multiplicative mode! of inheritance. In
contrast, all ‘tag SNPs’ (SNP3-5) were associated with
METH use disorder in the allelic, haplotypic and/or genotypic
analyses (Tables 1 and 2). Our METH use disorder samples
are expected to yield power of 0.80 to detect significant
association, assuming GRR of 1.568-1.75.

For further interpretation of these associations, we also
included an explorative analysis of clinical subgroups and
gender effects for the following reasons: our subjects with
METH-induced psychosis were (1) the majority of our METH
samples, this condition would be over-represented in our
samples of METH use disorder, and (2) unmatched gender
samples for METH wuse disorder {(male =145 and
temale = 32). Consequently, no common results among

clinical subgroups or gender were obtained. However,.

SNP3 was associated with female METH use samples, and
SNP5 was associated with total METH use disorder and
METH-induced psychosis in male samples (Table 3). Global
haplotypic analyses showed only trends for significance in
male METH use disorder samples (global P-value = 0.0536)
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and male METH-induced psychosis samples (global

P-value = 0.105) {Supplemental Table S2).

Discussion

A possible association of ‘tag SNPs’ in the ARRBZ gene was
obtained in the patients with METH use disorder but not with
schizophrenia patients.

The results from the LD evaluation using the TAGGER pro-
gram indicate that three ‘tag SNPs’ could represent the
entire 5'-flanking regions and most 3’ regions. We speculate
that an actual susceptibility variant of METH use disorder
may exist within the LD region in these significant SNPs,
because these ‘tag SNPs' may be only markers with no
functional effects (SNP3: synonymous substitution, SNP4
and SNP5: located in 3’ downstream of ARRB2). Further
investigations including mutation scan and functional
analysis will be required.

Our METH use disorder sample had several limitations,
described in the Results section. In terms of clinical sub-
groups, because there was no high power association
between ARRB2 and schizophrenia, the association between
ARRB2 and total METH use disorder is perhaps not due to

Table 1: Association analyses of ‘tag single nucleotide polymorphisms (SNPs)' in B-arrestin 2 (ARRB2) with schizophrenia and

methamphetamine (METH) use disorder

Genotype* P-values’
tag SNPs Phenotype Number M/M M/m m/m Genotype Allele
SNP3 rs1045280 (T>C) Schizophrenia 547 418 119 10 0.763 0.859
METH use disorder 177 117 54 6 0.0118 0.00351
Controls 546 417 122 7
SNP4 152036657 (A>G) Schizophrenia 547 - 430 109 8 0.871 0.596
METH use disorder 177 129 44 4 0.117 0.0431
Controls 546 436 103 7
SNP5 rs4790694 (C>A) Schizophrenia 547 460 85 2 0.703 0.382
METH use disorder 177 138 39 0 0.0167 0.0202
Controls - 546 470 74 2
*M, major allele; m, minor allele.
"Bold numbers represent significant Pvalues.
Table 2: Haplotypic analysis of three ‘tag single nucleotide polymorphisms (SNPs)’ (SNP3-5)
Frequency (%)
Phenotype Global P-values Marker haplotype Case Control Individual P-values*
Schizophrenia 0.405 TAC 84.8 85.3 0.716
) CGA 6.03 5.19 0.400
METH use disorder 0.0175 TAC 80.2 85.4 0.0194
CGA 8.60 5.20 0.0210

*Bold numbers represent significant P-values.
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Table 3: Explorative analysis of clinical subgroups and gender in methamphetamine (METH) use disorder

Genotype* P-values'
tag SNPs Phenotype Number M/M M/m m/m Genotype Allele
SNP3 Male METH use disorder 145 99 40 6 0.224 0.152
psychosis 138 96 38 4 0.523 0.340
dependence 7 3 2 2 NA NA
Male control 255 187 64 4
Female METH use disorder 32 18 14 0 0.0123 0.0112
psychosis 26 17 9 0 0.211 0.172
dependence 6 1 5 0 NA NA
Female control 291 230 58 3
SNP4 Male METH use disorder 145 108 33 4 0.466 0.375
psychosis 138 104 31 3 0.695 0.558
dependence 7 4 2 1 NA NA
Male control 255 197 55 3
Female METH use disorder 32 21 11 0 0.0652 0.0595
psychosis 26 19 7 0 0.423 0.375
dependence 6 2 4 0 NA NA
Female control 291 239 48 4
SNP5 Male METH use disorder 145 113 32 0 0.0174 0.0231
psychosis 138 108 30 0 0.0224 0.0302
dependence 7 5 2 0 NA NA
Male control 255 223 31 1
Female METH use disorder 32 25 7 0 0.374 0.371
psychosis 26 22 4 0 1 0.992
dependence 6 3 3 0 NA NA
Female control 291 247 43 1

*M, major allele; m, minor allele; NA, not analyzed.
"Bold numbers represent significant P-values.

spurious comorbid METH-induced psychosis, which may
share the pathophysiology of susceptibility with schizophre-
nia (sensitization phenomena) (Ujike & Sato 2004). Thus, all
significant SNPs might be closely associated with METH use
disorder.

However, a recent investigation suggests that METH-
induced psychosis has heavier family loading, probably
heavier genetic loading than METH users without psycho-
sis (Chen et al 2005). The authors of that study
suggested it is likely that dopaminergic abnormalities
differ between METH used disorder with and without
psychosis.

Furthermore, gender effects of METH use disorder and
AKT/GSK signaling were also reported (Jang et al. 1997;
Znamensky et al. 2003). We recognize that a larger sample
will be required for the confirmation of clinical subgroups and
a gender effect, because owing to the small sample size of
METH subjects without psychosis and female METH sub-
jects our explorative analysis mainly reflected the results
from male subjects with psychosis. Therefore, our
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speculation is based mainly on the results of these subjects.
Even taking such a conservative view of this explorative
analysis, we consider that ARRB2 may be associated with
METH-induced psychosis in males and that among the sig-
nificant SNPs, SNP5 is the most plausible candidate variant.
Our findings from comparing genotype frequencies of SNPs
between METH-induced psychosis in males and in male
controls would seem to indirectly support the possibility of
a different genetic background for METH-induced psychosis
(Chen et al. 2005). Chen et al. (2005) also reported significant
differences in morbid risk, when the METH-induced psycho-
sis subjects were divided into clinical subgroups of prolonged
METH psychosis and brief METH psychosis. We could not
perform association analyses between METH use disorders
with and without psychosis in this study due to the small
sample size and the differences in the inclusion criteria for
prognosis of METH-induced psychosis (Morita et al. 2005).
Meanwhile, the results from the haplotypic analyses, which
showed no association with METH use disorder or METH-

-induced psychosis in male samples, may have been due to

Genes, Brain and Behavior (2007) 6: 107-112°
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type Il error, because a power simulation showed that haplo-
typic analysis can decrease the statistical power of an
association study [if an actual causal variant (or variant in
absolute LD with that variant) is directly observed] (Bader
2001).

Recent in vivo studies suggest that the AKT/GSKS signal-
ing cascade is an attractive candidate factor for schizophrenia
and METH use disorder (Beaulieu et al. 2004, 2005;
Emamian et al. 2004). We have performed genetic associa-
tion studies of AKT1 and GSK3B with schizophrenia {lkeda
et al. 2004, 2005b) and METH use disorder {lkeda et al.
2005c¢) {for GSK3B, no association was obtained from sub-
jects with METH use disorder; M. lkeda, N. Ozaki, N. lwata &
JGIDA, unpublished observations). Summarizing these
results, AKT1 (but not GSK3B and ARRB2) showed a signifi-
cant association with schizophrenia, and AKT1 and ARRB2
{but not GSK3B) were associated for METH use disorder. To
evaluate whether each risk SNP would be an independent
risk factor or have interactions with each SNP in these
genes, we analyzed the gene—gene interactions with the
use of the Multifactor Dimensionality Reduction (MDR)
method (Hahn et al. 2003). In this analysis, we considered
two-locus interactions through four-locus interactions and
analyzed six SNPs in AKT1, two SNPs in GSK3B and three
SNPs in ARRB2. Three hundred and seventy-one schizophre-
nics, 161 METH use disorder subjects and 339 controls were
tested, all of whom were identical in each study. However,
no interactions were obtained with schizophrenia or METH
use disorder {and METH-induced psychosis in males) (data
not shown). Further studies will be required for conclusive
results; however, these results indicate that the risk SNPs or
haplotypes in AKT1 for schizophrenia, and those in AKT1 and
ARRB2 for METH use disorder may attribute independently
to these disorders.

