threshold for clumped SNPs = 0.01, 7 = 0,25, physical distance = 1 Mb; Extended
Data Fig. 6b). Regions with the strongest genetic similarity were grouped together
based on the strength of their pairwise correlations. The results were represented
visually using hierarchical clustering with default settings from the gplots package
(version 2.12.1) in R,

Gene annotation, gene-based test statistics and pathway analysis were performed
using the KGG2.5 software package™ (Supplementary Table 7 and Extended Data
Fig. 7). Linkage disequilibrium was calculated based on RSID numbers using the
1000 Genomes Project European samples as a reference (http://enigma.ini.usc.edu/
protocols/genetics-protocols/). For the annotation, SNPs were considered ‘within’
a gene if they fell within 5kb of the 3'/5" untranslated regions based on human
genome (hgl9) coordinates, Gene-based tests were performed using the GATES
test™” without weighting P values by predicted functional relevance. Pathway ana-
lysis was performed using the hybrid set-based test (FIYST) of association™. Forall
gene-based tests and pathway analyses, results were considered significant if they
exceeded a Bonferroni correction threshold accaunting for the number of path-
ways and traits tested such that Py,eq, = 0.05/(671 pathways X 7 independent
traits) = 1.06 X 1077,

Expression quantitative loci were examined in two independent data sets: the
NABEC (GSE36192)* and UKBEC (GSEA6706) "%, Detailed processing and exclu-
sion criteria for both data sets are described elsewhere®**. In brief, the UKBEC
consists of 134 neuropathologically normal donors from the MRC Sudden Death
Brain Bank in Edinburgh and Sun Health Research Institute; expression was pro-
filed on the Affymetrix Exon 1.0 ST array. The NABEC is comprised of 304 neu-
rologically normal donors from the National Institute of Ageing and expression
profiled on the Illumina HT12v3 array. The expression values were corrected for
gender and batch effects and probes that contained polymorphisms (seen >1%
in European 1000G) were excluded from analyses™. Blood expression quantita-
tive trait loci (eQT'L) data were queried using the Blood eQTL Browser (http://
genenetwork.nl/bloodeqtibrowser/)*. Brain expression over the lifespan was mea-
sured from a spatio-temporal atlas of human gene expression and graphed using
custom R scripts (GSE25219; details given in").

Fine-grained three-dimensional surface mappings of the putamen were generated
using a medial surface modelling method™* in 1,541 healthy subjects from the
IMAGEN study™ (Fig. 2c and Extended Data Fig. 10a, b). Putamen volume seg-
mentations from either FSL (Fig. 2¢ and Extended Data Fig. 10a) or FreeSurfer
(Extended Data Fig. 10b) were first converted to three-dimensional meshes and
then co-registered to an average template for statistical analysis. The medial core
distance was used as a measure of shape and was calculated as the distance from
each point on the surface to the centre of the putamen. At each point along the sur-
face of the putamen, an association test was performed using multiple linear regres-
sion in which the medial core distance at a given point on the surface was the
outcome measure and the additive dosage value of the top SNP was the predictor of
interest while including the same covariates that were used for volume including
age, sex, age”, 4 MDS, ICV and site.

In Extended Data Fig. 3, all tracks were taken from the UCSC Genome Browser
Human hgl9 assembly. SNPs (top 5%) shows the top 5% associated SNPs within
the locus and are coloured by their correlation to the top SNP. Genes shows the
gene models from GENCODE version 19. Conservation was defined at each base
through the phyloP algorithm which assigns scores as —log, o P values under a null
hypothesis of neutral evolution calculated from pre-computed genomic alignment
0f 100 vertebrate species*”. Conserved sites are assigned positive scores, while faster-
than-neutral evolving sites are given negative scores. TFBS conserved shows com-
putationally predicted transcription factor binding sites using the Transfac Matrix
Database (v.7.0) found in human, mouse and rat. Brain histone (1.3 year) and brain
histone (68 year) show maps of histone trimethylation at histone H3 Lys 4 (H3K4me3),
an epigenetic mark for transcriptional activation, measured by ChIP-seq. These
measurements were made in neuronal nuclei (NeuN+) collected from prefrontal
cortex of post-mortem human brain®’. CpG methylation was generated using meth-
ylated DNA immunoprecipitation and sequencing from postmortem human frontal
cortex of a 57-year-old male®'. DNasel hypersens displays DNasel hypersensitivity,
evidence of open chromatin, which was evaluated in postmortem human frontal
cerebrum from three donors (age 22-35), through the ENCODE consortium®™.

