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Previous studies have indicated associations between 
several OLIG2 gene single-nucleotide polymorphisms 
(SNPs) and susceptibility to schizophrenia among 
Caucasians. Consistent with these findings, postmortem 
brain and diffusion tensor imaging studies have indicated 
that the schizophrenia-risk-associated allele (A) in the 
OLIG2 SNP rs1059004 predicts lower OLIG2 gene ex-
pression in the dorsolateral prefrontal cortex (DLPFC) 
of schizophrenia patients and reduced white matter (WM) 
integrity of the corona radiata in normal brains among 
Caucasians. In an effort to replicate the association 
between this variant and WM integrity among healthy 
Japanese, we found that the number of A alleles was pos-
itively correlated with WM integrity in some fiber tracts, 
including the right posterior limb of the internal capsule, 
and with mean blood flow in a widespread area, including 
the inferior frontal operculum, orbital area, and trian-
gular gyrus. Because the A allele affected WM integrity 
in opposite directions in Japanese and Caucasians, we 
investigated a possible association between the OLIG2 
gene SNPs and the expression level of OLIG2 transcripts 

in postmortem DLPFCs. We evaluated rs1059004 and 
additional SNPs in the 5′ upstream and 3′ downstream 
regions of rs1059004 to cover the broader region of the 
OLIG2 gene. The 2 SNPs (rs1059004 and rs9653711) 
had opposite effects on OLIG2 gene expression in the 
DLPFC in Japanese and Caucasians. These findings 
suggest ethnicity-dependent opposite effects of OLIG2 
gene SNPs on WM integrity and OLIG2 gene expres-
sion in the brain, which may partially explain the failures 
in replicating associations between genetic variants and 
psychiatric phenotypes among ethnicities.

Key words:   OLIG2 polymorphism/white matter integrity/
cerebral blood flow/OLIG2 gene expression/ethnic differ
ence/schizophrenia

Introduction

Several lines of evidence have indicated that oligoden-
drocyte dysfunction may be involved in the etiology of 
schizophrenia based on the findings of brain magnetic 
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resonance imaging (MRI)  based diffusion tensor im-
aging (DTI) and postmortem brain studies.1,2 Prior 
postmortem brain studies have found abnormal expres-
sion levels of myelin-related genes in some brain regions 
in patients with schizophrenia compared with normal 
brains.3 Consistent with these findings, several genetic 
association studies have indicated that single-nucleotide 
polymorphisms (SNPs) in oligodendrocyte-related genes 
are associated with schizophrenia risk.4–8 Furthermore, 
multiple previous DTI studies have revealed abnormal-
ities in white matter (WM) integrity in various brain fiber 
tracts in the brains of patients with schizophrenia.9,10

Oligodendrocyte lineage transcription factor 2 
(OLIG2) is an oligodendrocyte-related gene and a basic 
helix-loop-helix transcription factor mostly expressed in 
the brain and spinal cord ventricular zone.11 The main 
function of OLIG2 is to generate motor neurons and 
oligodendrocytes from a common pool of progenitors 
termed the pMN domain in the spinal cord.11,12 Although 
oligodendrocytes are known to form myelin sheaths, 
which increase impulse speed through saltatory conduc-
tion of action potentials in the central nervous system,13 
recent studies have provided interesting evidence of the 
critical role of oligodendrocytes in WM angiogenesis via 
interaction with the vascular endothelium.14,15 Hypoxia-
inducible factor, which is expressed in oligodendrocytes, 
promotes angiogenesis in the brain, and oligodendrocyte-
driven angiogenesis is reportedly critical for axon/WM 
integrity.16 Recent stereological postmortem brain studies 
have revealed that the decrease in oligodendrocyte num-
bers in a part of the anterior and the entire hippocampal 
subfield are related to cognitive deficits in schizophrenia 
patients.17 Intravenous transplantation of neural stem 
cells overexpressing OLIG2 has also reportedly improved 
memory function via remyelination in the aged hippo-
campus after transient cerebral ischemia.18 Therefore, as 
a transcription factor involved in oligodendrocyte gen-
eration and differentiation, OLIG2 may play a crucial 
role in WM integrity, the vascular system, and cognitive 
functions.

