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a b s t r a c t

Semaphorins are ligands of plexins, and the plexinesemaphorin signaling system is widely involved in
many neuronal events including axon guidance, cell migration, axon pruning, and synaptic plasticity. The
plexin A2 gene (PLXNA2) has been reported to be associated with schizophrenia. This finding prompted
us to examine the possible association between the semaphorin 3D gene (SEMA3D) and schizophrenia in
a Japanese population. We genotyped 9 tagging single nucleotide polymorphisms (SNPs) of SEMA3D
including a non-synonymous variation, Lys701Gln (rs7800072), in a sample of 506 patients with
schizophrenia and 941 healthy control subjects. The Gln701 allele showed a significant protective effect
against the development of schizophrenia (p ¼ 0.0069, odds ratio ¼ 0.76, 95% confidence interval 0.63 to
0.93). Furthermore, the haplotype-based analyses revealed a significant association. The four-marker
analysis (rs2190208ers1029564ers17159614ers12176601), in particular, not including the Lys701Gln,
revealed a highly significant association (p ¼ 0.00001, global permutation), suggesting that there may be
other functional polymorphisms within SEMA3D. Our findings provide strong evidence that SEMA3D
confers susceptibility to schizophrenia, which could contribute to the neurodevelopmental impairments
in the disorder.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The first discovered semaphorin, collapsing-1 (now Sema3A),
was originally reported as a repulsive cue in axon guidance (Luo
et al., 1993). To date, more than 20 semaphorins of secreted or
membrane forms have been identified in various species ranging
from nematodes to humans (Luo et al., 1993; Fujii et al., 2002;
Yazdani and Terman, 2006). Semaphorins act as ligands for plex-
ins, and the plexinesemaphorin signaling system has been widely
investigated in nervous systems (Mann et al., 2007). Class 3 sem-
aphorins (SEMA3A-G) have been well-studied and generally act as
secreted ligands for the heterodimerized complex of the plexin A
family members and neuropilins (Fujisawa, 2004). For example,
Sema3A binds to neuropilin-1 and activates plexin A1 or plexin A2
to transduce a repulsive axon guidance signal (Takahashi and
Strittmatter, 2001). Many studies of the plexinesemaphorin

signaling system have concentrated on their roles in neuronal
development and plasticity (reviewed in (Kruger et al., 2005;
Halloran and Wolman, 2006; Waimey and Cheng, 2006; Mann
et al., 2007)).

Recently, the relationship between schizophrenia andmolecules
in the plexinesemaphorin signaling system has begun to receive
much attention, for several reasons (Mann et al., 2007). An increase
in levels of SEMA3A was noted in the cerebellum in postmortem
brains of schizophrenia patients, as measured by immunoreactivity
in the inner molecular layer and by the enzyme-linked immuno-
sorbent assay (ELISA) in cerebellar protein extract (Eastwood et al.,
2003). A genome-wide association study using 25,494 single
nucleotide polymorphisms (SNPs) revealed that an intronic SNP of
PLXNA2 was most consistently associated with schizophrenia in
EuropeaneAmerican populations (Mah et al., 2006). Our replica-
tion study in a Japanese sample failed to confirm such an associa-
tion (Fujii et al., 2007); however, a meta-analysis combining data
from previous studies of PLXNA2 yielded a positive associationwith
schizophrenia (Allen et al., 2008), in which it was reported that the
C allele of the SNP rs752016 of PLXNA2 showed a nominally
significant protective effect (odds ratios (OR) ¼ 0.82, 95%
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confidence interval (CI) ¼ 0.69e0.99), and association of the SNP
rs841865 approached statistical significance (OR ¼ 0.84, 95%
CI ¼ 0.69e1.01) when samples of Mah et al. and Fujii et al. were
combined (Mah et al., 2006; Fujii et al., 2007). Furthermore, in the
updated online database, “SchizophreniaGene (http://www.
schizophreniaforum.org/),” association of the SNP rs1327175
approached statistical significance (OR ¼ 0.76, 95% CI ¼ 0.57e1.00)
(Mah et al., 2006; Fujii et al., 2007; Takeshita et al., 2008; Budel
et al., 2008). Therefore, genes of the plexin family, the sem-
aphorin family, and neuropilins, are intriguing candidates for
schizophrenia susceptibility genes. We then focused on SEMA3D as
a candidate gene for schizophrenia. SEMA3D was mapped to
chromosome 7q21 (Clark et al., 2003); interestingly, a previous
genome-wide scan suggested that this chromosomal region
contains a susceptibility locus for schizophrenia (Ekelund et al.,
2000) and recent studies have provided additional support for
this possibility (Tastemir et al., 2006; Wedenoja et al., 2008, 2009;
Idol et al., 2008).

The aim of the present study was to examine the possible
association between SEMA3D and schizophrenia. SEMA3D has
a common variant in the coding region due to an A to C base
substitution (rs7800072), which results in an amino acid change
(701 Lys to Gln). This SNP has previously been examined with
regard to brain morphology (assessed with magnetic resonance
imaging) in patients with schizophrenia (Gregorio et al., 2009).
Although this study failed to find significant alterations in brain
morphology, it is still unclear whether this SNP confers suscepti-
bility to schizophrenia. We examined the possible association of
schizophrenia with this non-synonymous SNP, plus 8 tagging SNPs
encompassing the entire SEMA3D gene.