Finally, hES Chrom State gives the predicted chromatin states based on computa-
tionalintegration of ChIP-seq data for nine chromatin marks in H1 human embry-
onic stem cell lines derived in the ENCODE consortium™,
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Genome-wide genotypes were imputed to EUR
reference panel from the 1000 Genomes Project
(Phase 1 Version 3) following standardized protocols

Genome-wide association to imaging phenotypes (accounting for kinship in related samples)
(50 contributing sites with maximum N = 30,717)

N7

Phenotypes (volume): Covariates:
-icv - ICV (for non-iCV phenotypes)
- Nucleus Accumbens -Age
- Amygdala - Sex
- Caudate - Age-squared
- Hippocampus -4 MDS
- Pallidum - Dummy covariate for scanner
- Putamen - Patient status
- Thalamus
Quality Checking and Filtering (MAC < 10,R2< 0.5) 7

Manhattan Plot (Putamen Phenotype)

Meta-analyses

Fixed-effect, inverse variance-weighted model

QQ Plot (Putamen Phenotype)

20

-log10(P-value)

»

08w mes

Observed —log10(P-value)

Uploaded to ENIGMA server for analysis at central site

el o~ ©

Chromosome

Extended Data Figure 1 | Outline of the genome-wide association

meta-analysis. Structural T;-weighted brain MRI and biological specimens for

DNA extraction were acquired from each individual at each site. Imaging
protocols were distributed to and completed by each site for standardized
automated segmentation of brain structures and calculation of the ICV.

Volumetric phenotypes were calculated from the segmentations. Genome-wide

b=
e TP e g - 90T e tRPRER

Expected -log10(P-value}

genotyping was completed at each site using commercially available chips.
Standard imputation protocols to the 1000 Genomes reference panel (phase 1,
version 3) were also distributed and completed at each site. Each site completed
genome-wide association for each of the eight volumetric brain phenotypes
with the listed covariates. Statistical results from GWAS files were uploaded to a
central site for quality checking and fixed effects meta-analysis.
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Multi-dimensional Scaling Plots for Ancestry Determination
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Extended Data Figure 2 | Ancestry inference via multi-dimensional scaling  comparison. ASW, African ancestry in southwest USA; CEU, Utah residents

plots. Multi-dimensional scaling (MDS) plots of the discovery cohorts to with northern and western European ancestry from the CEPH collection;
HapMap III reference panels of known ancestry are displayed. Ancestry is CHD, Chinese in metropolitan Denver, Colorado; GIH, Gujarati Indians in
generally homogeneous within each group. In all discovery samples any Houston, Texas; LWK, Luhya in Webuye, Kenya; MEX, Mexican ancestry
individuals with non-European ancestry were excluded before association. The  in Los Angeles, California; MKK, Maasai in Kinyawa, Kenya; TSI, Tuscans in
axes have been flipped to the same orientation for each sample for ease of Italy; YRI, Yoruba in Ibadan, Nigeria.
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Extended Data Figure 3 | Genomic function is annotated near novel
genome-wide significant loci. a-h, For each panel, zoomed-in Manhattan
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probably contains the causal variant(s) (** > 0.8 from the top SNP). Genomic
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annotations from the UCSC browser and ENCODE are displayed to indicate
potential functionality (see Methods for detailed track information). SNP
coverage is low in f owing to a common genetic inversion in the region. Each
plot was made using the LocusTrack software (http://gump.qimr.edu.au/
general/gabrieC/LocusTrack/).
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a Quantile-Quantile Plots from Meta-analyzed Discovery Sample
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Extended Data Figure 4 | Quantile-quantile and forest plots from
meta-analysis of discovery cohorts. a, Quantile-quantile plots show that the
observed P values only deviate from the expected null distribution at the
most significant values, indicating that population stratification or cryptic
relatedness are not unduly inflating the results. This is quantified through
the genomic control parameter (4; which evaluates whether the median test
statistic deviates from expected)®. A values near 1 indicate that the median test
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statistic is similar to those derived from a null distribution. Corresponding
meta-analysis Manhattan plots can be found in Fig. 1. b, Forest plots show
the effect at each of the contributing sites to the meta-analysis. The size of the
dot is proportional to the sample size, the effect is shown by the position on
the x axis, and the standard error is shown by the line. Sites with an asterisk
indicate the genotyping of a proxy SNP (in perfect linkage disequilibrium
calculated from 1000 Genomes) for replication.
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Extended Data Figure 5 | Influence of patients with neuropsychiatric
disease, age and gender on association results. a, Scatterplot of effect sizes
including and excluding patients with neuropsychiatric disorders for nominally
significant SNPs. For each of the eight volumetric phenotypes, SNPs with
P21 X 107" in the full discovery set meta-analysis were also evaluated
excluding the patients. The beta values from regression, a measure of effect size,
are plotted (blue dots) along with a line of equivalence between the two
conditions (red line). The correlation between effect sizes with and without
patients was very high (r > 0.99), showing that the SNPs with significant effects
on brain structure are unlikely to be driven by the diseased individuals.