Prior postmortem brain studies have found reduced 
OLIG2 gene expression in the postmortem brains of 
patients with schizophrenia, with a few exceptions.19–21 
Further, several studies have shown genetic associations 
between OLIG2 gene SNPs and psychiatric disorders.4,22–24 
As shown in table  1, several OLIG2 SNPs, including 
rs1059004, which is located in the 3′ untranslated region 
(UTR) of exon 2 of the OLIG2 gene, have been identi-
fied as associated with schizophrenia in certain popu-
lations.4,22,25 Moreover, consistent with the significant 
associations between the OLIG2 gene polymorphisms 
and schizophrenia, the schizophrenia-risk-associated al-
lele (A) of rs1059004 and allele (C) of rs9653711, which 
are in strong linkage disequilibrium (LD) with each 
other in Caucasian populations, have been shown to pre-
dict reduced OLIG2 mRNA levels in the postmortem 

dorsolateral prefrontal cortices of Caucasian patients 
with schizophrenia.22,26

Consistent with the results of gene expression analysis 
in postmortem brains,26,27 Prata et al27 indicated an associ-
ation between the schizophrenia-risk-associated A allele 
of rs1059004 and decreased WM integrity of bilateral co-
rona radiata in Caucasian healthy subjects.

Based on these previously reported findings, we hy-
pothesized that OLIG2 gene polymorphisms affected 
the vascular system and cognitive functions and that 
the effect of  the OLIG2 SNP rs1059004 on WM integ-
rity would be replicated in the Japanese population. To 
verify this hypothesis, we investigated the impact of 
OLIG2 gene SNPs on WM integrity, resting cerebral 
blood flow, and cognitive functions among the Japanese 
population, which failed to replicate the association be-
tween the SNP rs1059004 and WM integrity; instead, 
we observed the opposite effect of  this variant on WM 
integrity. The association of  the OLIG2 SNPs with 
OLIG2 gene expression in postmortem brain tissue was 
further evaluated in both Caucasian and Japanese popu-
lations to elucidate the ethnicity-specific differences. 
Among several SNPs associated with schizophrenia 
in Caucasian populations, we selected rs1059004 and 
the additional SNPs rs1005573 and rs9653711 (respec-
tively, an intron variant in the 5′ upstream regions and a 
downstream variant-500B in the 3′ downstream region 
of  rs1059004) for SNP genotyping to cover a broader 
region of  the OLIG2 gene.

Methods

Methods are described in detail in the supplementary 
material.

The 765 healthy individuals in cohort A  underwent 
an investigation of the association between OLIG2 SNP 
rs1059004 and brain imaging data and cognitive data. 
Cohort B consisted of 244 patients with schizophrenia 
and 952 healthy controls to assess the genetic associa-
tion between 3 OLIG2 SNPs (rs1059004, rs9653711, and 
rs1005573) and cognitive functions. After the study pro-
cedures were fully explained, written informed consent 
was obtained from all participants in accordance with 
the Declaration of Helsinki (1991). These genetic associ-
ation studies were approved by the Ethics Committees of 
Tohoku University and Osaka University.

Genomic DNA was extracted from saliva specimens of 
cohort A and whole blood samples of cohort B. Genomic 
DNA and total RNA samples extracted from the dorsolat-
eral prefrontal cortex (DLPFC) from healthy Caucasian 
controls were obtained from the Array Collection at 
the Stanley Medical Research Institute. DLPFC tissues 
of healthy Japanese controls were obtained from Japan 
Brain Bank Net (JBBN). Genomic DNA and total RNA 
were isolated from the tissue. All brain tissues used in this 
study were obtained with written informed consent from 

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa049#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa049#supplementary-data
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the legal next of kin in accordance with the Declaration 
of Helsinki. This postmortem brain study was approved 
by the Ethics Committees of Tohoku University, Niigata 
University, Aichi Medical University, Fukushima 
Medical University, and National Center of Neurology 
and Psychiatry.

Genotyping of the OLIG2 gene SNPs was con-
ducted using TaqMan assays. OLIG2 mRNA levels were 
measured by quantitative reverse transcription PCR. 
18S rRNA was measured as an internal reference for 
normalizing confounding variables among the samples.

Statistical analysis is shown in the statistical group-
level analysis of genetic data in the SM.