In conclusion, our findings suggest that ARRB2 may play a
role in the development of METH use disorder but not schi-
zophrenia in the Japanese population. However, this positive
finding is a preliminary one, given the several limitations of
our sample and the fact that we did not perform genomic
control to exclude population stratification. We must also
consider the possibility that our findings merely demon-
strated the pharmacogenetic fact that individuals metabolize
drugs differently, and the results were not relevant to the
genetics of psychoses but rather to their treatment. It wili be
necessary to validate or replicate our associations in other
population samples.

References

Bader, J.S. (2001) The relative power of SNPs and haplotype as
genetic markers for association tests. Pharmacogenomics 2,
11-24.

Barrett, J.C., Fry, B., Maller, J. & Daly, M.J. (2005) Haploview:
analysis and visualization of LD and haplotype maps.
Bioinformatics 21, 263-265.

Genes, Brain and Behavior (2007) 6: 107-112

301

Association of ARRB2 with psychotic disorders

Beaulieu, J.M., Sotnikova, T.D., Yao, W.D., Kockeritz, L.,
Woodgett, J.R., Gainetdinov, R.R. & Caron, M.G. (2004)
Lithium antagonizes dopamine-dependent behaviors mediated
by an AKT/glycogen synthase kinase 3 signaling cascade. Proc
Natl Acad Sci USA 101, 5099-5104.

Beaulieu, J.M., Sotnikova, T.D., Marion, S., Lefkowitz, R.J.,
Gainetdinov, R.R. & Caron, M.G. (2005) An Akt/beta-arrestin
2/PP2A signaling complex mediates dopaminergic neurotrans-
mission and behavior. Cell 122, 261-273.

Bonci, A. & Hopf, F.W. (2005) The dopamine D2 receptor: new
surprises from an old friend. Neuron 47, 335-338.

Chen, C.K., Lin, S.K., Sham, P.C., Ball, D., Loh el, W. & Murray,
R.M. (2005) Morbid risk for psychiatric disorder among the
relatives of methamphetamine users with and without psycho-
sis. Am J Med Genet B Neuropsychiatr Genet 136, 87-91.

Connell, P.H. (1958) Amphhetamine Psychosis. Chapman & Hall,
London.

Emamian, E.S., Hall, D., Birnbaum, M.J., Karayiorgou, M. &
Gogos, J.A. (2004) Convergent evidence for impaired AKT1-
GSK3beta signaling in schizophrenia. Nat Genet 36, 131-137.

Gould, T.D. & Maniji, H.K. (2005} Glycogen synthase kinase-3:
a putative molecular target for lithium mimetic drugs.
Neuropsychopharmacology 30, 1223-1237.

Hahn, L.W., Ritchie, M.D. & Moore, J.H. (2003) Multifactor
dimensionality reduction software for detecting gene-gene
and gene-environment interactions. Bioinformatics 19,
376-382.

lkeda, M., Iwata, N., Suzuki, T., Kitajima, T., Yamanouchi, Y.,
Kinoshita, Y., Inada, T. & Ozaki, N. (2004) Association of
AKT1 with schizophrenia confirmed in a Japanese population.
Biol Psychiatry 56, 698-700. .

lkeda, M., lwata, N., Suzuki, T., Kitajima, T., Yamanouchi, Y.,
Kinoshita, Y., Inada, T. Ujike, H. & Ozaki, N. (2005a)
Association analysis of chromosome 5 GABA (A) receptor
cluster in Japanese schizophrenia patients. Biol Psychiatry
58, 440-445.

lkeda, M., twata, N., Suzuki, T., Kitajima, T., Yamanouchi, Y.,
Kinoshita, Y. & Ozaki, N. (2005b) No association of GSK3beta
gene (GSK3B) with Japanese schizophrenia. Am J Med Genet
B Neuropsychiatr Genet 134, 90-92.

lkeda, M., Iwata, N., Suzuki, T., Kitajima, T., Yamanouchi, Y.,
Kinoshiya, Y., Sekine, Y., lyo, M., Harano, M., Komiyama, T.,
Yamada, M., Sora, 1., Ujike, H., Inada, T. & Ozaki, N. (2005c¢)
Positive association of AKT1 haplotype to Japanese metham-
phetamine use disorder. Int J Neuropsychopharmacol 28, 1-5.

Jang, K.L., Livesley, W.J. & Vernon, P.A. (1997) Gender-specific
etiological differences in alcohol and drug problems: a beha-
vioural genetic analysis. Addiction 92, 1265-1276.

Morita, Y., Ujike, H., Tanaka, Y., Uchida, N., Nomura, A., Otani,
K., Kishimoto, M., Morio, A., Inada, T., Harano, M., Komiyama,
T., Yamada, M., Sekine, Y., Iwata, N., lyo, M., Sora, |. & Ozaki,
N. (2005) The X-box binding protein 1 {(XBP1) gene is not
associated with methamphetamine dependence. Neurosci
Lett 383, 194-198.

Nishiyama, T., lkeda, M., lwata, N., Suzuki, T., Kitajima, T.,
Yamanouchi, Y., Sekine, Y., lyo, M., Harano, M., Komiyama, T.,
Yamada, M., Sora, |., Ujike, H., Inada, T., Furukawa, T. &
Ozaki, N. (2005) Haplotype association between
GABAA receptor gamma2 subunit gene (GABRG2) and
methamphetamine use disorder. Pharmacogenomics J 5,
89-95.

Nyholt, D.R. (2001) Genetic case-control association studies —
correcting for multiple testing. Hum Genet 109, 564-567.

11



lkeda et al.

Purcell, S., Cherny, S.S. & Sham, P.C. {2003) Genetic power
calculator: design of linkage and association genetic mapping
studies of complex traits. Bioinformatics 19, 149-150.

~ Schwab, S.G., Hoefgen, B., Hanses, C., Hassenbach, M.B.,
Albus, M., Lerer, B., Trixler, M., Maier, W. & Wildenauer,
D.B. (2005) Further evidence for association of variants in the
AKT1 gene with schizophrenia in a sample of European sib-pair
families. Biol Psychiatry 58, 446-450.

Tatetsu, S., Goto, A. & Fujiwara, T. (1956) The Methamphetamine
Psychosis. Igakushoin, Tokyo.

Ujike, H. & Sato, M. (2004) Clinical features of sensitization to
methamphetamine observed in patients with methamphetamine
dependence and psychosis. Ann N'Y Acad Sci 1025, 279-287.

Znamensky, V., Akama, K.T., McEwen, B.S. & Milner, T.A. (2003)
Estrogen levels regulate the subcellular distribution of phos-
phorylated Akt in hippocampal CA1 dendrites. J Neurosci 23,
2340-2347.

112

Acknowledgments

We thank Miss M. Miyata and Miss S. Nakaguchi for their
technical support. This work was supported in part by research
grants from the Ministry of Education, Culture, Sports, Science
and Technology, and the Ministry of Health, Labor and Welfare
and the Japan Health Sciences Foundation (Research on Health
Sciences focusing on Drug Innovation).

Supplementary material

Table S1. Pairwise linkage disequilibrium matrices and ‘tag
SNPs’ in ARRB2.

Table S$2. Explorative haplotypic analysis of clinical subgroups
and gender in METH use disorder.

These materials are available as part of the online article from
http://www .blackwell-synergy.com '

Genes, Brain and Behavior (2007) 6: 107-112

302



LETTERS TO THE EDITOR

Molecular Psychiatry (2007) 12, 891-903
© 2007 Nature Publishing Group  All rights reserved 1359-4184/07 $30.00

www.nature.com/mp

Support for association of the PPP3CC gene

with schizophrenia

Molecular Psychiatry (2007) 12, 891-893;
doi:10.1038/sj.mp.4002019

Calcineurin is a calcium-dependent protein phospha-
tase that plays an important role in cellular responses
and calcium signal transduction.” Several studies
have suggested that calcineurin is one of the key
molecules in signal transduction in the brain and that
dysfunction of calcineurin signaling could be linked
to schizophrenia.®® Calcineurin is a heteromeric
protein complex consisting of a catalytic subunit
(calcineurin A) and a regulatory subunit (calcineurin
B).»* PPP3CC encodes the calcineurin y-catalytic
subunit and is located on chromosome 8p21.3 within
a few cM of markers reported to be linked to
schizophrenia.>”*® Gerber et al® reported genetic
associations of the PPP3CC gene with schizophrenia
in populations from the United States and South
Africa. However, only one replication study has been
published, and these associations were not confirmed
in 457 Japanese schizophrenic patients and 429
control subjects.” HapMap data indicated that a
haplotype block spans almost the entire PPP3CC
region in Japanese and European populations. The
single nucleotide polymorphism (SNP) haplotype
reported to be associated with schizophrenia by
Gerber et al® is located in the haplotype block.
Therefore, we examined the associations in a large
case—control study of 1645 schizophrenic patients
and 1673 control subjects. This sample size has a
power >0.98 to replicate the haplotypic association
with the same magnitude as that reported by Gerber
et al.’ assuming an « value=0.05, two-tailed,
a haplotype relative risk of 1.23, and haplotype
frequency of 0.26 or effect size of 0.1. The haplotype
frequency in the Japanese population was reported by
Kinoshita et al.?