b, Meta-regression comparison of effect size with mean age at each site. Each
site has a corresponding number and coloured dot in each graph. The size of
each dot is based on the standard error such that bigger sites with more
definitive estimates have larger dots (and more influence on the meta-
regression). The age range of participants covered most of the lifespan

(9-97 years), but only one of these eight loci showed a significant relationship
with the mean age of each cohort (rs608771 affecting putamen volume).

¢, Meta-regression comparison of effect size with the proportion of females
at each site. No loci showed evidence of moderation by the proportion of
females in a given sample. However, the proportion of females at each site has a
very restricted range, so results should be interpreted with caution. Plotted
information follows the same convention as described in b. The sites are
numbered in the following order: (1) AddNeuroMed, (2) ADNI,

(3) ADNIZGO, (4) BETULA, (5) BFS, (6) BIG, (7) BIG-Rep, (8) BrainSCALE,
(9) BRCDECC, (10) CHARGE, (11) EPIGEN, (12) GIG, (13) GSP,

(14) HUBIN, (15) IMAGEN, (16) IMpACT, (17) LBC1936, (18) Lieber,

(19) MAS, (20) MCIC, (21) MooDS, (22) MPIP, (23) NCNG, (24) NESDA,
(25) neurolMAGE, (26) neuroIMAGE-Rep, (27) NIMH, (28) NTR-Adults,
(29) OATS, (30) PAFIP, (31) QTIM, (32) SHIP, (33) SHIP-TREND, (34) SYS,
(35) TCD-NUIG, (36) TOP, (37) UCLA-BP-NL and (38) UMCU.
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Extended Data Figure 6 | Cross-structure analyses. a, Radial plots of effect
sizes from the discovery sample for all genome-wide significant SNPs identified
in this study. Plots indicate the effect of each genetic variant, quantified as
percentage variance explained, on the eight volumetric phenotypes studied. As
expected, the SNPs identified with influence on a phenotype show the highest
elfect size for that phenotype: putamen volume (rs945270, rs62097986,
rs608771 and rs683250), hippocampal volume (rs77956314 and rs61921502),
caudate volume (rs1318862) and ICV (rs17689882). In general much smaller
effects are observed on other structures, b, Correlation heat map of GWAS
test statistics ({-values) and hierarchical clustering™. Independent SNPs were
chosen within an linkage disequilibrium block based on the highest association
in the multivariate cross-structure analysis described in Extended Data Fig, 6¢.
Two heat maps are shown taking only independent SNPs with either

P 1107 (left) or P < 0.01 (right) in the multivariate cross-structure
analysis. Different structures are labelled in developmentally similar regions by

