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Genome-wide association and follow-up studies have reported
an association between schizophrenia and rs12807809 of the
NRGN gene on chromosome 11q24.2. We investigated the asso-
ciation of five linkage disequilibrium-tagging SNPs and haplo-
types that cover the NRGN gene with schizophrenia in a Japanese
sample of 2,019 schizophrenia patients and 2,574 controls to
determine whether rs12807809 is the most strongly associated
variant for schizophrenia in the vicinity of the NRGN gene. We
found that the rs12807809-1s12278912 haplotype of the NRGN
gene was associated with schizophrenia (global P=0.0042). The
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frequencies of the TG and TA haplotypes of rs12807809—
rs12278912 in patients were higher (OR=1.14, P=0.0019)
and lower (OR=0.85, P=0.0053), respectively, than in the
controls. We did not detect any evidence of association of
schizophrenia with any SNPs; however, two nominal associa-
tions of rs12278912 (OR=1.10, P=0.057) and rs2075713
(OR =1.10, P=0.057) were observed. Furthermore, we detected
an association between the rs12807809-rs12278912 haplotype
and NRGN expression in immortalized lymphoblasts derived
from 45 HapMap JPT subjects (z= 2.69, P= 0.007) and confirmed
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the association in immortalized lymphoblasts derived from 42
patients with schizophrenia and 44 healthy controls (z= 3.09,
P=0.002). The expression of the high-risk TG haplotype
was significantly lower than the protective TA haplotype. The
expression was lower in patients with schizophrenia than in
controls; however, this difference was not statistically signifi-
cant. This study provides further evidence of the association of
the NRGN gene with schizophrenia, and our results suggest
that there is a link between the TG haplotype of rs12807809—
rs12278912, decreased expression of NRGN and risk of devel-
oping schizophrenia. © 2012 Wiley Periodicals, Inc.

Key words: schizophrenia; neurogranin (NRGN); single
nucleotide polymorphism (SNP); genome-wide association
study (GWAS); gene expression

INTRODUCTION

Schizophrenia is a common and complex psychiatric disease
with strong genetic components. Schizophrenia has an estimated
heritability of approximately 80% [Cardno and Gottesman, 2000;
Tsuang, 2000}, and many genes have been implicated in the patho-
genesis of schizophrenia [Sun et al., 2008].

Genome-wide association studies (GWAS) of single nucleotide
polymorphisms (SNPs) investigate thousands of DNA samples
from patients and controls, and these studies are a powerful tool
for identifying common risk factors in complex diseases. Stefansson
et al. [2009] combined the samples (from 12,945 patients with
schizophrenia and 34,591 controls) from three large GWAS (the
SGENE-plus, the International Schizophrenia Consortium and the
Molecular Genetics of Schizophrenia GWAS) and conducted
follow-up studies in 4,999 patients and 15,555 controls from
four sets of samples from Europe, including from the Netherlands,
Denmark, Germany, Hungary, Norway, Russia, Sweden, Finland,
and Spain. The authors detected several significant association
signals. Seven markers gave P values smaller than the genome-wide
significance threshold of approximately 1.6 x 10~ in the combined
samples: five markers, rs6913660, rs13219354, 56932590, rs13211507,
and rs3131296, which spanned the major histocompatibility
complex (MHC) region on chromosome 6p21.3-22.1; a marker,
rs12807809, located 3,457 bases upstream of the neurogranin
(NRGN) gene on chromosome 11g24.2; and a marker,
1s9960767, in intron 4 of the transcription factor 4 (TCF4) gene
on chromosome 18q21.2. Ofthe seven SNPs, four SNPs, rs6913660,
rs13219354, rs13211507, and rs9960767, were not polymorphic in
the HapMap Japanese in Tokyo (JPT) samples. The minor allele
frequencies (MAFs) for two SNPs, rs6932590 and rs3131296, were
less than 5%. Because only one marker, rs12807809, in the NRGN
gene was a common SNP in the HapMap JPT samples (MAF greater
than 5%), we focused on this SNP and the NRGN gene in the present
study.

The NRGNgene is the human homolog of the neuron-specific rat
RC3/neurogranin gene. NRGN encodes a postsynaptic protein
kinase substrate that binds calmodulin (CaM) in the absence of
calcium and has been implicated in dendritic spine formation and
synaptic plasticity [Baudier et al., 1991]. NRGN plays an important

role in the Ca**—CaM signaling pathway [Hayashi, 2009]. Ca*"
influx-induced oxidation of NRGN leads to the postsynaptic
activation of CaM-dependent protein kinase II (CaMKII) by
CaM, which is associated with strengthened N-methyl-p-aspartate
(NMDA) receptor signaling [Li et al., 1999]. Reduced NRGN
activity may mediate the effects of NMDA hypofunction implicated
in the pathophysiology of schizophrenia.