All subjects were of Japanese descent and were
recruited from the main island of Japan. The study
included 1645 unrelated patients with schizophrenia
(mean age+s.d., 48.2+14.5 years; 899 men and 745
women) diagnosed according to the Diagnostic and
Statistical Manual of Mental Disorders, Fourth Edi-
tion (DSM-1IV). Control subjects were 1673 mentally
healthy unrelated subjects (age, 47.9+14.3, 886 men
and 787 women) without self-reported family his-
tories of mental illness within second-degree rela-
tives. The subjects studied by Kinoshita et al.® were
not included in the present study. The present study
was approved by the Ethics Committees of the

University of Tsukuba, Niigata University, Fujita Health
University, Nagoya University, Okayama University
and Teikyo University and all participants provided
written informed consent. To rule out population
stratification between patients and controls in the
present study, 35 SNPs that are not in linkage
disequilibrium (LD) with each other were genotyped
in all samples and analyzed with the STRUCTURE
program 2.0.° No stratification was observed.

We genotyped five SNPs. SNP1 (rs10108011, CC21
in Gerber et al®) and SNP2 (rs2461491, CCS3 in
Gerber et al.?) were selected because Gerber et al.®
reported nominally significant allelic association of
these SNPs with schizophrenia. SNP4 (rs2449340),
SNP3 (rs2461490) and SNP5 (rs1116085) were geno-
typed to distinguish common haplotypes with fre-
quencies >5% in the haplotype block based on
HapMap data of the Japanese population. SNPs were
genotyped with the TagMan SNP Genotyping Assay
(Applied Biosystems, Foster City, CA, USA) and ABI
PRISM 7900HT Sequence Detection System (Applied
Biosystems).

Deviation from predicted Hardy—-Weinberg fre-
quency was examined by yx?-test. Individual allelic
and genotypic associations were examined by Fisher’s
exact test. LD between polymorphisms and haploty-
pic associations were evaluated with Haploview
software version 3.32.° To deal with multiple testing,
allelic associations were evaluated by permutation
tests implemented in Haploview. The genotype dis-
tributions were evaluated by the Cochran—Armitage
test without correction for multiple testing.

The genotype and allele distributions of the five SNPs
in the patient group and control group are shown in
Table 1. Distributions of these SNPs did not differ
significantly from Hardy-Weinberg equilibrium. All
five SNPs showed nominally significant allelic associa-
tions with schizophrenia and permutation tests re-
vealed significant allelic associations of SNP1
(P=0.012), SNP3 (P=0.005) and SNP4 {P=0.013) with
schizophrenia. The genotype distributions suggest that
the minor allele of each SNP is likely to have an
additive effect in the susceptibility to schizophrenia.
These five SNPs are in LD; however, the LD is not
complete. Therefore, these associations were not caused
by a single SNP in the present study. As shown in Table
2, there were only two common haplotypes constructed
from these SNPs. The most common haplotype in the
control group was observed less frequently in the
patient group (P=0.034) and the second most common
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Table 1 Case-control comparisons of SNPs

Polymorphism Subjects n Genotype count pe Allele count P® (P°) Odds ratio HWE P
(NCBI ID) (frequency) - {frequency) (95% CI)
AA AG GG A G
SNP1(CC21) Affected 1639 828 (0.51) 644 (0.39) 167 (0.10) 2300 (0.70) 978 (0.30) 0.012 1.15 0.013
(rs10108011) Controls 1665 897 (0.54) 636 (0.38) 132 (0.08) 0.013 2430 (0.73) 900 (0.27) (0.030) (1.03-1.28) 0.197
GG GA AA G A
SNP2(CCS3) Affected 1645 568 (0.35) 781 (0.47) 296 (0.18) 1917 (0.58) 1373 (0.42) 0.076 1.09 0.335
(rs2461491) Controls 1673 617 (0.37) 788 (0.47) 268 (0.16) 0.076 2022 (0.60) 1324 (0.40) (0.149) (0.99-1.21) 0.536
cCc CG GG C G
SNP3 Affected 1636 690 (0.42) 731 (0.45) 215 (0.13) 2111 (0.65) 1161 (0.35) 0.005 1.16 0.330
(rs2461490) Controls 1655 773 (0.47) 698 (0.42) 184 (0.11) 0.006 2244 (0.68) 1066 (0.32) (0.015) {1.05-1.28} 0.165
GG GT TT G T
SNP4 Affected 1639 719 (0.44) 716 (0.44) 204 (0.12) 2154 (0.66) 1124 (0.34) 0.013 1.14 0.216
(rs2449340) Controls 1665 792 (0.48) 700 {0.42) 173 (0.10) 0.014 2284 (0.69) 1046 (0.31) (0.038) (1.03-1.26) 0.321
GG GA AA G A
SNP5 Affected 1628 491 {0.30) 786 (0.48) 351 (0.22) 1781 (0.54) 1501 {0.46) 0.070 1.09 0.440
(rs1116085) Controls 1666 541 (0.32) 799 (0.48) 326 (0.20) 0.080 1868 (0.57) 1438 (0.43) (0.196) (0.99-1.21) 0.185
*The Cochran Armitage test.
bFisher’s exact test (two-sided).
“Permutation test (10000 permutations).
Table 2 Haplotype comparisons between patients and control groups
Haplotype Frequency 7z Individual P (uncorrected) Global P
Patients Controls
SNP1-2-3-4-5 0.055
AGCGG 0.52 0.55 4.51 0.034
GAGTA 0.26 0.24 3.09 0.079
AAGTA 0.07 0.06 1.12 0.31
AACGA 0.05 0.06 0.64 0.42
AGCGA 0.05 0.05 1.36 0.24
GACGA 0.02 0.01 0.41 0.52
SNP1-2 , 0.023
AG 0.58 0.6 5.225 0.022
GA® 0.29 0.27 4.390 0.036
AA 0.13 0.13 0.002 0.96

2The associated haplotype reported by Gerber et al.?

haplotype in the control group tended to be more
frequently in the patient group {P=0.079). A global
P-value for the 5 SNP haplotype was 0.055.

Gerber et al.® found associations of the G allele of
SNP1 (CC21) and the A allele of SNP2 (CCS3) with
schizophrenia by transmission disequilibrium test. In
the present study, we found that the G allele of SNP1
and the A allele of SNP2 occurred more frequently in
the patient group than in the control group (P=0.003,
odds ratio (OR)=1.15 for SNP1; P=0.02, one-sided,
OR =1.10 for SNP2). Gerber et al.® found that the most
common haplotype was overtransmitted to patients in
their US population. According to the data reported
by Kinoshita et al.,° only two SNPs (SNP1 and SNP2
in the present study) are sufficient to distinguish the
associated haplotype reported by Gerber et al.® from
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other haplotypes in the Japanese population. When
haplotypes were constructed with SNP1 and SNP2,
the haplotype that was the most common haplotype
associated with schizophrenia in the US population
was the second most common haplotype in our
Japanese population. The second most common
haplotype was more frequent in the patient group
than in the control group (P=0.036, two-sided) in the
present study (Table 2). Therefore, the present study
replicates the allelic and haplotypic associations
found in the US population described by Gerber
et al..® although the ORs of the haplotype were lower
in the present study (OR =1.12) than in the study by
Gerber et al.® (OR=1.23).

Kinoshita et al.® failed to replicate these associations.
The OR of the G allele of SNP1 for schizophrenia



reported by Kinoshita et al.® was 1.11, which is similar
to that (OR=1.15) in the present study, although the
ORs of the A allele of SNP2 and the second most
common haplotype for schizophrenia were 1.0 in the
Kinoshita et al.® study and 1.09 and 1.10 in the present
study, respectively. Recently, Yamada et al.” reported a
nominally significant association of SNP2 (CCS3,
rs2461491) and a trend towards association of SNP1
(CC21, rs10108011) with schizophrenia in Japanese
family based-association analysis.