2. Subjects and methods

2.1. Subjects

Subjects were 506 patients with schizophrenia (278 males
[54.9%], mean age 44.3 years [SD 14.1]) and 941 healthy controls
(334 males [35.5%], mean age 44.8 years [SD 16.3]). All subjects
were Japanese, biologically unrelated, and recruited from the same
geographical area (Western part of TokyoMetropolitan). Consensus
diagnosis by at least two psychiatrists was made for each patient
according to the Diagnostic and Statistical Manual of Mental
Disorders, 4th edition (DSM-IV) criteria (American Psychiatric
Association, 1994) on the basis of unstructured interviews and
information from medical records. The controls were healthy
volunteers recruited from the same geographical area. Control
individuals were interviewed and those who had a current or past
history of psychiatric treatment were not enrolled in the study. The
study protocol was approved by the ethics committee of the
National Center of Neurology and Psychiatry, Japan. After descrip-
tion of the study, written informed consent was obtained from
every subject.

2.2. SNP selection

The tagging SNPs were selected using the phase III version of
HapMap (http://www.hapmap.org/cgi-perl/gbrowse/). SNP geno-
type data for the JPT (Japanese in Tokyo, Japan) were downloaded
for the genomic region of SEMA3D plus 2 kb 50 and 2 kb 30 of this
region (chr7q21.11). The most centromeric and telomeric HapMap
markers downloaded were rs6944966 and rs11762367, respec-
tively. HapMap markers were analyzed using the Haploview 4.1
system (http://www.broad.mit.edu/mpg/haploview) with the
following criteria of marker selection: HardyeWeinberg (HW) p
value cutoff: 0.05; minimum genotypes: 90%; maximum number of

Mendelian errors: 1; minimum minor allele frequency: 0.1;
minimum distance between tags: 10 kb. Tagging SNPs were
selected using the Tagger function implemented in Haploviewwith
the following criteria: pairwise tagging only and r2 threshold 0.8.
We preselected rs7800072 and rs6966472 as markers and used the
Tagger function implemented in Haploview to select othermarkers.
As a result, 9 markers were selected as suitable for analysis for
SEMA3D. SNP rs7800072 is non-synonymous (2141A > C,
Lys701Gln). The numbers of base and amino acid positions were
according to NM_152754.2 and NP_689967.2, respectively.

2.3. Genotyping

Venous blood was drawn from the subjects and genomic DNA
was extracted fromwhole blood according to standard procedures.
The SNPs were genotyped using the TaqMan 50-exonuclease allelic
discrimination assay; the assay ID (Applied Biosystems, Foster City,
CA) of each SNP was C__15937080_10 for rs2190208,
C___7585979_10 for rs1029564, C__33462384_10 for rs17159614,
C__31373903_10 for rs12176601, C___2635874_10 for rs6966472,
C___2635864_10 for rs17559978, C__33462432_10 for rs17159577,
C__33462438_10 for rs17159556, and C__25994972_10 for
rs7800072. Thermal cycling conditions for polymerase chain
reaction (PCR)were 1 cycle at 95 �C for 10min followed by 50 cycles
of 92 �C for 15 s and 60 �C for 1 min. Genotype data were read blind
to the case-control status. Ambiguous genotype data were not
included in the analysis.

2.4. Haplotype and statistical analysis

Deviations of genotype distributions from the HW equilibrium
(HWE) were assessed with the c2 test for goodness of fit. Genotype
and allele distributions were compared between patients and
controls by using the c2 test for independence. These tests were
performed with SPSS software ver.11 (SPSS Japan, Tokyo, Japan).
Haplotype-based association analyses were performed with
SNPAlyze software ver.6.5 (http://www.dynacom.co.jp/e/products/
package/snpalyze/about.html). The measures of linkage disequi-
librium (LD), denoted as D0 and r2, were calculated from the
haplotype frequency using the expectation-maximization (EM)
algorithm. Haplotypes with frequencies of less than 1% were
considered to be rare and were excluded from the analyses. All p
values reported are two-tailed. We performed 100,000 permuta-
tions only for some significant haplotypes (e.g.,
rs2190208ers1029564ers17159614ers121176601) and 10,000
permutations for the other haplotypes. OR and 95% CI were also
calculated. To correct the critical p value for multiple testing, we
used the spectral decomposition method of SNPSpD software
(http://gump.qimr.edu.au/general/daleN/SNPSpD/) (Nyholt, 2004;
Li and Ji, 2005), which considers marker linkage disequilibrium
information and generates an experiment-wide significance
threshold required to keep the type I error rate at 5%.

3. Results

Genotype and allele distributions of the examined SNPs of
SEMA3D in patients and controls are shown in Table 1. LD estimates
of pairwise SNPs, expressed in D0 and r2, are presented in Fig. 1. The
genotype distributions did not significantly deviate from the HWE
in patients and controls for any of the examined SNPs. For the non-
synonymous polymorphism of SEMA3D (rs7800072), there were
significant differences in both genotype (c2 ¼ 8.7, df ¼ 2, p ¼ 0.013)
and allele (c2 ¼ 7.3, df¼ 1, p¼ 0.0069, OR¼ 0.76, 95% CI 0.63e0.93)
distributions between patients and controls (Table 1). Furthermore,
with respect to the other 8 SNPs (rs2190208, rs1029564,
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