The NRGN gene spans 7.3 kb of genomic DNA and contains four
exons [Martinez de Arrieta et al., 1997]. Part of exon 1 and exon 2
encode a 78-amino-acid protein, and exons 3 and 4 contain
untranslated sequences. A thyroid hormone response element
(TRE) has been identified in intron 1 [Martinez de Arrieta et al.,
1999]. An association between the NRGN gene and schizophrenia
has previously been reported in a small population of male Portu-
guese and Brazilians [Ruano et al.,, 2008], although the associated
SNP in the study, rs7113041, was not tightly correlated with
the genome-wide supported SNP, rs12807809 (HapMap CEU
r*=0.07, JPT r* = 0.01). In addition, two separate studies reported
no association between the genetic variants of NRGN and schiz-
ophrenia in Bulgarian [Betcheva et al., 2009] and Chinese pop-
ulations [Li et al,, 2010]. The genome-wide supported SNP and
other SNPs in the NRGN gene were not genotyped in the GWAS of
schizophrenia in Japanese populations because of a difference in the
genotyping chips used among the separate GWAS, which the
Mlumina HumanHap 300 or 550 BeadChips, Affymetrix Genome-
Wide Human SNP Array 5.0 and Affymetrix GeneChip Mapping
100K microarrays [Stefansson et al,, 2009; Ikeda et al., 2011;
Yamada et al., 2011] were used. Here, we first investigated the
association between the NRGN gene and schizophrenia in a Jap-
anese population using a gene-based approach to determine
whether rs12807809 is the most strongly associated variant for
schizophrenia near the NRGN gene. Second, we examined whether
the associated haplotype of NRGN influenced NRGN expression in
immortalized lymphoblasts derived from the HapMap JPT samples
and our Japanese case—control samples.

MATERIALS AND METHODS

Subjects

Subjects for the genetic association  analysis included 2,019
unrelated patients with schizophrenia (54.5% males, with a
mean age = SD of 44.7 +15.1 years) and 2,579 unrelated healthy
controls (49.4% males, 45.4 &= 19.4 years). The mean age did not
differ significantly between cases and controls (P = 0.24); however,
the male to female ratio of the patients was significantly higher than
in the controls (P < 0.05). Age and sex-matched subjects for NRGN
expression analysis consisted of 42 patients with schizophrenia
(58.1%, 38.4 £ 11.2 years) and 44 healthy subjects (56.8% males,
38.0 4 11.4 years). These subjects were included in the genetic
association analysis. All subjects used in both analyses were
biologically unrelated, of Japanese ethnicity and were recruited
from four geographical regions in Japan: Osaka, Aichi, Tokushima,
and Tokyo [Yamaguchi-Kabata et al., 2008; Ohi et al., 2009]. Cases
were recruited from outpatient and inpatient facilities at university
hospitals and psychiatric hospitals. Each subject with schizophrenia
had been diagnosed by at least two trained psychiatrists based onan
unstructured clinical interview; diagnoses were made based on the
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criteria of the fourth edition of the Diagnostic and Statistical
Manual of Mental Disorders (DSM-IV). Controls were recruited
through local advertisements. Psychiatrically healthy controls were
evaluated using unstructured interviews to exclude individuals
who had current or past contact with psychiatric services. Written
informed consent was obtained for all subjects after the procedures
had been fully explained. This study was carried out in accordance
with the World Medical Association’s Declaration of Helsinki
and approved by the Research Ethical Committee of Osaka Uni-
versity, Fujita Health University, Nagoya University, Tokushima
University and Juntendo University.

SNP Selection and SNP Genotyping

This study was designed to examine the association between the
NRGN gene and schizophrenia by selectively tagging SNPs in the
NRGN gene and flanking regions (5 kb). We selected five tagging
SNPs using the TAGGER algorithm (Paul de Bakker, http://www.
broad.mit.edu/mpg/tagger) with the criteria of r* greater than 0.80
in “pair-wise tagging only” mode and an MAF greater than 5%,
which was implemented in Haploview 4.2 using HapMap data
release 27 Phase II ++ III, Feb 2009, on NCBI B36 assembly, dbSNP
b126 [Japanese in Tokyo (JPT), Chr 11: 124,109,952.124,127,307].
The five tagging SNPs were rs1939214, rs12807809, rs12278912,
rs2075713, and rs11219769. Markers are shown in Table I; ori-
entation and alleles are reported on the genomic plus strand
(rs12807809 is reported as T/C, as has been reported in previous
GWAS [Stefansson et al., 2009]). Venous blood was collected from
the subjects and genomic DNA was extracted from whole blood
according to standard procedures. The SNPs were genotyped using
the TagMan 5'-exonuclease allelic discrimination assay (Applied
Biosystems, Foster City, CA) as previously described [Hashimoto
et al., 2006, 2007]. Detailed information on the PCR conditions
is available upon request. Genotyping call rates were 98.9%
(rs1939214), 98.5% (rs12807809), 99.3% (rs12278912), 99.3%
(rs2075713), and 99.5% (rs11219769). No deviation from Hardy—
Weinberg equilibrium (HWE) in the examined SNPs was detected
in the patients with schizophrenia or healthy controls (P> 0.05).
The positions of the five SNPs analyzed in the present study are
shown in Figure 1.