the colour bar on the top and side of the heat map including basal ganglia
(putamen, pallidum, caudate and accumbens; blue), amygdalo-hippocampal
complex (hippocampus and amygdala; red), thalamus (turquoise) and ICV
(black). Hierarchical clustering showed that developmentally similar regions
have mostly similar genetic influences across the entire genome. The low
correlation with the ICV is owing to it being used as a covariate in the
subcortical structure GWAS associations. ¢, A multivariate cross-structure
analysis of all volumetric brain traits. A Manhattan plot (left) and
corresponding quantile-quantile plot (right) of multivariate GWAS analysis of
all traits (volumes of the accumbens, amygdala, caudate, hippocampus,
pallidum, putamen, thalamus, and ICV) in the discovery data set using the
TATES method” is shown. Multivariate cross-structure analysis confirmed the
univariate analyses (see Table 1), but did not reveal any additional loci
achieving cross-structure levels of significance.
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Extended Data Figure 7 | Pathway analysis of GWAS results for each brain
structure. A pathway analysis was performed on each brain volume GWAS
using KGG* to conduct gene-based tests and the Reactome database for
pathway definition*’, Pathway-wide significance was calculated using a
Bonferroni correction threshold accounting for the number of pathways and
traits tested such that Pipresh = 0.05/(671 pathways X 7 independent

traits) = 1.06 X 107> and is shown here as a red line. The number of
independent traits was calculated by accounting for the non-independence of
each of the eight traits examined (described in the Methods). Variants that
influence the putamen were clustered near genes known to be involved in

Pre-NOTCH Transcription [
and Translation

NOTCH HLH
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Pre-NOTCH Expression
and Processing

Transcriptional Regulation of
White Adipocyte Differentiation

Generic Transcription Pathway

Synthesis of PIPS at the Plasma Membranes
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DSCAM interactions, neuronal arborization and axon guidance®. Variants
that influence intracranial volume are clustered near genes involved in EGFR
and phosphatidylinositol-3-OH kinase (PI(3)K)/AKT signalling pathways,
known to be involved in neuronal survival”’. All of these represent potential
mechanisms by which genetic variants influence brain structure. It is important
to note that the hybrid set-based test (HYST) method for pathway analysis
used here can be strongly influenced by a few highly significant genes, as was
the case for putamen hits in which DCC and BCL2L1 were driving the
pathway results.
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Extended Data Figure 8 | Spatio-temporal maps showing expression of
genes near the four significant putamen loci over time and throughout

regions of the brain. Spatio-temporal gene expr

normalized log, expression. Different areas of the neocortex (A1C, primary
auditory cortex; DFC, dorsolateral prefrontal cortex; IPC, posterior inferior
parietal cortex; ITC, inferior temporal cortex; MFC, medial prefrontal cortex;
MIC, primary motor cortex; OFC, orbital prefrontal cortex; STC, superior
temporal cortex; S1C, primary somatosensory cortex; VFC, ventrolateral

prefrontal cortex; V1C, primary visual cortex) as

(AMY, amygdala; CBC, cerebellar cortex; HIP, hippocampus; MD,

Prenatal

ession'® was plotted as

well as subcortical areas

mediodorsal nucleus of the thalamus; STR, striatum) are plotted from 10
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Postnatal

post-conception weeks (PCW) to more than 60 years old. Genes that probably
influence putamen volume are expressed in the striatum at some point during
the lifespan. After late fetal development, KTNI is expressed in the human
thalamus, striatum and hippocampus and is more highly expressed in the
striatum than the cortex. Most genes seem to have strong gradients of
expression across time, with DCC most highly expressed during early prenatal
life, and DLG2 most highly expressed at mid-fetal periods and throughout
adulthood. BCL2L1, which inhibits programmed cell death, has decreased
striatal expression at the end of neurogenesis (24-38 PCW), a period marked by
increased apoptosis in the putamen'.
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Extended Data Figure 9 | CTCF-binding sites in the vicinity of the putamen (¥ = 1.0 to rs945270), lies within a CTCF-binding site called based on

locus marked by rs945270. CTCF-bindingsites from the ENCODE projectare  ChIP-seq data in the embryonic stem cells and near the binding site in neural
displayed from the database CTCFBSDB 2.0 (ref. 23) from two different cell SK-N-SH cells. As this is the lone chromatin mark in the intergenic region
types: embryonic stem cells (track ENCODE_Broad_H1-hESC_99540) anda  (see Extended Data Fig. 3), it suggests that the variant may disrupt a
neuroblastoma cell line differentiated with retinoic acid (ENCODE_UW_SK-  CTCF-binding site and thereby influence transcription of surrounding genes.
N-SH_RA_97826). A proxy SNP to the top hit within the locus, rs8017172
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FSL Segmentation