Results

The successfully genotyped 765 subjects of cohort 
A showed the following genotype distribution: homozy-
gous A allele (n = 21), heterozygous A/C (n = 224), and 
homozygous C allele (n  =  520); these results were con-
sistent with Hardy-Weinberg equilibrium (HWE). The 
3 OLIG2 genotypic groups showed no significant differ-
ences with respect to age or gender (supplementary table 
S1).

Demographic data by genotype in the 952 healthy con-
trols and 244 patients with schizophrenia in cohort B are 
also shown in supplementary table S1. The genotypic 

distribution did not deviate from HWE in either healthy 
controls or patients with schizophrenia. The patients with 
schizophrenia showed no significant differences in age, 
gender, education history, antipsychotic dose, or Positive 
and Negative Syndrome Scale (PANSS) score, according 
to genotype. The genotypic groups in healthy subjects 
showed no significant differences in age and education 
history, but the sex distribution differed significantly 
among genotypes of rs1059004 and rs9653711 (supple-
mentary table S1).

Associations Between OLIG2 SNPs and Cognitive 
Performance

Based on the 765 healthy subjects of cohort A, analysis 
of variance (ANOVA) showed no significant differences 
among the 3 genotypic groups of rs1059004 in any cog-
nitive function.

By contrast, in the 952 healthy adults and 244 patients 
with schizophrenia in cohort B, 2-way ANOVA showed 
a significant main effect of diagnosis for all subtests and 
the 4 indices (P < .001). Compared with control subjects, 
patients with schizophrenia showed significantly lower 
scores on all subtests and the 4 indices (supplementary 
table S2). The main effect of genotype in rs1005573 was 
significant for the arithmetic, digit span, and block design 
subtests of the Wechsler Adult Intelligence Scale-Third 

Fig. 1.  Impact of OLIG2 gene polymorphisms on cognitive function in healthy subjects and patients with schizophrenia. (a) In the 
SNP rs1005573, 2-way ANOVA indicated that the main effect of genotype was also significant for the digit span, arithmetic, and block 
design subtests of the WAIS-III (P = .047, P = .028, and P = .031, respectively). Post hoc analysis showed that the subjects with the TT 
genotype (TT)  showed significantly lower scores on the digit span subtest than did the subjects with the CT genotype (CT) (Bonferroni 
corrected, †P = .018). In each genotype group for rs1005573, there were significantly lower scores on the digit span, arithmetic, and block 
design subtests in patients with schizophrenia than in healthy controls (Bonferroni corrected, ***P < .001). (b) In the SNP rs1005573, 
2-way ANOVA revealed significant genotype-by-diagnosis interactions for the vocabulary and letter-number sequencing subtests 
(respectively, P = .044and P = .028). In each genotype group for rs1005573, patients with schizophrenia had significantly lower scores on 
the both subtest than did healthy controls (Bonferroni corrected, ***P < .001 or **P < .01 

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa049#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa049#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa049#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa049#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa049#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa049#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa049#supplementary-data
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Edition (WAIS-III) (figure  1a). In Bonferroni post hoc 
analysis, subjects with the TT genotype (TT)  displayed 
significantly lower digit span scores than subjects with 
the CT genotype  (CT) (figure  1a). On the other hand, 
the genotype-by-diagnosis interaction was significant for 
the vocabulary and letter-number sequencing subtests 
(figure 1b).

Effect of the A Allele of OLIG2 rs1059004 on 
Fractional Anisotropy

A whole-brain multiple regression analysis corrected for 
the effects of age and sex showed positive correlations be-
tween the number of A alleles and fractional anisotropy 
(FA) in 3 regions of WM: posterior limb of the internal 
capsule (PLIC), retrolenticular part of the internal cap-
sule (RPIC), and external capsule (EC). After correction 
for multiple comparisons, the frequency of the A allele 
was positively associated with FA in the right PLIC, right 
RPIC, and right EC (figure  2a: MNI coordinates; x, y, 
z  =  28.5, −9, 10.5, threshold-free cluster enhancement 
[TFCE] value = 542.08, P = .009, corrected for multiple 
comparisons: familywise error TFCE). When the associ-
ated area was depicted based on the associations without 
correction for multiple comparisons, the frequencies of 
the A  allele were positively associated with FA in the 
bilateral PLIC, RPIC, and EC (figure 2b: MNI coordi-
nates; x, y, z = 27, −21, 15, P < .05).