The present study replicated the allelic and haplo-
typic associations of PPP3CC with schizophrenia.
Thus, an association between genetic variations of
PPP3CC and schizophrenia appears to exist in US and
Japanese populations. However, the ORs of 1.10-1.15
observed in the present study indicate that the
associations are weak and will be difficult to replicate
without large sample sizes. Further studies are needed
to evaluate wither alterations in calcineurin signaling
contribute to the pathogenesis of schizophrenia.

Y Horiuchi'?, H Ishiguro®?, M Koga'?, T Inada?

N Iwata®, N Ozaki®, H Ujike®, T Muratake’,

T Someya’ and T Arinami®*?

!Department of Medical Genetics, Doctoral Program
in Social and Environmental Medicine, Graduate
School of Comprehensive Human Sciences,
University of Tsukuba, Tsukuba, Ibaraki, Japan;
*CREST, Japan Science and Technology Agency,
Kawaguchi-shi, Saitama, Japan; ®Department of
Psychiatry, Teikyo University School of Medicine,
Chiba Medical Center, Anesaki, Ichihara-shi, Chiba,
Japan; *Department of Psychiatry, Fujita Health
University School of Medicine, Toyoake, Aichi, Japan;
5Department of Psychiatry, School of Medicine,
Nagoya University, Nagoya, Aichi, Japan;
8Department of Neuropsychiatry, Graduate School of
Medicine, Dentistry and Pharmaceutical Sciences,
Okayama University, Okayama, Japan and
"Department of Psychiatry, Niigata University
Graduate School of Medical and Denatal Sciences,
Niigata, Japan

E-mail: tarinami@md.tsukuba.ac.jp

References

1 Rusnak F, Mertz P. Physiol Rev 2000; 80: 1483-1521.

2 Miyakawa T, Leiter LM, Gerber DJ, Gainetdinov RR, Sotnikova TD,
Zeng H et al. Proc Natl Acad Sci USA 2003; 100: 8987-8992.

3 Rushlow WJ, Seah YH, Belliveau DJ, Rajakumar N. J Neurochem
2005; 94: 587-596.

4 Klee CB, Ren H, Wang X. J Biol Chem 1998; 273: 13367-13370.

§ Falush D, Stephens M, Pritchard JK. Genetics 2003; 164:
1567-1587.

6 Barrett JC, Fry B, Maller ], Daly MJ. Bioinformatics 2005; 21:
263-265.

7 Yamada K, Gerber DJ, Iwayama Y, Ohnishi T, Ohba H, Toyota T
et al. Proc Natl Acad Sci USA 2007; 104: 2815-2820.

8 Gerber DJ, Hall D, Miyakawa T, Demars S, Gogos JA, Karayiorgou
M et al. Proc Natl Acad Sci USA 2003; 100: 8993-8998.

9 Kinoshita Y, Suzuki T, lkeda M, Kitajima T, Yamanouchi Y,
Inada T et al. ] Neural Transm 2005; 112: 1255-1262.

10 Lewis CM, Levinson DF, Wise LH, DeLisi LE, Straub RE, Hovatta I

et al. Am ] Hum Genet 2003; 73: 34—48.

Letters to the Editor

fMRI evidence for functional
epistasis between COMT
and RGS4

Molecular Psychiatry (2007) 12, 893-895;
doi: 10.1038/sj.mp.4002008

COMT and RGS4 are promising candidate risk genes
for schizophrenia® that impact on dopamine signal-
ing®* and on prefrontal function.>® While, in general,
convergent molecular pathways and neurophysiolo-
gical effects implicate gene x gene interactions, there
is growing evidence to support a specific direct
interaction between risk alleles in COMT and RGS4.
First, statistical epistasis between a number of
putative schizophrenia risk genes, notably RGS4 and
COMT, has been reported in risk for schizophrenia.”
Second, a recent study in human postmortem dorso-
lateral prefrontal cortex demonstrated a significant
correlation between both COMT val158met genotype
and COMT enzyme activity and RGS4 mRNA levels,
. such that increased COMT enzyme activity (and Val
allele load) predicted decreased RGS4 mRNA expres-
sion.? Using an fMRI working memory task in healthy
subjects that robustly engages DLPFC in a manner
sensitive to variation in both COMT and RGS4, we
employed a moderated multiple regression approach
to examine interactions between the COMT (rs4680
G/A(val158met)) and the RGS4 (rs951436 A/C
(‘Chowdari SNP4’)},° SNPs most consistently asso-
ciated with schizophrenia and with prefrontal activa-
tion. In line with earlier findings, we expected that
the impact of genetic variation in RGS4 would be
more pronounced on a COMT Val allele background,
such that individuals with both RGS4 SNP4-A and
COMT-Val would exhibit the most inefficient pattern
of prefrontal cortical engagement (that is, greater
prefrontal activation in the absence of performance
differences).®
We studied 82 healthy Caucasian subjects using an
N-back working memory task as described pre-
viously.’ Subjects were genotyped for RGS4 and
COMT?>*® (COMT: 25 V/V, 43 V/M, 14 M/M; RGS4: 26
A/A, 36 A/C, 20 C/C). Since only two COMT Met/
Met-RGS4 A/A subjects were available in this sample,
V/M heterozygote and M/M homozygote subjects
were combined. One-way analysis of variance (ANO-
VA) with five groups (COMT Val/Val, Met-carriers
and RGS4 SNP4 A/A, A/C, C/C) revealed no sig-
nificant between-group differences in performance
(accuracy or reaction time), gender or age. Whole
brain BOLD fMRI data were collected on a 3T GE
scanner  (TE=30ms, TR=2s, flip angle=90,
FOV=24cm) while subjects performed an N-back
working memory task (2-back and 0-back) as pre-
viously described.’® A second level moderated multi-
ple regression was used to map the main effects for
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Abstract The aim of this study was to evaluate the
association of genes that encode gap junction forming
proteins and schizophrenia. Representative genetic candi-
dates (Panx2 and Cx36) from two families of gap junction
genes were selected for analysis. According to the present
findings these genes represent both functional and posi-
tional candidates for schizophrenia. The sample was
~ comprised of 381 schizophrenic patients, and the same
number of matched controls was tested in this study in
order to evaluate the possible influence of the aforemen-
tioned genes on the pathogenesis of schizophrenia. Four
SNPs in the case of Panx2 and two SNPs in the case of
Cx36 were selected for analysis. Allele-, genotype- and
haplotype-wise association did not yield statistically sig-
nificant results. These data do not suggest that Panx2 or
Cx36 could increase the risk of schizophrenia in the Jap-
anese population. '
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Introduction

Schizophrenia is a severe mental disorder with a global
morbid risk of approximately 1% and a strong genetic
component in its etiology. The disease is characterized by
abnormal perception, thought disturbances and impaired
cognitive function (Sadock and Sadock 2005). One of the
present views on the pathogenesis of schizophrenia is re-
lated to the disturbed connectivity of neuronal networks
(Phillips and Silverstein 2003). The mechanism of the
neuronal network depends. on two types of synapses,
namely, the usual chemical synapses and gap junctions (or
electrical synapses) (Connors and Long 2004). A large
body of evidence has shown that gap junctions have con-
siderable influence on the stabilization and propagation of
synchronized neuronal activity, especially in the beta (12—
30 Hz) and gamma (30-80 Hz) frequency band of EEG
(electroencephalogram) (LeBeau et al. 2003; Sohl et al.
2005). The aforementioned had been shown both in in vitro
(Whittington et al. 1995; Szabadics et al. 2001; LeBeau
et al. 2003; Mann et al. 2005; Traub et al. 2005) and in vivo
studies, namely in experiments involving Cx36 (connexin
36) knock out mice (Hormuzdi et al. 2001; Buhl et al.
2003). Furthermore, gap junctions have the capability of
bidirectional signal transmission and low-pass filter (LPF)
characteristics that are markedly different from properties
of chemical synapses. LPF as a term is used for describing
the virtue of preferential transmission of sub-threshold
potentials and low frequency stimuli that favor synchro-
nous activity of neural networks (an extensive review is
available at Sohl et al. 2005).