Quantitative Megsurement of NRGN Gene

s

Expression

Isolation and immortalization procedures of lymphocytes from
blood using the Epstein—Barr virus (EBV) were performed by SRL
of Tokyo, Japan. Immortalized, patient-derived lymphocytes were
grown in culture media supplemented with 20% fetal bovine
serum. Total RNA was extracted from cell pellets using the RNeasy
Mini Kit (Qiagen K.K., Tokyo, Japan). The total yield of RNA was
determined by absorbance at 260 nm, and the quality of the RNA
was determined using agarose gel electrophoresis.

According to the manufacturer’s protocol, total RNA was treated
with DNase to remove contaminating genomic DNA using DNase
Treatment and Removal Reagents (Ambion, Austin, TX). Total
RNA (10pg) treated with DNase was used in a 50-pl reverse
transcriptase reaction to synthesize cDNA with the SuperScript

- 163 -

TABLE I Gendtgpé ya‘nd:AIl‘eleDistr‘ihut"ions for SNPs'_iyh tbe 'NRGVN‘ *GénéB‘e‘tw'eeﬁ P‘a‘,ti‘e‘nts With( ,S‘ychi'z‘o‘phl‘-ye‘hia and Controls in a,Japahese‘Population :

MAF -

CON (n = 2579) .

sz ([n=2019)

Marker

- Ger‘ibt‘gpicf ~

OR (95% CI)

11.06 {0.95-1.18)
1:10 {1.00-1.22)

1.10 (1.00-1.22)
1.09 (0.99-1.19)

1.06 (0.96~1.16)

~Allelic
P-value (x%)

CON
0.19
0.26

stz
049
0.25

Mm _ m/m MM Mm .m/m  Pvalue (x°)
030 004 066 030 004
035 007 056 03?2 007
034 005 059 035 006
031 004 062 033 005
0.37 055 038 007

0.67
0.58
061 0.
0.65
0.57

Gene
5/
5/
Intront
3/
3!

/m"
o :
o
S GA
AL

G/T

Position®> = 'M
124110500
124111495

124117369
124123149 .
124125357 6T 3

rs1939214 (A)
rs12807809 (T)°
rs12278912 (6)¢
rs2075713 (A)
rs11219769 (G)

SNPIDs (M)

o g

—————

SCZ patients M(h schizophrenia§ CON,“healthg 'cuntmls; M,:majof allele; rﬁ, minor éllele; MAF, minor allele frequency; OR, cdd’s“ ratio. o

db SNP build 129.

trand DNA sequence. :

®The first alleles shown are major alleles. All the alleles are represented according to the plu

- “The genome-wide supported SNP for schizophrenia [Stefansson et al,, 2009].

[Ruano et al,, 2008] was found in the HapMap JPT samples 1° = 0.93), 1512278312 was selected as the tagging SNP by the TAGGER program.

' 9Because a high linkage disequilibrium between rs12278912 and rs7113041



408 AMERICAN JOURNAL OF MEDICAL GENETICS PART B

~2 ~ g
— L Fon)
= 8% O s €
-t s ~ o
- < f_‘:' i 32 (o] )
- Ry over i e~
Lo I wo -~ o
(= [~ e 2 Yo o
o L et = [y (]
o 1 Z o= 5 > -
e - L e L] o
w = o w %
- e 2 PR & e
£ 346 kb =
5 % j‘l ‘l’ 3t
Exon 1 23 4 Jkb
lCﬁding Sequence
atranslated Sequence (UTR)
Schizophrenia Control HapMap JPT HapMap CEU

HOFAHE HOAHE HEAABOHE HEE)EHE

FIG.. 1 The genomrc structure ofNRGN includlngthe Iocatrons oftheﬁve taggrngSNPs studred and lrnkage drsequrlrbrrum of these SNPs rnthe patrent .
control, HapMapJPT and CEU groups. Based on an entry in the Entrez Gene database (Natronal Center for Brotechnologg lnformatron]. the genomic
structure of NRGN is shown above. The Iocatlons ofthe SNPs analgzed in this studg are indicated bg arrows, with numbers indicated in parentheses
The numbers |nd|cated in parentheses refer to the numberrng of the SNPs in the Imkage drsequrlibrrum (LD) diagram. The distances of
exons—introns and intermarkers are drawn ta scale. The LDs between pairwise SNPs are shown using the D’ {upper] and r [Iower] values atthe:

bottom of the map of the gene structure separatelg for cases, controls, the HapMapJPT samples and the HapMap CEU samples High levels of LD are

o represented bg black [D’ and r ?) colorrng, wrth mcreasrng color intensity from 0to 100, as shown bg color bars.