Effect of the A Allele of OLIG2 rs1059004 on Arterial 
Spin Labeling

The areas of the brain shown in figure 2c were scanned in 
the arterial spin labeling (ASL) analysis of the subjects. 
A  whole-brain multiple regression analysis, corrected 
for the effects of age and sex, revealed that A allele fre-
quency was positively associated with cerebral blood flow 
(CBF) in 2 clustered brain regions: a cluster, including 
the precuneus, middle, and posterior cingulate cortices, 
and another cluster, including the putamen, insula, and 
globus pallidus (figure 2d, table 2).

Impact of OLIG2 rs1059004, rs9653711, and rs1005573 
on OLIG2 Gene Expression in Postmortem DLPFC

The postmortem interval (PMI) differed significantly 
between CC carriers and A allele carriers of rs1059004 
among the Caucasian postmortem brains. At the same 
time, there were no significant differences in age, gender, 
tissue pH, and RNA integrity number (RIN) between the 
genotypic groups (supplementary table S3). The Japanese 
postmortem brains showed a significant difference only in 
gender and not in the other confounding variables among 
the 2 genotypes (supplementary table S3).

RIN significantly influenced raw OLIG2 mRNA levels, 
18S rRNA levels, and OLIG2 mRNA levels normalized 
to 18S rRNA levels in the Japanese postmortem brains. 

There was a significant effect of tissue pH on 18S mRNA 
levels in both Japanese and Caucasian postmortem 
brains. PMI had a significant impact only on 18S rRNA 
levels in the Caucasian postmortem brain (supplemen-
tary table S5).

Analysis of covariance (ANCOVA) controlling for 
PMI revealed that normalized OLIG2 mRNA levels 
were significantly lower in A  allele carriers than in CC 
carriers of rs1059004 among Caucasian subjects [F(1, 
28) = 4.389, P =  .045, figure 3a). In addition, the C al-
lele carriers of rs9653711 showed significantly lower 
OLIG2 transcripts than GG carriers [F(1, 28)  =  4.905, 
P  =  .035, figure  3a]. Conversely, ANCOVA controlling 
for RIN displayed normalized OLIG2 mRNA levels that 
were higher in the A-allele carriers than in the CC car-
riers of rs1059004 in the Japanese group, although the 
difference reached a marginal level of statistical signifi-
cance [F(1, 22)= 4.116, P = .055, figure 3b]. Additionally, 
the minor C allele carriers at SNP rs9653711 had higher 
OLIG2 expression levels than the GG carriers [F(1, 22)= 
4.116, P =  .055, figure 3b]. This SNP rs9653711 was in 
perfect LD (1000 Genomes Project data: https://www.
internationalgenome.org/) with rs1059004 in Japanese 
subjects, so the results based on rs9653711 were the same 
as for rs1059004.

Discussion

The present study, based on a large sample of the 
Japanese population, showed that the number of A  al-
leles of the OLIG2 SNP rs1059004 was positively cor-
related with WM integrity in some fiber tracts, including 
the right PLIC, and with mean CBF over a wide area, 
including the precuneus and insula in Japanese normal 
brains, contrary to previous findings indicating a negative 
correlation between the number of A alleles and WM in-
tegrity among Caucasians. Consistent with the converse 
influence of rs1059004 on WM integrity and CBF be-
tween these 2 ethnic groups, these findings also revealed 
that rs1059004 and rs9653711, which are in strong LD 
with each other, had opposite effects on OLIG2 gene ex-
pression in Caucasian and Japanese postmortem DLPFC 
tissues.

To our knowledge, 2 previous trials have attempted to 
elucidate the genetic associations between rs1059004 and 
the WM integrity of the brain in the Caucasian popu-
lation. Voineskos et  al8 indicated positive correlations 
between the number of A  alleles of rs1059004 and the 
FA values of multiple brain regions, including the bilat-
eral cingulum bundle, inferior longitudinal fasciculus, ar-
cuate fasciculus, inferior occipitofrontal fasciculus, and 
corpus callosum, in the region-of-interest analysis but 
not in whole-brain analysis in healthy Caucasian subjects. 
Another study based on whole-brain analysis indicated 
that the A allele was negatively associated with FA values 
in the bilateral corona radiata of a healthy Caucasian 