Two families of gap junction proteins have been de-
scribed in humans: connexins and pannexins. The connexin
family is divided into three subfamilies (alpha, beta and
gamma) consisting of more than ten different proteins
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(Rozental et al. 2000); however, Cx36 (subfamily gamma)
is preferentially expressed in cell types of neural origin
(Condorelli et al. 2000). Moreover, as has been mentioned
before, several studies have indicated its role in the pro-
motion of synchrony and power in a gamma frequency
range of EEG (Hormuzdi et al. 2001; Buhl et al. 2003). The
human pannexin (in a further text referred to as Panx)
family consists of Panxl, Panx2 and Panx3. However,
Panx2 is abundantly expressed in the brain and involved in
forming gap junctions of principal cells or GABAergic
interneurons (gamma amino butyric acid) (Bruzzone et al.
2003).

Regarding schizophrenia, several lines of evidence have
showed decreased power and synchrony in the gamma
frequency band of EEG during cognitive tasks in com-
parison to the nonaffected group (Spencer et al. 2003,
2004; Hong et al. 2004; Waberski et al. 2004). In that
regard, the reported deficit in gamma band oscillations
might be contributed by impaired synchronization of
pyramidal cells owing to nonadequate perisomatic inhibi-
tion by paralbumin—expressed GABAergic interneurons,
(Lewis et al. 2005).

Therefore, regarding gene expression and the reported
role in the generation of gamma band oscillations, genes
that encode Cx36 and Panx2 can be seen as functional
candidates for schizophrenia. Moreover, chromosomal
locations of both Cx36 (15q14) and Panx2 (22ql3) are
reported as linkage regions for schizophrenia (Meyer et al.
2002; Kenneth and Lindon 2005). For this reason, the
aforementioned genes are positional candidates as well.

Methods
Sample population

The sample used in this research consisted of 381 schizo-
phrenia patients (229 males and 151 females; mean age
50 + 15.1 years) and 381 healthy controls (160 males and
221 females; mean age 40 + 14.6 years). For analysis of
Cx36, the total sample size consisted of 762 subjects and
had been genotyped. On the other hand, the genetic asso-
ciation between schizophrenia and Panx2 was tested with a
subset of the original sample comprised of 384 subjects
(case control ratio 1:1). All the subjects were unrelated and
of Japanese ethnicity. Subjects included in the case cohort
met the DSM-IV criteria for schizophrenia with the con-
sensus of two psychiatrists on the basis of an unstructured
diagnostic interview and review of their medical records.
Prior to inclusion in the control cohort subjects were
screened on the basis of brief diagnostic interviews by an
experienced psychiatrist. Subsequent to the study descrip-
tion, written informed consent was requested from each

subject. This study was approved by the Ethics Committee
at Nagoya University.

SNP selection

In order to test for genetic association either between the
positional or functional candidate and phenotype of inter-
est, we implemented a gene-based approach. This method
implies inclusion of both the gene region and gene flanking
regions in the association study (Neale and Sham 2004). In
other words, it is important to understand the gene as a
functional unity of coding and regulatory regions. Later on,
by taking advantage of the observed linkage disequilibrium
in the region of interest, it was possible to scale down the
number of single nucleotide polymorphisms (SNPs) to be
included in the association analysis by rejecting the
redundant SNPs and picking only haplotype tagging SNPs
in accordance with observed linkage disequilibrium (LD).

SNPs were selected from the hapmap database (release
#21; phase II; July 2006, population: Japanese in Tokyo)
(HapMap Consortium 2005), and the tagging SNP strategy
was based on two criteria: first to exclude redundant SNPs
from genotyping by taking advantage of the observed
linkage disequlibrium in order to achieve 95% haplotype
coverage and second to exclude SNPs with minor allele
frequencies less than 10% (because of substantial loss of
power due to sample size). According to the aforemen-
tioned criteria, from initial SNPs, four tagging SNPs for
Panx?2 (rs17284210, rs3817816, rs4838859 and rs7292533)
and two tagging SNPs for Cx36 were selected (rs3743123
and rs752876).

None of the polymorphisms that had been tested in this
study were functional; however, we can speculate on the
possible impact on gene expression. Moreover, we tried to
achieve good coverage of the gene and gene-adjacent re-
gions. The rationale for the latter lies in the fact that tag-
ging SNPs may be used as a proxy for detecting functional
polymorphisms (i.e., LD between tagging SNP and un-
known functional polymorphisms).

Genotyping methods

Genomic DNA was extracted from peripheral blood. The
restriction fragment length polymorphism (RFLP) method
was performed for genotyping rs17284210, rs3817816 and
rs7292533. On the other hand, the allelic discrimination
assay (Applied Biosystem Japan Ltd., Tokyo) was carried
out for genotyping rs4838859, rs3743123 and rs752876. For
each 384-well plate used for the allelic discrimination assay,
three nontemplate controls were included. Details regarding
primer design, cycle condition and restriction enzymes used
for RFLP assay, as well as data on the probe design for
allelic discrimination assay, are available upon request.
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Statistical methods

The LD blocks were defined in accordance with the four
gamete rule (Wang et al. 2002). Haplotype frequencies were
estimated by the expectation-maximization algorithm. The
aforementioned (LD block definition and haplotype fre-
quency estimation) are functions implemented in the Ha-
ploview software v3.32 that was used in this study (Barrett
et al. 2005). Genotype deviations from the Hardy—Weinberg
equilibrium, allelic and genotypic associations were tested
by chi-squared statistics. Log likelihood ratio tests for ha-
plotypic association between schizophrenia and SNPs that
are in linkage disequilibrium were carried out by the soft-
ware Unphased v2.403 (Dudbridge 2003) with a permutation
test for the calculation of empirical significance levels for
differences between haplotype frequencies in case and
control cohorts. The experimental alpha level was setto 0.05.

Power analysis was performed in accordance with the
general power calculation model for chi-squared statistics.
In brief, power is determined with respect to the degree of
freedom and predefined alpha level of the study, after
assuming the effect size (in accordance with Cohen’s cri-
teria). For the power calculation, Sample Power software v
2.0 (SPSS inc.) was used.

Results
HapMap data revealed a discreet linkage disequilibrium

pattern in the region of Panx2. In detail, pairwise LD
analysis of Panx2 polymorphisms showed one LD block

Table 1 Genotype distribution

that comprises several polymorphisms. However, only
rs4838859 and rs7292533 were sufficient for 95% haplo-
type coverage. In spite of the fact that the remaining two
polymorphisms (rs17284210 and rs3817816) are neither in
linkage disequilibrium nor within a separate LD block, we
included them in the study design in order to achieve sat-
isfactory gene coverage for association analysis. Con-
ceming Cx36, pairwise LD analysis showed one LD block
that spreads throughout the gene region. Two SNPs
(rs3743123 and rs752876) were sufficient in order to
achieve 95% of haplotype coverage. The LD pattern of our
data was in accordance with the LD pattern predicted by
the HapMap database data set (data not shown).
Deviation from Hardy—Weinberg equilibrium was not
observed. Allele-, genotype- or haplotype-wise analysis did
not provide sufficient evidence for association between two
genes that encode gap junction proteins and schizophrenia
(see Table 1). Regarding Panx2, in case effect size is set to
medium (in accordance with Cohen’s criteria), the sample
that was characterized in our research had approximately

80% power for detecting genetic association. However, in

case the size effect had been set to small, the calculated
power was 50%. On the other hand, regarding the Cx36
sample, the power was estimated to be more than 80% even
if the effect size was set to small.

Discussion

The common disease-common variants hypothesis postu-
lates that linkage disequilibrium should be detected by the

Gene SNP? Block® Cohort Genotype® P value Allele? P value Haplotype
MM Mm  m/m M  m P value
Cx 36 1s752876 E Ix36 Case 121 186 74 0.807 56.2 438 0.877 0.807
G>A E Control 127 177 77 56.6 43.4
rs3743123 § Case 138 176 67 0.803 59.3 40.7 0.958
C>T S Control 133 185 63 59.2 40.8
Panx 2 rs17284210 / Case 134 51 0.680 83.1 16.9 0372 /
T>G Control 141 46 85.4 14.6
rs3817816 / Case 90 79 23 0.987 67.4 32.6 0.878 /
G>A Control 89 79 24 66.9 33.1
rs4838859 i Tyanx2 Case 107 74 11 0.949 75.0 25.0 0.802 0.386
A>G | Comrol 110 71 11 758 242
rs7292533 E Case 84 94 14 0.344 68.2 31.8 0.539
T>C E Control 84 86 22 66.1 33.9

? Upper value is dbSNP designation while lower value represents major > minor allele

® Dotted line represents LD block
¢ M Major allele, m minor allele in absolute numbers

4 M Major allele, m minor allele in percents
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haplotype association test if the risk haplotype was linked to
variants (Chakravarti 1999). Therefore, regarding the Jap-
anese population, the data presented in this article do not
provide sufficient evidence for the involvement of the two
gap junction coding genes in conferring that susceptibility.