Extended Data Figure 10 | Shape analysis in 1,541 young healthy subjects
shows consistent deformations of the putamen regardless of segmentation
protocol. a, b, The distance from a medial core to surfaces derived from
FSL FIRST (a; identical to Fig. 2¢) or FreeSurfer (b) segmentations was derived
in the same 1,541 subjects. Each copy of the rs945270-C allele was significantly
associated with an increased width in coloured areas (false discovery rate

Freesurfer Segmentation

. Right

bel

9«»%»\
i

Left

mmv/effact allele

corrected at g = 0.05) and the degree of deformation is labelled by colour.
The orientation is indicated by arrows. A, anterior; I, inferior; P, posterior;

S, superior. Shape analysis in both software suites gives statistically significant
associations in the same direction. Although the effects are more widespread in
the FSL segmentations, FreeSurfer segmentations also show overlapping
regions of effect, which appears strongest in anterior and superior sections.
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Phenotypic variance explained by
common variants in this study

c Phenotypic variance explained by common variants in this study in each chromosome
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Extended Data Figure 11 | The phenotypic variance explained by all
common variants in this study. a, Twin-based heritability (with 95%
confidence intervals), measuring additive genetic influences from both
common and rare variation, is shown for comparison with common varjant
based heritability (see Methods). b, The median estimated percentage of
phenotypic variance explained by all SNPs (and 95% confidence interval) is

given for each brain structure studied*'. The full genome-wide association
results from common variants explain approximately 7-15% of variance
depending on the phenotype. ¢, The median estimated variance explained by
each chromosome is shown for each phenotype. d, Some chromosomes explain
more variance than would be expected by their length, for example
chromosome 18 in the case of the putamen, which contains the DCC gene.

©2015 Macmillan Publishers Limited. All rights reserved

91



Schizophrenia Research 160 (2014} 228-229

Contents lists available at ScienceDirect

Schizophrenia Research

journal homepage: www . elsevier.com/locate/schres

Letter to the Editor

An integrated eye movement score as a
neurophysiological marker of schizophrenia

CrossMark

Dear Editors

Patients with schizophrenia present with eye movement abnormal-
ities. Some studies have shown that eye movement abnormalities were
effective in distinguishing schizophrenia cases from healthy controls
(Arolt et al., 1998; Campana et al., 1999; Benson et al., 2012), which sug-
gests that eye movements could be a good biomarker of schizophrenia.
Once an objectively defined quantity has been identified from eye
movement characteristics, it will represent a beneficial clinical tool to
assist in the diagnosis of schizophrenia and the estimation of the poten-
tial risk and genetic traits of schizophrenia.

In this study, we aimed to create an integrated eye movement rating
scale that indicates the degree to which the eye movements are abnor-

mal, and examined the relationship between the eye movement score

and conventional scales of symptom severity and social and cognitive
functioning in patients with schizophrenia. The eye movements of
40 patients with schizophrenia and 69 healthy subjects aged 15 to
68 years old were recorded (Supplementary material and methods
and Table 1). All subjects were biologically unrelated and were of
Japanese descent (Hashimoto et al., 2010; Ohi et al,, 2013). The patients
were recruited from the Osaka University Hospital and had been diag-
nosed by two or more trained psychiatrists according to the criteria
from the Diagnostic and Statistical Manual of Mental Disorders, Fourth
Edition (DSM-IV) based on the Structured Clinical Interview for DSM-
IV (SCID). All participants provided written informed consent after the
study procedures had been fully explained. This study was performed
in accordance with the World Medical Association's Declaration of
Helsinki and was approved by the Research Ethical Committee of
Osaka University and the Kyoto University Graduate School and Faculty
of Medicine, Ethics Committee. We administered examinations of
smooth pursuit eye movements, steady fixations and exploratory eye
movements described in Supplementary method in detail. We obtained
65 eye movement variables and carried out the discriminant analysis to
create an integrated eye movement score that objectively represents
normal to abnormal eye movements.