First-Strand Synthesis System for RT-PCR (Invitrogen, Carlsbad,
CA) according to the manufacturer’s protocol. Detailed informa-
tion on the PCR conditions is available upon request.

To measure mRNA expression levels of housekeeping (B-actin)
and NRGN genes, we used the Pre-Developed TagMan Assay
Reagent kit (Applied Biosystems). Primer information (gene
name: assay ID, transcript ID, target region) is as follows;
NRGN: Hs00382922_ml, NM_001126181.1 and NM_006176.2,
Exonl-2; B-actin: 4326315E, NM_001101, no region indicated
(Applied Biosystems). Expression levels of these genes were meas-
ured by quantitative real-time reverse transcriptase polymerase
chain reaction (qQRT-PCR) using an ABI Prism 7900 Sequence
Detection System (Applied Biosystems) with a 384-well format as
previously described [Yamamori et al., 2011; Yasuda et al,, 2011].
PCR data were obtained using Sequence Detector software (SDS
version 2.1; Applied Biosystems) and quantified using a standard
curve. This software plotted the real-time fluorescence intensity and
selected the threshold within the linear phase of the amplicon

profile. The software plotted a standard curve of the cycle at-
threshold C,, which is where the fluorescence generated within a
reaction crossed the threshold, versus the quantity of RNA. All
samples were measured using a single plate per target gene, and their
C,values were in the linear range of the standard curve. The quantity
of each sample was predicted by C, values. The qRT-PCR reaction
was performed in triplicate, and the expression level of the gene was
taken as the average of three independent measurements. Standard
curves were obtained using serial dilutions (1:4) of pooled com-
plementary DNA prepared from 300 ng total RNA derived from
immortalized lymphocytes. The standard curves of B-actin and
NRGN showed that these genes were expressed in immortalized
lymphocytes. In each experiment for B-actin and NRGN, the R?
value of the standard curve was >0.99, and no-template control
assays resulted in no detectable signal. The individual expression
levels of the NRGN gene were normalized to the housekeeping gene
(raw target gene expression level divided by raw housekeeping gene
expression level) and were used for statistical analysis.
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Haplotype Associated With NRGN Expression
{eQTL]

To identify whether the haplotypes in NRGN associated with
schizophrenia may be expression quantitative trait loci (eQTL),
we analyzed NRGN expression in two datasets of lymphoblast-
derived HapMap JPT samples and in the Japanese case—control
samples. For the HapMap JPT samples, we extracted genotypes and
NRGN lymphoblastoid expression data from the HapMap JPT
samples (n = 45) deposited in GeneVar (http://www.sanger.ac.uk/
humgen/genevar/ [Stranger et al., 2007]). For the Japanese case—
control samples, we used our genotypes and NRGN lymphoblastoid
expression data obtained using the method described above.

Statistical Analyses

We performed power calculations using the Power Calculator for
Two-Stage Association Studies (http://www.sph.umich.edu/csg/
abecasis/CaTS/ [Skol et al., 2006]). The power estimate was based
on an allele frequency of 0.83 at rs12807809, an odds ratio of 1.19,
which was indicated by Stefansson etal. [2009], a prevalence 0f0.01,
and an alpha level of 0.05 using a multiplicative model.

Differences in clinical characteristics between patients and
controls or between genotypes were analyzed using ¥ tests for
sex and the Mann—Whitney U-test for age using PASW Statistics
18.0 software (SPSS Japan, Inc., Tokyo, Japan). Deviation from
HWE was tested separately in test cases and controls using %*
tests for goodness of fit using SNPAlyze V5.1.1 Pro software
(DYNACOM, Yokohama, Japan). The allelic and genotypic dis-
tributions of NRGN polymorphisms between patients and controls
were analyzed using ¥ tests with SNPAlyze V5.1.1 Pro software.
The number of effective independent SNPs assayed was estimated
to correct for multiple testing by the spectral decomposition
method of Nyholt using the SNPSpD software [Nyholt, 2004].
The effective number of independent marker loci was 4.13 and
corrected P-value for allelic and genotypic associations was set at
P < 0.012. Pairwise linkage disequilibrium (LD) analyses expressed
by D’ and r* were applied to detect the intermarker relationships in
each group using Haploview 4.2 software (http://www.broad.mit.
edu/mpg/haploview/contact.php). Haplotype frequencies were
estimated using the method of maximum likelihood with genotyp-
ing data using the expectation—maximization (EM) algorithm from
SNPAlyze V5.1.1 Pro software. Rare haplotypes detected in less than
3% of patients and controls were excluded from the haplotypic
association analysis, as previously described [Ohi et al., 2009,2010].
We performed 10,000 permutations for significance tests to
determine empirical significance using a 2 x 2 contingency table
approach. We used a 2- to 5-window fashion analysis. Since Bonferroni
correction for multiple testing is considered to be too conservative
to apply to genetic association analyses [Nyholt, 2001], method of
Nyholt [Nyholt, 2004] for allelic and genotypic associations and
permutation tests [Dudbridge, 2003] for haplotypic associations
are considered to be appropriate for these analyses.