Definition of phenotypes is vital for genetic association
study; therefore, endophenotypes (being more specific than
phenotypes) are thought to be important for this field
(Gottesman and Gould 2003; Braff et al. 2007). We did not
take advantage of endophenotypes in order to test for ge-
netic association, and that might be a limitation of our
study. However, here we have to mention that several
studies showed gamma band oscillations, recorded in
schizophrenic patients, that indeed have reduced power and
synchrony in comparison to nonaffected subjects (Spencer
et al. 2003, 2004). Therefore, rather that segregation of the
sample in respect to the characteristic of gamma band
oscillations, we implemented a crude phenotype approach
(schizophrenia phenotype in toto) in the study design.
Moreover, regarding Cx36, our data are in concordance
with previous research regarding the aforementioned gene
and schizophrenia (Meyer et al. 2002).

In conclusion, neither Panx2 nor Cx36 has influence on
the pathogenesis of schizophrenia in the Japanese popula-
tion. However, since this is the first study regarding Panx2
and schizophrenia, it might be interesting to explore the
possible association in different population settings.
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50.43+17.12 years), 150 patients with BP (76 males and:
74 females: 93 patients with Bipolar I disorder and 57 patients .

with Bipolar II disorder: 46.58+12.55 years, 45.05+
14.69 years) were recruited as case subjects, and a total of
466 healthy controls (243 males and 223 females: mean
age+SD 34.59 +£12.58 years SD 36.16 + 15.54 years) were
recruited as control subjects. All subjects were unrelated with
eachother, ethnically Japanese, and lived in the central area of
Japan.

The patients were diagnosed according to DSM-IV criteria
with consensus of at least two experienced psychiatri
basis of unstructured interviews and revi
All healthy controls were also psychxat"
on unstructured interviews S
present major or minor

After description o
was obtained from e

we used a recently deve
which can reflect the correlati
P-values [Nyholt, 2004]. ‘
Power calculation was performed u
prepared by Ohashi et al. [2001].
The significance level for all statistical tests was 0.05.

RESULT

Genotype frequencies of all SNPs were in HWE for each
group (P values>0.05). The result of LD structure from
HapMap database can be seen in Supplementary Figure 1.
Each LD structure of SCZ, BP, MDD, and control samples was
almost same (data not shown).

associs ‘W detected with schlzophrema or MDD in
ele/gehoty'pe-Wiswanalyses (Table1), or-in’ haplotype-mse
analysis (Global P=0.142 in schizophrenia, 0.143 in MDD:
Table II). Only SNP4 showed a significant association with BP
in a genotype-wise analysis (P=0.0396). Nevertheless, this
significance may be a result of type I error due to multiple
testing. We performed P-value correction by using SNPSpD
program (the effective number of independent marker loci:
3.98; the experiment-wide significance threshold required to
keep type I error rate at 0.05: 0.0126), and the haplotype-wise
naly51s showed no association with BP (Global P =0.158).

i ant and recessive models of

itance, respectively.

DISCUSSION
In this study, no association of PA

with schizophrenia
enetic case-control

quantitative
patlents and

B-Arrestin2)
as associated

for detecting
to account the

mples, or small sample
iverage level, the controls
This means that anumber
op these disorders, the most

samples, such as unmatched aged
size, especially BP samples. On t

of young controls may goon tod
likely MDD, since incidence of major depression is high as 5%
or more. Second we did netiinclude a mutation scan to detect
rare variants wi ctional effects. However, it is difficult to
raluate iation of such extremely rare variants
) from the viewpoint of power. Third, although

D population is considered to be homogeneous, small
stratification may affect this negative finding. Replication
study or family based association approach will be required for
conclusive results.

Our results were robust in terms of study design, high
powers of sample size, and conservative correction of multiple
testing. Thus, we conclude that PAWR is unlikely to be a
susceptibility gene for schizophrenia and mood disorders
considering the common disease-common variant hypothesis.
However, further investigations will be necessary for con-
clusive results.
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TABLE II. Individual and Global Haplotype-Wise Analyses, : Skolmck MH; Sbattuck D Cannon Albnght L 2003 Pfédxsposﬁmn
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Major depressive chsorder Ewald H, Flint.T, Kruse TA, Mors O. 2002. A genome-wide scan shows
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and 16p13.3. Mol Psychi :734-744.

Tkeda M, Iwata N, Suzuki T, jima T, Yamanouch1 Y, Kinoshita Y, Inada
T, Ozaki N. 2004. Association of AKTI with schizophrenia confirmedin a
Japanese population. Biol Psychiatry 56:698—700.

Tkeda M, Iwata N, Suzuki T, Kitajima T, Yamanouchi Y, Kinoshita Y, Ozaki
N. 2005. No association of GSK3beta:gene (GSK3B) with Japanese
schizophrenia. Am J Med Genet Part B:134

Tkeda M, Ozaki N, Suzuki T, Kitajima T, Yam
T, Sekine Y, Iyo M, Harano M, Komiyama T'
Inada T, Iwata N. 2007. Possible associat
with methamphetamine use disorder, but
Brain Behav 6:107-112.

Bipolor disorder ..

GAGCG Schizoplirenia
Blpolor disorder
’M&JOI‘ depressive chso

AAGCA chiY, Kinoshita Y, Kishi
amadaM, Sora I, Ujike H,
‘of beta-arrestin 2 gene

schizophrenia. Genes

Major depressive disorder  0.0681
Controls 0.0644

‘Ms S Ishihara for their techni
rted_ in part by research gran

stween 2 * 2 allele
dies of complex

cher A, Luke MP, Affar ¢
i LH. 2005. Par-4 links d

ieffenbach PB,
e signaling and

12MT. 2002. Genome
hrenia pedigrees. Biol

Psychiatry 52 7-885.

‘an implement’. Sense not clear.

Q2: Please p e the City name.

313



John Wiley & Sons, Inc.

Publishe:s Sinee 807

PREPUBLICATION REPRINT ORDER FORM

Please complete this form even if you are not ordering reprints. Please be sure to include your article number in the
appropriate place to avoid delays and/or errors with your order. This form MUST be returned with your corrections.
Your reprints will be shipped approximately 4 weeks after print publication. Reprints ordered after printing are
substantially more expensive.

JOURNAL: AMERICAN JOURNAL OF MEDICAL GENETICS PART B: NEUROPSYCHIATRIC
GENETICS

TITLE OF MANUSCRIPT:

ARTICLE NO.: NO. OF PAGES: AUTHOR(S):

No. of Pages 100 Repnnts 200 Reprints 300 Reprints 400 Repnnts 300 Reprints
$ 3§ $ $ §

1-4 336 301 693 890 1,052

5-8 469 703 987 1,251 1477

9-12 594 923 1,234 1,563 1.850
13-16 714 1.136 1,327 1,901 22713

. 1720 784 1,340 1,775 2,212 2.648
21-24 911 1,528 2,031 2,536 3.037
2528 1,004 1,707 2,267 2,828 3.388
20-32 1,108 1.894 2,515 3,135 3,735
3338 1,219 2092 2713 3,456 4.143
3740 1,329 2,280 3,033 3,776 4,328

* REPRINTS ARE ONLYAVAILABLE INLOTS OF 100. IFYOU WISH TO ORDER MORE THAN 500 REPRINTS,
PLEASE CONTACT OURREFPRINTS DEPARTMENT AT {201} 748-8789 FORAPRICE QUOTE.