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa049#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa049#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa049#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa049#supplementary-data
https://www.internationalgenome.org/
https://www.internationalgenome.org/
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Fig. 2.  Brain regions showing significant associations of the OLIG2 gene polymorphism rs1059004 with fractional anisotropy and 
regional cerebral blood flow. (a) The white matter region where the positive association between the fractional anisotropy and number of 
A alleles of the OLIG2 gene polymorphism rs1059004 was observed based on threshold-free cluster enhancement, with the significance 
level set at P < .05 (corrected for familywise error rate based on 5000 permutations), is shown in yellow-orange. The associated region 
is overlaid on a single-subject T1 SPM8 image. Significantly associated white matter was widespread in the right posterior limb of the 
internal capsule, the right retrolenticular part of the internal capsule, and the right external capsule. The anatomical labels and significant 
clusters of major white matter fibers were determined using the ICBM DTI-81 Atlas (http://www.bmap.ucla.edu/portfolio/atlases/
ICBM_DTI-81_Atlas/).28 (b) The white matter region where the positive association between the fractional anisotropy and the number 
of A alleles of the OLIG2 SNP rs1059004 was observed, with the significance level set at P < .05 (uncorrected for multiple comparisons), 
is shown in yellow-orange. The associated region was overlaid on a single-subject T1 SPM8 image. Significantly associated white matter 
was widespread in the bilateral posterior limb of the internal capsule, the bilateral retrolenticular part of the internal capsule, and the 
bilateral external capsule. (c) Brain regions marked in red indicate the target areas of the brain analyzed with arterial spin labeling 
analyses. (d) The brain region where the positive association between the mean resting cerebral blood flow and the number of A alleles 
of the OLIG2 gene polymorphism rs1059004 was observed based on threshold-free cluster enhancement, with the significance level set at 
P < .05 (corrected for familywise error rate based on 5000 permutations), is shown in yellow-orange. The associated region is overlaid on 
a single-subject T1 SPM8 image. Significantly associated brain regions included the precuneus, middle and posterior cingulate cortices, 
putamen, insula, and globus pallidus.

http://www.bmap.ucla.edu/portfolio/atlases/ICBM_DTI-81_Atlas/
http://www.bmap.ucla.edu/portfolio/atlases/ICBM_DTI-81_Atlas/
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population.27 Our study, which was based on whole-brain 
DTI analysis, similar to the study of Prata et  al,27 also 
revealed a negative association between the number of 
A alleles of rs1059004 and the FA values in some fiber 
tracts, including the PLIC. As OLIG2 is involved in the 
differentiation of precursor cells into motor neurons as 
well as oligodendrocytes, this gene polymorphism may 
underlie the difference in WM integrity around the in-
ternal capsule, carrying signals from the primary motor 
cortex to the lower motor neurons in the spinal cord.

The results of the ASL study revealed that rs1059004 
affected resting CBF in broad areas of the normal brain. 
Based on the results from a postmortem gene expres-
sion analysis of Caucasian patients with schizophrenia 
in which the non-A-allele carriers showed higher expres-
sion levels of OLIG2 mRNA than the A-allele carriers, 
we first assumed that the number of A alleles was signif-
icantly and negatively correlated with resting-state CBF 
as well as FA in healthy Japanese subjects. However, our 
study using healthy Japanese subjects indicated positive 
correlations between the number of A alleles and resting 
CBF or FA in the normal brain.

Because the A  allele affected WM integrity in oppo-
site directions in Japanese and Caucasian subjects, we 
assessed the association between the OLIG2 gene SNPs 
and OLIG2 gene expression levels in the postmortem 
brain tissues. We genotyped rs1059004 and 2 SNPs in the 
5′ upstream and 3′ downstream regions of rs1059004, 
one of several SNPs associated with schizophrenia in 
Caucasians. The SNP rs2834070 in the 5′ upstream region 
of rs1059004 was excluded from SNP genotyping in this 
study, as the minor allele frequency (T:0.077) of the SNP 
was very low (1000 Genomes Project data). The current 
gene expression analyses in the postmortem brain found 
that rs1059004 and rs9653711 affected OLIG2 gene ex-
pression in opposite directions in the Caucasian and 
Japanese populations. As rs9653711 is in perfect (r2 = 1) 
and strong (r2 = .98) LD with rs1059004 in the Japanese 
and Caucasian groups, respectively (1000 Genomes 
Project data), the results of gene expression analyses were 
not independent.