The difference in expression levels between Japanese patients
with schizophrenia and controls was analyzed using linear regres-
sion in PASW Statistics 18.0 software. Age and sex, which may
influence gene expression, were corrected for in the expression
analysis. HPlus (http://qge.therc.org/hplus) is a software applica-

tion for estimating haplotype frequencies and inferring individual
haplotypes based on EM and progressive ligation (PL) algorithms
[Li et al., 2003], and muost significantly assessing haplotypic asso-
ciations with various types of phenotypes using linear regression.
Differences of expression levels among haplotypes were analyzed
using linear regression in HPlus software. Each genotype was
treated as the number of major alleles (0, 1, and 2) in the expression
analysis. For the joint haplotype analysis in HPlus software, each
haplotype was tested against the reference haplotype (equal to most
frequent haplotype) using linear regression. As age and sex were not
available for the HapMap samples, these confounding factors were
not corrected for in the expression analysis. Expression levels in
Japanese cases, control samples and in the combined samples were
corrected for age and sex in the analyses. We applied a Bonferroni
correction in expression analysis (three tests). The significance level
for statistical tests was set at two-tailed P < 0.05.

RESULTS
Genetic Association Analysis

Our study size 0£2,019 casesand 2,579 controls had sufficient power
(>80%) to detect a genetic effect at ORs of 1.19 or greater for
rs12807809 when the allele frequency was 0.83, as described in
previous GWAS (SGENE-plus) [Stefansson et al., 2009].

The genotype and allele frequencies of five tagging SNPs located
in the NRGN gene and flanking regions are summarized in Table I.
There was no allelic or genotypic association with schizophrenia for
any of the five SNPs (uncorrected P> 0.05). However, nominal
differences in allele frequencies between patients and controls were
observed in rs12278912 (3= 3.6, P=0.057, corrected P=0.24)
and 152075713 (3> = 3.6, P=0.057, corrected P=0.24). The major
allele frequencies of both SNPs were higher in patients than in
controls. Consistent with previous GWAS [Stefansson et al., 2009],
the frequency of the major T allele of rs12807809 was higher in
patients (75.4%) than in controls (74.4%) in our Japanese pop-
ulation, although the results did not reach statistical significance
[x*=1.3, P=0.25 OR (95% confidence interval (CI))=1.06
(0.96-1.16)].

We focused on haplotypic association between patients with
schizophrenia and healthy subjects using a 2- to 5-window fashion
analysis. Haplotype analysis showed a significant association
with schizophrenia (rs12807809-1s12278912, x°=13.1, global
P=0.0042) (Supplementary Table I). The frequency of the major
TG haplotype of rs12807809-rs12278912 was higher in patients
(62%) than in controls (58%) [x*=9.4, P=0.0019, OR (95%
CI)=1.14 (1.05-1.24)] (Table II). On the other hand, the fre-
quency of the TA haplotype of rs12807809-1512278912 was lower in
patients (14%) than in controls (16%) [xz =7.3, P=10.0053, OR
(95% CI) = 0.85 (0.76—0.96)] (Table II). There was no haplotypic
association with schizophrenia for any other haplotypes. These
findings suggest that the major TG haplotype of rs12807809—
rs12278912 may be related to an increased risk of schizophrenia,
and the TA haplotype may have a protective role against the
susceptibility to schizophrenia. These results of allelic, genotypic,
or haplotypic associations were not affected by excluding 86
samples used for expression analyses (data not shown).
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TABLE II. Differences in the'r512'80?8'094r5122?8912 Haplotype Between Patients With Schizophrenia and Healthy Subjects
= FréqUénég " e , . G :
' Haplotgpe : : _Patients  Controls  Individual P (x?)  OR (95%C1) Global P (x2)
r512807809E’—r5312278912b S e nniaas o : = 0.0042 (13.1)
16 ~ ; .. 062 - 058 10.0018 (9.4) 1.14 (1.05-1.24) s :
6~ o 017 018 .0.07 (34) - 0.90 (0.81~1.01)
TA oo 014 ~.0.16 .. 0.0053 (2.3) 0.85 (0.76~0.96)
CA . ooiio . obos 0.08 -0.57 [0.3] :