COVERS
100 Covers - $90 . 200 Covers - 8145 e 300 Covers - $200
400 Covers - $255 . 500 Covers - $32% *  Additional 100s - $65

**International orders must be paid in U.S. currency and drawn on a U.S. bank

Please send me reprints of the above article at....................... $

Please send me generic covers of the above journal at....................... $
Please add appropriate State and Local Tax {Tax Exempt No. 18
Please add 5% Postage and Handling...........ccccceevueivcueremncernnniicicenneiccnnnae $
TOTAL AMOUNT OF ORDER** ..ttt $

Please circle one: Check enclosed Billme Credit card
If credit card order, charge to: American Express Visa MasterCard Discover
Credit Card No. Signature Exp. Date

Bill To: Ship To:
Name:
Address/Institution:
Purchase Order No.: Phone: Fax:
E-mail:

314



Available online at www.sciencedirect.com

R
®c%e : : SCHIZOPHRENIA
«° ScienceDirect O aeoh

Schizophrenia Research 93 (2007) 58 - 65

www.elsevier.com/locate/schres

Association analysis of AKT1 and schizophrenia
in a UK case control sample

Nadine Norton **, Hywel J. Williams ?, Sarah Dwyer ?, Liam Carroll ?, Tim Peirce ?,
‘Valentina Moskvina ?, Ricardo Segurado ?, Ivan Nikolov ?, Nigel M. Williams ?,
Masashi Ikeda °, Nakao Iwata °, Michael J. Owen 2, Michael C. O’Donovan ?
® Department of Psychological Medicine, Wales School of Medicine, Henry Wellcome Building, Cardiff University,

Heath Park, Cardiff CF14 4XN, UK
b Department of Psychiatry, Fujita Health University School of Medicine, Toyoake, Aichi 470-1192, Japan

Received 8 January 2007; received in revised form 13 February 2007; accepted 16 February 2007
Available online 26 March 2007

Abstract

AKT! (V-akt murine thyoma viral oncogene homolog 1) is involved in intracellular signalling pathways postulated as of
aetiological importance in schizophrenia. Markers in the AK7/ gene have also recently been associated with schizophrenia in two
samples of European origin and in Japanese and Iranian samples. Aiming to replicate these findings, we examined ten SNPs
spanning AK7/ in a UK case-control sample (schizophrenia cases n=673, controls n=716). These included all SNPs previously
reported to be associated in European, Japanese and Iranian samples, alone or in haplotypes, as well as additional markers defined
by the Haploview Tagger program (pair-wise tagging, minimum »*=0.8, minor allele frequency=0.02). We found no association
with single markers (min p=0.17). We found weak evidence for association (p=0.04) with a four marker haplotype reported as
significant in the original positive European sample of Emamian et al. [Emamian, E.S., Hall, D., Bimbaum, M.J., Karayiorgou, M.,
Gogos, J.A., 2004. Convergent evidence for impaired AKT1-GSK3beta signaling in schizophrenia. Nat. Genet. 36, 131-137] and
also an overlapping three marker haplotype (p=0.016) that had previously been reported as significant in a Japanese sample.
Nominal p-values for these haplotypes did not survive correction for multiple testing. Our study provides at best weak support for
the hypothesis that AKT/ is a susceptibility gene for schizophrenia. Examination of our own data and those of other groups leads us
to conclude that overall, the evidence for association of AKT as a susceptibility gene for schizophrenia is weakly positive, but not
yet convincing.
© 2007 Elsevier B.V. All rights reserved.

Keywords: AKT]1; Schizophrenia; Association; Candidate gene

1. Introduction of schizophrenia. In pursuit of this hypothesis, they
examined the abundance of seven protein kinases in

Emamian et al. (2004) proposed that alterations in lymphoblast cell lines. Reduced AKT1 expression was
brain protein kinase activity contribute to the aetiology found in cell lines derived from schizophrenic patients

compared to controls, a finding subsequently con-
firmed in post-mortem frontal cortex and hippocampus.

* Corresponding author. Tel.: +44 20207442 12; fax: +44 2020746554 Moreover, they also found reduced phosphorylation of
E-mail address: nortonn@cf.ac.uk (N. Norton). GSKp3, a substrate of AKT1. These data provide a

0920-9964/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.schres.2007.02.006
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plausible case that AKT1 might be involved in the
pathophysiology of schizophrenia, a hypothesis whose
aetiological relevance they explored by genetic associ-
ation using 5 SNPs spanning the gene (see Tables 1-3 for
SNP nomenclature) in 268 US families of North
European origin containing one or more individuals
with schizophrenia. The initial evidence for association
was weak but one marker, (SNP3), yielded evidence for
association (p=0.05, uncorrected) as did a number of
haplotypes (minimum p=0.04, corrected) each of which
. shared alleles T and C at SNPs 2 and 3 (Emamian et al.,
2004), (referenced hereafter as the core haplotype). The
core haplotype was also associated with reduced AKT]1
protein expression in 20 control lymphoblast cell lines.
Follow-up studies in three independent Japanese sam-
ples gave mixed results. Two studies consisted of over
500 cases and over 400 controls. The first (Ohtsuki et al.,
2004) found no association (allelic or haplotypic) while
the second (lkeda et al., 2004) reported weak evidence
for association with a different variant and different
haplotype to that of Emamian et al. (2004) (Table 2), with
allele C of the core being carried in haplotypes that were
both over and underrepresented in cases. A third study in
a Japanese sample of 124 families found no association
(allelic or haplotypic) (Ide et al., 2006). Schwab et al.

(2005) found significant association with 3 of 7 SNPs -

tested in AKT! in 79 sib pair families of German origin.
The associated SNPs included SNP3, p=0.027, which

was nominally significant in the Emamian study as well
as two other SNPs, with the strongest result (SNP2a,
rs10149779, p= 0.002) remaining significant after
correction for multiple testing (p=0.014). The most
significant haplotype from the Emamian study (SNP2/
SNP3/SNP4, TCG, Table 2) was also significantly over-
represented in cases as was the TTA haplotype (formed
by the same SNPs), which had been under-transmitted to
cases in the study of Emamian et al. (2004) and which
does not carry the core TC haplotype. Several other
haplotypes created by various permutations of markers
were also significantly over-transmitted with illness,
with the strongest evidence coming from a haplotype
derived from SNP1/SNP2a/SNP3 (p=0.0013 corrected
for multiple testing), Table 2. For all haplotypes in which
SNP2 was included, the over-transmitted haplotype
carried Emamian’s core T allele at SNP2 but the finding
of the earlier study was not precisely recapitulated since
haplotypes carrying either C or T at core SNP3 were
significantly over-transmitted.

Further studies have been less supportive (Bajestan
etal., 2006; Liu et al., 2006). The 5 SNPs genotyped by
Emamian et al. (2004) were genotyped in 218 families
from Taiwan (Liu et al., 2006) with no significant as-
sociation from either single markers or haplotypes. The
same SNPs were also typed in an Iranian case control
sample, (schizophrenia cases n=321, controls »=383)
(Bajestan et al., 2006). Again, neither the SNPs nor the

Table 1

Results: single markers

SNP ID Dist to next Base change Sample sized Allele 1 count Allele 2 count p-value

SNP (bp) allele 172 (freq) (freq) (1df)

rs3803300 (SNP1) 4816 G/A Case (N=660) 1194 (0.90) 126 (0.10) 0.40
Control (N=707) 1292 (0.91) 122 (0.09)

rs2498784 (SNP1a) 5229 T/IC Case (N=658) 102 (0.08) 1214 (0.92) 0.93
Control (N=712) 109 (0.08) 1315 (0.92)

rs1130214 (SNP2) 8648 T/G Case (N=586) 361 (0.31) 811 (0.69) 0.73
Control (N=660) 415 (0.31) 905 (0.69)

rs10149779 (SNP2a) 4400 A/G Case (N=658) 398 (0.30) 918 (0.70) 0.69
Control (N=711) 440 (0.31) 982 (0.69)

rs2494738 279 A/G Case (N=662) 109 (0.08) 1215 (0.92) 0.68
Control (N=705) 110 (0.08) 1300 (0.92)

rs3730358 (SNP3) 6513 CT Case (N=608) 1043 (0.86) 173 (0.14) 0.30
Control (N=679) 1145 (0.84) 213 (0.16)

152498799 (SNP4) 702 G/A Case (N=592) 918 (0.78) 266 (0.22) 0.17
Control (N=659) 991 (0.75) 327 (0.25)

rs2494732 (SNPS) 46 T/C Case (N=588) 652 (0.55) 524 (0.45) 0.80

: Control (N=663) 742 (0.56) 584 (0.44)

rs3803304 6051 C/G Case (N=653) 327 (0.25) 979 (0.75) 0.56
Control (N=707) 368 (0.26) 1046 (0.74)

rs2498804 (SNP A) - GIT Case (N=660) 911 (0.69) 409 (0.31) 0.46
Control (N=709) 960 (0.68) 458 (0.32)

Allele counts, frequencies and p-values across AKT/ locus. SNP ID includes both rs no. and ID used in Emamian et al. (2004), Ikeda et al. (2004) and

Schwab et al. (2005).