Meanwhile, the results for rs1005573 differed from the 
results for the other 2 SNPs, as rs1005573 is in moderate 
(r2 =  .39) and very low (r2 =  .19) LD with rs1059004 in 
Caucasian and Japanese populations, respectively (1000 
Genomes Project data). The findings suggested that the 
difference in the influence of rs1059004 on OLIG2 gene 
expression in the brain may constitute the mechanism 
of the opposite effects of rs1059004 on WM integrity 
and resting-state CBF between these 2 ethnic groups. 
Although the definitive biological mechanism through 
which rs1059004 affects resting-state CBF and FA re-
mains unclear, the difference in the degree of oligodendro-
cyte differentiation affected by rs1059004 genotypes may 
influence postnatal brain angiogenesis and myelination, 
possibly resulting in differences in resting CBF and FA. T

ab
le

 2
. 

B
ra

in
 R

eg
io

ns
 T

ha
t 

E
xh

ib
it

ed
 S

ig
ni

fic
an

t 
Po

si
ti

ve
 C

or
re

la
ti

on
s 

B
et

w
ee

n 
th

e 
N

um
be

r 
of

 A
 a

lle
le

s 
of

 t
he

 O
L

IG
2 

SN
P

 r
s1

05
90

04
 a

nd
 R

eg
io

na
l C

er
eb

ra
l B

lo
od

 F
lo

w

In
cl

ud
ed

 g
ra

y 
m

at
te

r 
ar

ea
s*

 (
nu

m
be

r 
of

 s
ig

ni
fic

an
t 

vo
xe

ls
 in

 e
ac

h 
an

at
om

ic
al

 a
re

a 
in

 t
he

 
le

ft
 a

nd
 r

ig
ht

 h
em

is
ph

er
es

) 
x

y
z

T
F

C
E

 
va

lu
e

C
or

re
ct

ed
 

P
-v

al
ue

 
(F

W
E

) 
C

lu
st

er
 s

iz
e 

(v
ox

el
s)

A
ng

ul
ar

 g
yr

us
 (

L
:1

83
, R

:4
71

)/
an

te
ri

or
 c

in
gu

lu
m

 (
L

:5
, R

:8
)/

m
id

dl
e 

ci
ng

ul
um

 (
L

:2
51

, R
:3

48
)

66
−

24
39

76
6.

5
.0

05
67

55
Po

st
er

io
r 

ci
ng

ul
um

 (
L

:3
6,

 R
:8

)/
cu

ne
us

 (
L

:2
0,

 R
:4

)/
in

fe
ri

or
 f

ro
nt

al
 o

pe
rc

ul
um

 (
L

:3
0,

 R
:4

1)
 

 
 

 
 

 
In

fe
ri

or
 f

ro
nt

al
 o

rb
it

al
 a

re
a 

(L
:7

)/
in

fe
ri

or
 f

ro
nt

al
 t

ri
an

gu
la

r 
(L

:2
06

, R
:4

6)
 

 
 

 
 

 
O

th
er

 m
id

dl
e 

fr
on

ta
l a

re
as

 (
L

:3
65

, R
:3

77
)/

su
pe

ri
or

 f
ro

nt
al

 m
ed

ia
l a

re
a 

(L
:1

05
, R

:4
8)

 
 

 
 

 
 

O
th

er
 s

up
er

io
r 

fr
on

ta
l a

re
as

 (
L

:5
1,

 R
:8

3)
/m

id
dl

e 
oc

ci
pi

ta
l l

ob
e 

(L
:2

50
, R

:8
9)

 
 

 
 

 
 

Su
pe

ri
or

 o
cc

ip
it

al
 lo

be
 (

L
:1

52
, R

:7
9)

/p
ar

ac
en

tr
al

 lo
bu

le
 (

L
:1

6,
 R

:5
1)

 
 

 
 

 
 

In
fe

ri
or

 p
ar

ie
ta

l l
ob

ul
e 

(L
:2

51
, R

:3
12

)/
su

pe
ri

or
 p

ar
ie

ta
l l

ob
ul

e 
(L

:2
92

, R
:1

82
)

 
 

 
 

 
 

Po
st

ce
nt

ra
l g

yr
us

 (
L

:1
3,

 R
:1

55
)/

pr
ec

en
tr

al
 g

yr
us

 (
L

:7
0,

 R
:1

29
)/

pr
ec

un
eu

s 
(L

:4
73

, R
:3

84
)