S|gn|f|cant P values are shown as bold-faced and underfined tgpe 3
The genome-wide supported SNP for schizophrenia [Stefansson et al,, 2009]

1.05 [0.9’0-—1.22]

. .PBecause a high linkage dxsequnhbnum between r5122?8912 and rs?113041 [Ruanyo etal, 2008] was found inthe HapMap JPTsamples [r =0. 93} 1512278912 was selected asthe tagging SNP by the

. TAGGER program

The LD relationships between the markers are provided in
Figure 1. The LD pattern observed in our controls was similar to
our patients and the JPT HapMap samples; however, it was different
from that of the CEU HapMap samples. The strengths of the LD
patterns of rs1939214-rs12807809 and rs12278912-1s2075713—
rs11219769 were different between Japanese populations and the
CEU HapMap samples. The low LD pattern of rs12807809—
1512278912 was similar among the groups (D’ < 0.50, r* < 0.10).

NRGN Gene Expression Ansalysis

The NRGN expression level was lower in patients with
schizophrenia (n =42, mean =+ SD, 0.86 4: 0.58) than in controls
(n =44, 1.00 & 0.75). However, the results did not reach statistical
significance (r=-0.14, beta=-0.11, SE=0.14, t=-0.97,
P=0.34).

Based on the results from the genetic association analysis, we
investigated whether the rs12807809-1s12278912 haplotype of
the NRGN gene was an eQTL in two datasets. The rs12807809—
12278912 haplotype related to schizophrenia was significantly
associated with NRGN expression in healthy HapMap JPT samples.
The NRGN gene expression of the high-risk TG haplotype of
rs12807809-rs12278912 was significantly lower than that of the
protective TA haplotype (z=2.69, P=10.007). We confirmed that
the rs12807809-1s12278912 haplotype was significantly associated
with NRGN expression normalized to the B-actin expression in
the controls and combined samples (Fig. 2 and Table III, control
samples: z=2.30, P=0.021, combined samples: z=3.09,
P=0.002). The association occurred in the same direction among
the HapMap JPT, control, and combined samples. In case samples,
the expression level of rs12807809-rs12278912 was lower in
samples with the high-risk TG haplotype than in those with the
protective TA haplotype, although the result did not reach statistical
significance (z=1.49, P=0.14). The association in the HapMap
JPT and combined samples remained significant after correction
for multiple tests (HapMap JPT samples: corrected P=0.021,
combined samples: corrected P=0.006). However, there was no
significant association after applying the correction in control
samples (corrected P=0.063).

DISCUSSION

In this study, we provided evidence that haplotypes, including the
genome-wide-screen-supported SNP of the NRGN gene, were
associated with an increased risk of schizophrenia. Our in silico
analysis showed that the high-risk rs12807809~rs12278912 hap-
lotype of the NRGN gene may be associated with a low expression
level of the NRGN gene in lymphoblasts derived from the HapMap
JPT samples. We confirmed the association between the haplotype
and NRGN expression in the combined case—control samples. Our
results suggest that the schizophrenia-associated haplotype at the

= 1.0 ¢ %
0.8 | |{HCase  (n=42)

Control (n=44)
0.6 FlimTotal (n=86)
0.4

0.2
= 0.0
£ .02
04 L

7

- Diffevences (eoefficient)in NRGY gene
expression compared with TG haplotype

CG

TA

CA

FlG. 2. The assomation between the rsiZBD?BDQ—rsiZZ?BSiZ
haplntgpe of the NRGN ‘gene ‘and NRGN ‘expressionin
‘Igmphoblasts Expressnon of the protective TA haplotgpe of
rs12807809-rs12278912 was mgmﬁcantlg hlgher than thatof
the hlgh -risk 16 haplotgpe in controls and comblned g g
case—control samples The error bars represent standard errors -
of the coefﬂc;ent Estimated frequencies of each haplotgpe were
'as follows-——TG haplotgpe Case, 59% Control 61%; Total, 65%;
CG haplotgpe Case, 16%; Control, 20%; Total, 18%; TA haplotgpe
- Case, ?%, Control, 11%; Total, 9%; CAhaplotype: Case, 8%; Control,
9%; Total, 8%. *P < 0.05, **P < 0.01.
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NRGN gene may be a functional variant, and the results support an
association between the NRGN gene and schizophrenia.