Significant differences between the patients with schizophrenia and
the healthy subjects were observed in 27 variables (Supplementary
Table 2). To create an integrative measure that effectively represents
eye movement abnormality, a canonical discriminant analysis with a
stepwise procedure was conducted using the 65 eye movement vari-
ables. Five of the 65 eye movement variables listed in Supplementary
Table 3 were selected through this analysis. The created eye movement
score was significantly different between patients with schizophrenia
and controls (U = 166, p = 2.3 x 10~ %) (Fig. 1). The correct rate of
the discriminant analysis of these 5 variables was 89.9% in the
resubstitution method and 88.1% in the leave-one out cross validation
method (Supplementary Table 4), with a sensitivity and specificity of

http://dx.doi.org/10.1016/).schres.2014.10.023
0920-9964/© 2014 Elsevier B.V. All rights reserved.

0.78 and 0.94, respectively. This accuracy was comparable or even bet-
ter than the classifications with electrophysiological endophenotypes
(80%) (Price et al,, 2006), a combination of the Wisconsin Card Sorting
Test and Rorschach measures (89.4%) (Perry and Braff, 1998), a combi-
nation of the neuropsychological test battery and neurologic soft signs
(81.8%) (Arango et al,, 1999), or a combination of minor physiological
anomalies and neurologic soft signs (82.9%) (John et al., 2008).

We examined the correlations between the eye movement score
and the conventional symptom/functioning measures of schizophrenia
in the patients and found marginal correlations with positive symptom
(r = —0.30, p = 0.06), negative symptom (r = —0.32, p = 0.04),
general psychopathology (r = —0.31, p = 0.05) in PANSS, the GAF
(r = 0.36, p = 0.02) and the cognitive decline scores (r = 0.34, p =
0.04) (Supplementary Table 5). The integrated eye movement score
represents the dimensions of schizophrenia that are, in large part,
different from the dimensions represented by the conventional scales.
Therefore, the score will effectively assist physicians' diagnosis together
with conventional symptom/functioning scales, and, in particular, may
be useful in the early diagnosis of schizophrenia or its prodrome
where subjective symptoms are relatively obscure. The significance of
eye movement scores primarily lies in diagnosis of schizophrenia,
although this score is not to replace DSM-V diagnostic criteria or any
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Fig. 1. Integrated eye movement score in patients with schizophrenia and controls.
Integrated eye movement score (Y) in patients with schizophrenia (SCZ, n = 40) and
healthy controls (HC, n = 69) was calculated by the following formula. Y = 0.03 x
{Scanpath length (free viewing)} + 2.01 x {V-Position gain (faster Lissajous)} + 0.03 x
{Fixation number (faster Lissajous)} + 0.37 x {Fixation duration (far distracter)} —
1.53 x {S/N ratio (horizontal pursuit)} — 4.92. The bars represent mean values.
p = 2.3 x 1074, Mann Whitney U test.
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other criteria that rely on history, observation and self-report. A similar
methodology using eye movement characteristics may be usable
to distinguish schizophrenia from bipolar mania, schizoaffective
disorder and autism and so on, and future studies should test this
possibility.
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Hippocampal volume is a key brain structure for learning ability and memory process, and hippocampal
atrophy is a recognized biological marker of Alzheimer's disease. However, the genetic bases of hippo-
campal volume are still unclear although it is a heritable trait. Genome-wide association studies (GWASs)
on hippocampal volume have implicated several significantly associated genetic variants in Europeans.
Here, to test the contributions of these GWASs identified genetic variants to hippocampal volume in
different ethnic populations, we screened the GWAS-identified candidate single-nucleotide poly-
morphisms in 3 independent healthy Asian brain imaging samples (a total of 990 subjects). The results
showed that none of these single-nucleotide polymorphisms were associated with hippocampal volume
in either individual or combined Asian samples. The replication results suggested a complexity of genetic
architecture for hippocampal volume and potential genetic heterogeneity between different ethnic

populations.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Hippocampal volume, a heritable trait associated with cognition
in humans, is considered to be a suitable endophenotype for aging-
related physiological processes and presymptomatic diseases, such
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as Alzheimer’s disease. However, the genetic basis of hippocampal
volume is still unclear.

Recently, the Cohorts for Heart and Aging Research in Genomic
Epidemiology and the Enhancing Neuro Imaging Genetics through
Meta-Analysis consortia have performed independent genome-
wide association studies on hippocampal volume in different
samples of European ancestry, and they identified 5 significantly
associated genetic variants (rs17178006, rs6581612, rs6741949,
rs7852872, and rs7294919) (Bis et al., 2012; Stein et al, 2012).
Because the analyses were mostly conducted in Europeans, and the
associations in other populations are yet to be tested.