 
 

 
 

 
 

R
ol

an
di

c 
op

er
cu

lu
m

 (
R

:2
)/

su
pp

le
m

en
ta

l m
ot

or
 a

re
a 

(L
:3

9,
 R

:1
34

)
 

 
 

 
 

 
Su

pr
am

ar
gi

na
l g

yr
us

 (
R

:3
35

)/
m

id
dl

e 
te

m
po

ra
l g

yr
us

 (
R

:1
7)

/s
up

er
io

r 
te

m
po

ra
l g

yr
us

 (
R

:4
3)

 
 

 
 

 
 

In
fe

ri
or

 f
ro

nt
al

 t
ri

an
gu

la
r 

(L
:1

8)
/in

su
la

 (
L

:7
4)

/p
al

lid
um

 (
L

:1
1)

/p
ut

am
en

 (
L

:9
7)

−
30

15
0

41
6.

48
.0

41
23

5

N
ot

e:
 T

F
C

E
, t

hr
es

ho
ld

-f
re

e 
cl

us
te

r 
en

ha
nc

em
en

t;
 O

L
IG

2,
 o

lig
od

en
dr

oc
yt

e 
lin

ea
ge

 t
ra

ns
cr

ip
ti

on
 f

ac
to

r 
2;

 F
W

E
, f

am
ily

w
is

e 
er

ro
r.

 T
he

 b
ra

in
 r

eg
io

ns
 a

nd
 T

F
C

E
 v

al
ue

s 
of

 s
ig

-
ni

fic
an

tl
y 

po
si

ti
ve

 a
ss

oc
ia

ti
on

s 
be

tw
ee

n 
th

e 
nu

m
be

r 
of

 A
 a

lle
le

s 
of

 t
he

 O
L

IG
2 

SN
P

 r
s1

05
90

04
 a

nd
 r

eg
io

na
l c

er
eb

ra
l b

lo
od

 fl
ow

 a
re

 s
ho

w
n 

in
 t

he
 t

ab
le

. T
he

 la
be

lin
g 

of
 t

he
 a

na
-

to
m

ic
al

 r
eg

io
ns

 o
f 

th
e 

gr
ay

 m
at

te
r 

w
as

 b
as

ed
 o

n 
th

e 
W

F
U

 P
ic

kA
tl

as
 T

oo
l (

ht
tp

://
w

w
w

.f
m

ri
.w

fu
bm

c.
ed

u/
cm

s/
so

ft
w

ar
e#

P
ic

kA
tl

as
/)

29
,3

0  a
nd

 t
he

 P
ic

kA
tl

as
 a

ut
om

at
ed

 a
na

to
m

ic
al

 
la

be
lin

g 
at

la
s 

op
ti

on
.31

 T
em

po
ra

l p
ol

e 
ar

ea
s 

in
cl

ud
ed

 a
ll 

su
br

eg
io

ns
 in

 t
he

 a
re

as
 o

f 
th

is
 a

tl
as

. T
he

 t
ab

le
 s

ho
w

s 
th

e 
F

W
E

-c
or

re
ct

ed
 P

 v
al

ue
s 

fo
r 

m
ul

ti
pl

e 
co

m
pa

ri
so

ns
 in

 t
he

 b
ra

in
 

re
gi

on
s 

th
at

 w
er

e 
si

gn
ifi

ca
nt

ly
 a

ss
oc

ia
te

d 
w

it
h 

th
e 

nu
m

be
r 

of
 A

 a
lle

le
s.

http://www.fmri.wfubmc.edu/cms/software#PickAtlas/


1626

H. Komatsu et al

Recent genome-wide quantitative trait locus (eQTL) 
studies have identified that numerous cis-SNPs signif-
icantly associated with gene expression levels in the 
human brain.32–37 Notably, the cis-effects displayed in the 
eQTL databases are not consistent among brain regions. 
The effects of eQTLs on gene expression levels can be ob-
served in a brain region-specific manner, as shown by the 
data publicly available in BRAINEAC via http://www.
braineac.org.38 Gene expression analyses of multiple pri-
mary immune cells revealed that the C allele of the SELL 
gene SNP rs222328 affects SELL gene expression levels 
in opposite directions between B-cells and monocytes.39 
However, ethnicity-specific genetic effects on gene expres-
sion levels have rarely been evaluated, with the exception 
that the effect of the coding SNP (G94 > A) of the GSTL1 
gene polymorphism rs7975 on protein expression levels 
differs between the Caucasian and African American 
populations, potentially due to the LD between rs7975 
and the promoter G > A −1002 SNP rs7160195, which 
has been shown to be associated with the expression level 
of this gene.40