This report is the first investigation of the association of tagging
SNPs and haplotypes covering the NRGN gene with schizophrenia.
To our knowledge, five genetic studies have investigated whether
the NRGN gene is implicated in schizophrenia. A genome-wide
linkage study has shown that the chromosomal region 11q23.3-24
including the NRGN gene is linked to schizophrenia in British and
Icelandic populations [Gurling et al.,, 2001]. Subsequently, an
association study determined that rs7113041, which displays
high LD with rs12278912 and is located on intron 1 in the
NRGN gene, is related to the risk of developing schizophrenia in
male subjects of Portuguese origin [Ruano et al., 2008]. In addition,
three GWAS and follow-up studies have shown that rs12807809
is associated with schizophrenia in large European samples
[Stefansson et al., 2009]. However, two studies reported no asso-
ciation between NRGN and schizophrenia in Bulgarian or Chinese
populations [Betcheva et al., 2009; Li et al., 2010]. In the present
study, we determined that the rs12807809-rs12278912 haplotype s
associated with an increased risk of schizophrenia in a Japanese
population. However, there were no significant associations
between any SNP, including rs12807809 and rs12278912, and
schizophrenia in the population. The inconsistency of association
among the previous studies and the present study might result from
ethnic differences or type I or II errors for the different sample sizes:
Portuguese, 315 cases, 295 controls and 73 trios [Ruano etal., 2008];
European Caucasian, 12,945 cases and 34,591 controls [Stefansson
et al., 2009]; Japanese, 2,019 cases and 2,579 controls (present
study); Bulgarian, 185 casesand 184 controls [Betcheva et al., 2009];
and Chinese, 2,496 cases and 5,184 controls [Li et al., 2010]. In
addition, the SNPs investigated in each study were different. Ruano
et al. [2008] and Betcheva et al. [2009] examined rs7113041, which
has high LD with rs12278912 but not with rs12807809, whereas
Stefansson et al. [2009] and Li et al. [2010] examined rs12807809

but not rs12278912. However, none of these studies examined
haplotypes for the NRGN gene. Because the rs12807809—
rs12278912 haplotype may be the most significant genetic variant
in this region, further study is required to confirm the association
between the rs12807809-rs12278912 haplotype and schizophrenia
in other populations.

Differences in the relative NRGN expression levels between
patients with schizophrenia and healthy subjects were not dem-
onstrated. This result may be due to the small sample sizes in this
study, which may have resulted in the failure to identify a modest
difference in NRGN expression in this complex disease. We deter-
mined that the major TG haplotypic and the TA haplotypic
frequencies of rs12807809-1s12278912 were higher and lower,
respectively, in patients with schizophrenia than in healthy con-
trols. In addition to these findings, we found that NRGN gene
expression of the high-risk TG haplotype was significantly lower
than that of the protective TA haplotype in lymphoblasts derived
from our Japanese case~control subjects as well as the JPT HapMap
sample. The low LD patterns of rs12807809-rs12278912 were
similar across populations. This region may be vulnerable to
recombination. Combinations of the TG and TA of rs12807809—
rs12278912 could play an important role in the pathogenesis of
schizophrenia. In this study, gene expression data derived from
lymphoblasts raised the possibility that the rs12807809-1rs12278912
haplotype may be a functional variant of NRGN. Further biological
studies of the function of rs12807809-rs12278912 are required to
verify the expression results.

Smith et al. [2011] analyzed NRGN expression in several brain
tissues derived from a dataset of at least 130 individuals of European
ancestry. However, they showed that neither the genome-wide
supported SNP nor any individually correlated SNPs were asso-
ciated with NRGN expression. They did not examine any associ-
ation between haplotype and NRGN expression. There are several
challenges in investigating expression findings in the postmortem

TABLE lIl. The Association Between the rs12807809-rs12278912 Haplotype and mRNA Expression -

Haﬁlotgpes‘ '

Frequency Coefficient
Schizophrenia (n=42) = s
16 : 0.69 0 [ref] -
CG : i 0.16 —0.05
TA ; ; 0.07 037
CA : 008 016
Healthg control [n—-44] . e
16 - .0681 0 [ref)
CG: S 020 —0.09
TA e 0.64
CA +0.09 —0.07
Total subjects {n = 86] e e
16 065 0 [ref)
[oe B 0.18 —0.06
TA 0.08 © 053
CALI e 0,08 —0.11

Joint Assocnanon Analysls (the reference haplotgpe is the most frequent haplotgpe] :
For the joint haplotype test, several haplotypes were tested against the reference haplotype.
Slgmfrcant P values are shown as bold-faced and underlined type.