2. Methods

We recruited a total of 990 healthy Asian subjects from 3 loca-
tions: 294 Chinese individuals from Kunming in southwestern
China, 331 Chinese individuals from Beijing in northern China, and
365 Japanese subjects from Osaka, Japan. Among the 5 candidate
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Table 1
Replications of GWAS-identified SNPs on mean bilateral hippocampal volume in Asian populations
Locus SNP Populations Sample size Effect allele Frequency B (mm?) SE (mm?®) p-value
2q24.3 rs6741949 Chinese (Kunming) 288 G 0.903 35.85 57.27 0.53
Chinese (Beijing) 331 G 0.929 16.97 55.99 0.76
Japanese (Osaka) 363 G 0.934 -49.30 41.82 0.24
Combined Asians 982 G 0.923 -9.91 28.92 0.73
9q33.1 rs7852872 Chinese (Kunming) 288 C 0.427 34.37 31.90 0.28
Japanese (Osaka) 361 C 0.431 —6.76 21.21 0.75
Combined Asians 649 C 0429 5.85 17.66 0.74
12q24.22 rs7294919 Chinese (Kunming) 288 C 0.161 -32.40 46.02 0.48
Chinese (Beijing) 331 C 0.239 -1.98 35.19 0.96
Japanese (Osaka) 365 C 0.203 ~24.33 26.05 0.35
Combined Asians 984 C 0.203 -19.16 19.06 0.31

Frequency, the frequency of the effect allele. § represents the difference in hippocampal volumes per copy increase of effect allele. Sex, age, age?, sex x age, sex x age?, and total

intracranial volume (ICV) were included as covariates.
The combined sample and their results were marked in bold.

Key: GWAS, genome-wide association study; SE, standard error; SNPs, single-nucleotide polymorphisms.

single-nucleotide polymorphisms (SNPs) from genome-wide asso-
ciation studies, 2 of them (rs17178006 and rs6581612) are mono-
morphic in Asians according to the data from the 1000-Human-
Genome (1000 Genomes Project Consortium et al,, 2012); therefore,
only the other 3 SNPs (rs6741949, rs7852872, and rs7294919) were
included for further analysis. The effects of the 3 SNPs on mean
bilateral hippocampal volume (as well as left and right hippocam-
pal volume, separately) were analyzed using linear regression
with sex, age, age?, sex x age, sex x age?, intracranial volume,
and multidimensional scaling components (optional) as covariates,
and dummy variables for different scanners or acquisition se-
quences were also included as covariates when analyzing the
combined samples. Details about sample information, structural
magnetic resonance imaging acquisition, image preprocessing, and
statistical analyses were shown in Supplementary Material and
Supplementary Table 1

3. Results

Our primary replication results were shown in Table 1. None of the
candidate SNPs were associated with mean bilateral hippocampal
volumes in either individual sample or combined samples. We also
assessed the associations by altering covariates (such as removing
intracranial volume or including multidimensional scaling compo-
nents), and the results remained nonsignificant (Supplementary
Tables 2 and 3). The associations for left or right hippocampal vol-
ume were both not significant (Supplementary Tables 4 and 5). In
addition, these SNPs were not associated with intracranial volume
(Supplementary Table 6) or other factors (e.g., sex, age and so forth)
either, excluding the possibility of the negative results caused by these
factors.

We performed power analysis based on our sample size (a total
of 990 subjects) using the genetic power calculator, and the ana-
lyses showed that we had over 80.0% power to detect risk variants
with effect size of 2% of the variance, suggesting that our results are
reliable.

4. Discussion

Our results did not show evidence of associations for the SNPs
in our Asian samples. We performed the power calculation on our
sample size and it is of enough power to identify true variants
showing nominal significant associations (p < 0.05). Effect size

(B) is a measure of the strength of a phenomenon such as hip-
pocampal volume variation; if an SNP contributes to hippocampal
volume variation equally in different populations, the effect size
should be the same between samples, but the p-value and stan-
dard error will vary because of differences in sample size;
therefore, we also compared the effect sizes () of the SNPs be-
tween our Asian samples and Europeans. We found the effect
sizes (B) in Asians were closer to zero compared with the results
in Furopeans (—9.91 mm?® vs. —52.80 mm?> for rs6741949-G;
5.85 mm> vs. —47.70 mm?> for rs7852872-C; —19.16 mm?> vs.
4758 mm® for rs7294919-C), and the directions of B varied
among the Asian samples (Table 1), indicating these SNPs un-
likely contribute to large effects to hippocampal volume variation
in Asians.