Thus, the discrepancies observed between the current 
MRI studies of the Japanese population and previous 
studies of the Caucasian population can be explained by 
region- and ethnicity-dependent opposite cis-effects of 
this OLIG2 variant, and the current postmortem study 
has provided the first direct evidence of an ethnicity-
dependent opposite cis-effect of this genetic variant, 
which has previously been overlooked. Notably, similar 
results have been found with inbred or outbred strains 
of rodents. Pronounced variations in gene expression, 
as well as relevant cellular architecture among different 
strains, have been observed in the central nervous system, 
which may underlie strain-specific behavioral and physi-
ological responses.41–44 Investigations into strain-specific 
phenomena utilizing commercially available outbred 

mice45 along with investigations into human subjects may 
elucidate the molecular mechanisms underlying ethnicity-
specific phenotypes.

Our neurocognitive analysis also showed a significant 
association of rs1005573 with the scores on the arith-
metic, digit span, and block design subtests. These results 
suggest that this SNP may affect visuospatial ability and 
working memory. We also revealed a significant genotype-
by-diagnosis interaction of rs1005573 on vocabulary and 
letter-number sequencing subtests. The present results in-
dicate that rs1005573 may affect verbal comprehension 
and working memory in schizophrenia. The effects of the 
variant on cognitive function may affect susceptibility to 
schizophrenia among the Japanese population.

This study has several limitations. First, the associ-
ations among the genetic variant, cognitive function, and 
brain imaging, including CBF and WM integrity, were 
not assessed using the same subjects. Further association 
studies are needed to verify the relationships.

Second, the MRI data acquisition procedure and sub-
ject demographics in the current Japanese study were not 
strictly the same as those in the previous Caucasian study.

Third, the impact of rs1059004 on OLIG2 gene ex-
pression in the brain regions was not assessed in the post-
mortem tissues where the variant affected WM integrity 
of the Japanese or Caucasian population, ie, the corona 
radiata and right PLIC. However, the DLPFC was found 
to be connected with the human dorsolateral premotor 
cortex, where the corticospinal fibers originate and descend 
through the corona radiata and PLIC to reach the brain-
stem.46 The biological effect of the genetic variant might 
be consistent throughout the relevant neuronal networks.

In conclusion, the present study indicated that the 
schizophrenia risk variant OLIG2 SNP rs1059004 af-
fected both WM integrity and the vascular system in the 
normal brain. In addition, this study presents an initial 

Fig. 3.  Impact of the OLIG2 gene SNPs on OLIG2 gene expression among Caucasian and Japanese postmortem DLPFC specimens. 
(a) Carriers of the A allele of the SNP rs100594 showed significantly lower OLIG2 gene expression in the postmortem DLPFC than 
CC carriers among Caucasians (*P = .045). In the OLIG2 gene SNP rs9653711, C allele carriers had significantly decreased OLIG2 
gene expression compared with GG carriers among Caucasians (*P = .035). (b) In contrast, among the Japanese population, carriers 
of the A allele of the SNP rs100594 showed higher OLIG2 gene expression in the postmortem DLPFC than CC carriers, although the 
difference did not reach statistical significance (P = .055). As the SNP rs9653711 is in perfect LD with rs1059004, the results of OLIG2 
gene expression analysis of rs9653711 were consistent with the results of rs1059004.

http://www.braineac.org
http://www.braineac.org
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example of an ethnicity-dependent opposite effect of a 
genetic variant on gene transcription and organ structure 
in the brain, which may be a putative mechanism un-
derlying the failure to replicate the association between 
a genetic variant and a psychiatric phenotype among 
different ethnicities. Further investigation is required to 
reveal the molecular mechanism involved in the ethnicity-
dependent effect of a genetic variant on gene transcrip-
tion and organ structure in the brain.

Supplementary Material

Supplementary material is available at Schizophrenia 
Bulletin.
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