316



60 N. Norton et al. / Schizophrenia Research 93 (2007) 58-65

Table 2
Comparison of associated haplotypes
Study Population 2 A SCzZ CON P-valoe
' " 22z 133§ &7

S 2 2 8 2 g £

" S [ 54 ~ 2 ~ ~

2 X 3 2 3 % € 8 3z ¥

EEREEEEERE
Emamian et al. Us ( G! - 0.15 0.0006
Schwabh ct al. German 0.17 0.10 0.023
This study UK 0.19 0.17 0.37
Schwab et al. German G° i Y 0.17 0.09 0.0013
This study UK G T 0.18 0.16 0.51
Emamian et al. us it G - - 0.004
This swdy UK G 0.13 0.10 0.04
Schwab et al. German G 0.10 0.07 0.1
lkeda ct al. Japancese G 0.02 0.0t 0.18*
Tkeda et al. Japanese G 0.32 0.27 0.014
This study UK " G 0.22 0.17 0.016
Bajestan et al. Iranian & G a 0.07 0.03 0.004
This swudy UK A G G 0.05 0.05 0.73
This study UK A 0.04 0.02 0.006
Tkeda et al. Japanese { & 0.17 0.24 0.0001
This study UK C G A 055 0.56 0.55

Comparison of the most significant p-values from current studies reporting positive association with 4K7/ and schizophrenia. Significant

haplotypes are marked in grey.
*Personal communications, * Ancestral allele in NCBI entrez SNP.

haplotypes from the Emamian study were associated.
However, a novel five marker haplotype comprised of
SNPs1-5, showed some evidence for association (global
p=0.05 uncorrected) with haplotype AGCAG being
more frequent in cases compared to controls (uncorrec-
ted p=0.004, Bonferroni corrected, p=0.03, case freq
0.068, control freq 0.034). Given the diverse range of
ethnicities studied so far, lack of consistency of the
patterns of association between studies is potentially
explicable in terms of population differences in LD and

Table 3
LD data for control sample

modest power to detect weak genetic effects. Moreover,
in the light of partial replication of the original findings
at the level of a specific haplotype in the only other
European origin sample so far reported, AKT/ is clearly
worth further investigation in other samples of broadly
similar ethnicity. .

We set out to investigate AKT/ in schizophrenia
using a moderately large UK based case control sample
under the following strategies. We genotyped SNPs 1-5
from Emamian et al. (2004), and additional markers

rs3803300 rs2498784 rsi130214 rs10149779 152494738 rs3730358 52498799 152494732 1s3803304 rs2498804

(SNP1)  (SNPla) (SNP2)  (SNP2a) (SNP3)  (SNP4)  (SNPS) (SNPA)

rs3803300 (SNP1)  x 0.86 0.01 0.01 0.46 0.01 0.11 0.07 0.00 0.12
152498784 (SNPla) 0.98 X 0.02 0.02 0.38 0.00 0.11 0.06 0.00 0.10
s1130214 (SNP2)  0.36 0.78 x 0.95 0.00 0.25 0.06 0.21 0.11 0.06
510149779 (SNP2a) 0.41 0.1 0.99 X 0.01 0.26 0.06 0.20 0.12 0.07
152494738 0.71 0.62 0.30 0.36 0.02 0.12 0.09 0.00 0.16
153730358 (SNP3)  0.63 0.55 0.80 0.80 X 0.40 0.22 0.49 0.37
152498799 (SNP4)  0.63 0.70 0.29 0.30 0.71 0.85 X 0.43 0.40 0.69
152494732 (SNPS)  0.77 0.79 0.60 0.59 0.92 0.98 1 x 0.44 0.59
153803304 0.05 0.18 037 0.38 0.14 0.96 0.65 1 x 0.69
152498804 (SNPA)  0.79 0.76 0.25 0.27 0.95 0.96 0.99 1 0.97 X

LD data for control sample. D' is below diagonal and »* is above diagonal.
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reported by others, SNPla, SNP2a, (Schwab et al.,
2005) and SNPA (Ikeda et al., 2004). We specifically
tested all significant associated haplotypes reported by
Emamian et al. (2004), (n=7), Tkeda et al. (2004),
(n=9), Schwab et al. (2005), (n=23) and the Iranian 5
marker haplotype (Bajestan et al., 2006), (a total of 30
tests), although our primary hypothesis concemed the
European origin haplotypes (n=28). Additionally, we
derived tagged SNPs across the AKTI locus after
genotyping all the above markers in the CEU panel
used by the HapMap project and combining those data
with all additional markers available in the HapMap
(version 1.65) and performed two and three marker
haplotype analyses for all marker combinations.

2. Materials and methods
2.1. Subjects

All case-control subjects used in this study were
unrelated Caucasians born in the UK or Ireland. All
cases met DSM-IV criteria for schizophrenia. Consen-
sus diagnoses were made by two raters from all avail-
able information following a semi-structured interview,
SCAN or PSE (Wing et al., 1974, 1990), and exami-
nation of case notes. The cases consisted of 456 males
and 217 females, average age at collection 44.5 years

+14.6, whilst the controls consisted of 482 males and -

234 females, average age at collection 41.5 years +11.5
years. Control individuals were group matched to cases
for age, sex, and ethnicity from more than 1400 blood
donors recruited from the National Blood Transfusion
Service. Individuals on medication are not allowed to
donate blood in the UK nor are they remunerated even
for expenses. Thus unlike in some countries, donating
blood in the UK is entirely an altruistic process that
does not tend to enrich for indigents, or people with
substance abuse or psychosis. Donors were not
screened for the absence of psychiatric illness, as this
does not affect the power when a disease has the pop-
ulation prevalence of schizophrenia (Owen et al., 1997).
Multicentre and Local Research Ethics Committee
approval was obtained, and all subjects, both cases
and controls, gave written informed consent to par-
ticipate. We previously found no evidence for popula-
tion stratification within the samples based on the
distribution of p-values obtained from genotyping
pooled samples for >300 SNPs (Williams et al,
2005a). We also tested for evidence of substructure in
approximately one-third of our sample with STRUC-
TURE (Pritchard et al., 2000) by using 97 SNPs
scattered across the genome and 1000 SNPs targeted to

regions on chromosomes 10 and 22 (Georgieva et al,,
2006).

Sample power was estimated to be 80% for the “core
TC haplotype” given our observed frequency, an OR of
1.3, alpha=0.05 and 79% for the associated TCG
haplotype in Table 2, under the same parameters. For
rs3730358 (associated in both Emamian et al., 2004 and
Schwab et al., 2005), we estimated power to be 73%
given an OR of 1.3, alpha=0.05.

2.2. SNP selection

We initially selected for genotyping, SNPs 1-5 from
Emamian et al. (2004), (rs3803300, rs1130214, rs3730358,
152498799, rs2494732 respectively), two additional SNPs
from Schwab et al. (2005), (rs2498784 and rs10149779,
SNPla and SNP2a respectively), and 1 additional SNP
from Ikeda et al. (2004), (rs2498804, SNPA), in order to be
able to test the specific marker and haplotype hypotheses
generated by those studies. All SNPs were optimised on
the same CEPH DNA samples used in the intemational
HapMap project for purposes of both error checking
(all genotypes were checked against HapMap data for
concordance) and also for tag SNP selection. We used our
CEPH data and all other available CEPH data from
the HapMap release 16C.1 June 2005 (Generic genome
browser version 1.65) across the AKT! locus from UCSC
May2004 chr14:104304140—104341530 (including 8.4 kb
sequence upstream and 2.6 kb sequence downstream of
AKTI) and performed pairwise analysis with TAGGER as
implemented in Haploview (Barrett et al., 2005) using
settings 7>0.8, minimum MAF 2%. This suggested as

‘additional tagging SNPs rs2494738 and rs3803304,

none of which have been genotyped in previous AK7/
association studies (Emamian et al., 2004; Ohtsuki et al.,
2004; Ikeda et al., 2004; Schwab et al., 2005; Liu et al.,
2006; Bajestan et al., 2006; Ide et al., 2006).

2.3. Genotyping

8/10 SNPs were genotyped using the Sequenom
MassARRAY™ gystem as per the manufacturer’s in-
structions with either hME or iplex chemistries. SNPs la
and 2a were genotyped with allele-specific PCR using
the Amplifluor system (Myakishev et al.,, 2001; Haw-
skins et al., 2002).

Assay design and PCR conditions are available on
request. All assays used to type the full association
sample were optimised initially by genotyping DNA
from 30 CEPH parent-offspring trios from 21 families
(Utah residents with ancestry from northern and western
Europe), as detailed in the international HapMap project
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