P-value. [Z -score)

017 (=0.39-0.29) 0.76 (—0.30)
025 (~0.12-0.86) 014 (1.49)
020 (—0.55-0.24) 043 (-0.78)
0.16  (-039-022) 0.58 (—0.55)

0.28 ~ (0.09-1.18) - 0.021 (2.30)
0.20 - (~0.46-0.32) 1 0.73 (—0.34)
041 (—0.28-0.15) 0.57 (—0.57)
0.17 (0.19-0.87) ~0.002 (3.09)
0.14 (=0.39-0.17) 0.45 (~0.75)
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brain: (1) the choice of an appropriate brain region for investiga-
tion; (2) the heterogeneity of cell types within brain tissue; (3) the
reliance on relatively small samples; and (4) the impact of cause of
death and/or postdeath handling of the tissues on gene expression
[Marcotte et al., 2003]. Thus, the use of postmortem brain tissue is
compounded by a range of confounding factors (age, race, gender,
different microarray platforms, and analysis methods) and may be
the cause of the relative lack of gene/transcript-level consistency
among expression studies. To overcome some of these problems,
several groups have considered the use of lymphoblasts rather than
the postmortem brain [Matigian et al., 2008; Slonimsky et al., 2010;
Yamamorietal., 2011; Yasudaetal., 2011]. Lymphoblasts are useful
for schizophrenia researchers because blood-based tissue
(lymphoblasts) can be obtained with ease from living subjects,
which allows larger case—control studies with optimal matching of
key variables (age, sex, and race). In addition, immortalized lym-
phoblasts in culture are considered an effective tool for studying
cells in the absence of the effect of antipsychotic treatments and
duration ofillness, both of which could mask the genetic differences
in RNA expression. Thus, lymphoblasts could be good tool to
investigate the impact of a gene in the absence of the impact of any
confounding factors. On the other hand, there were some demerits
of using lymphoblasts. In immortalized lymphocytes, it might
be difficult to observe the effects of genes on their neuron-specific
functions, for example, the effects of genes on glutamate and
dopamine release and on the formation of synaptic vesicles.
When isolation and immortalization procedures of lymphocytes
from blood were performed or immortalized lymphocytes were
grown in culture media, a genetic mutation might be inserted
into genomic DNA in the cultured lymphoblasts and alter DNA
sequences. It remains still controversial whether immortalized
lymphocytes are an appropriate alternative to neuronal tissue,
because there was a little evidence of analysis using immortalized
lymphocytes from patients with schizophrenia. In this study, the
difference in the association of gene expression with genetic variants
between previous study and present study could be explained by the
difference in the gene expression profile between immortalized
Ilymphoblast and postmortem brain tissue. Other possible factors
contributing to differences in association between studies could be
a difference in the SNPs and haplotypes investigated or ethnic
differences between Japanese and Caucasian populations.

Smith et al. [2011] performed mutation searches of all four
exons of NRGN gene in 14 Caucasian subjects with schizophrenia
and of the cording exons of NRGN gene in 1,113 Bulgarians
individuals, 699 of whom had schizophrenia. However, they did
not find any novel common polymorphism in the region. Thus, we
did not perform a systematic mutation search in this study because
there has been no novel common genetic variant in the region. If we
perform sequencing and find a novel rare polymorphism, we
cannot analyze association between the rare polymorphism and
gene expression for only a small number of individuals with rare
varjant. A genetic variant, particularly a SNP not listed in the
HapMap database, that is likely to be more strongly associated
with schizophrenia may exist in the rs12807809-rs12278912
haplotype region. Sequencing the entire gene in individuals
with risk haplotype in comparison with the protective
haplotype carriers with larger sample sizes could provide further

information underlying the genomic mechanism for this risk
haplotype.

There are several limitations to interpreting our results. Because
a number of statistical analyses supported the association of the
NRGN gene and schizophrenia, such as genotypic and allelic
associations for five SNPs (total 5 x 2), haplotype analysis using
a window fashion analysis (total 10) and expression analysis for
three individual haplotypes (total 3 x 4), a correction for multiple
testing should be considered. In this study, the overall number of
genetic association tests was 32; however, not all tests were inde-
pendent, and several hypotheses were included. Thus, Bonferroni
correction, a method to correct for multiple independent tests for
one hypothesis, might not be appropriate. The consensus how to
correct such multiple testing has not been reached in this research
field. Thus, we applied SNPSpD correction for genotypic and allelic
association analysis, permutation method for haplotype analysis
and Bonferroni correction for expression analysis (three tests).
However, even though we applied these methods of correcting such
multiple testing, they might cause false positive results. We did
not control for geographical variation of control origin because
there is little possibility for ethnic/genetic difference among four
geographical regions for feature of homogeneous race in Japan
[Yamaguchi-Kabata et al., 2008]. Our significant results may be
derived from sample bias owing to population stratification and
non-sex-matched samples. In the present study, our results support
an association between the NRGN gene and schizophrenia. We
suggest that the functional haplotype of the NRGN gene, which is
associated with NRGN expression, could be related to the patho-
genesis of schizophrenia.
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