Notably, the genetic bases of hippocampal volume are very
complex, likely with many involved variants of small effects.
Although our imaging samples have been shown to be effective for
the detection of genetic effects on hippocampal volumes extracted
from the magnetic resonance imaging data (Li et al,, 2013; Zhu et al,,
2013), we are still unable to detect extremely weak effect variants.
More importantly, the most likely reason for the failure of replica-
tion is the well-known genetic divergences between European and
Asian populations, which are common in genetic analyses of com-
plex traits and disorders in world populations.
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Common variants at 1p36 are associated with superior frontal
gyrus volume
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INTRODUCTION
Schizophrenia is a common and complex psychiatric disorder with
a lifetime risk of approximately 1%. This disorder has a strong
genetic component; the estimated heritability is 81%." Multiple
genetic variants that have a small effect have been implicated in
the pathogenesis of schizophrenia.? A genome-wide association
study (GWAS) of single-nucleotide polymorphisms (SNPs) that
accesses tens of thousands of DNA samples from patients and
controls can be a powerful tool for identifying common risk
factors for complex diseases, such as schizophrenia. GWASs on
schizophrenia have identified several genome-wide significant
associated variants.>* Subsequently, GWASs on neurobiological
quantitative traits as intermediate phenotypes that possibly reflect
the underlying genetic vulnerability better than diagnostic
categorization, such as schizophrenia,>® have been performed to
minimize the clinical and genetic heterogeneity in studies of
schizophrenia.”

The superior frontal gyrus (SFG) of the brain is frequently found
to have reduced gray matter in individuals with first-episode
schizophrenia and neuroleptic naive schizophrenia, as well as
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chronic patients with schizophrenia.®® The SFG is involved in self-
awareness and emotion.'>'" Self-awareness is the cognitive ability
to differentiate between self and non-self cues and is necessary to
understand the behavior of other humans. Disturbance in self-
awareness linked to social cognition is a core feature of
schizophrenia.'? Emotional disturbances, including meaningless
laughter, are often observed in patients with schizophrenia.
Meaningless laughter was also observed in unaffected siblings of
schizophrenia, thus indicating its heritability.” In addition, laugh-
ter can be elicited by electrical stimulation of the SFG. Gray matter
volumes of bilateral SFG have a strong genetic component, with
an estimated heritability of 76-80%."* As there is considerable
inter-individual variation in the degree of reduced volume of the
SFG, it appears that genetic influences have a role in determining
the degree of volume reduction of the SFG in schizophrenia.
Although GWASs of bilateral hippocampal volume have recently
been reported,'*'® no study has investigated other brain areas in
patients with schizophrenia. To identify an SNP related to SFG
volumes, we conducted a GWAS of gray matter volumes in the
right or left SFG of patients with schizophrenia and healthy
subjects.

"Molecular Research Center for Children’s Mental Development, United Graduate School of Child Development, Osaka University, Suita, Osaka, Japan; Department of Psychiatry,
Osaka University Graduate School of Medicine, Suita, Osaka, Japan; *Department of Psychiatry, Fujita Health University School of Medicine, Toyoake, Aichi, Japan; *Division of
Ultrahigh Field MRI, Institute for Biomedical Sciences, lwate Medical University, Yahaba, Iwate, Japan; *Department of Molecular Neuropsychiatry, Osaka University Graduate
School of Medicine, Suita, Osaka, Japan; ®Biofunctional Imaging, Immunology Frontier Research Center, Osaka University, Suita, Osaka, Japan; “Department of Neuropsychiatry,
Institute of Clinical Medicine, University of Tsukuba, Ibaraki, Japan; ®Department of Neuropsychiatry, Graduate School of Medicine and Pharmaceutical Sciences, University of
Toyama, Toyama, Japan; *Department of Neuropsychiatry, Graduate School of Medicine, University of Tokyo, Tokyo, Japan; '°Department of Neuropsychiatry, Graduate School of
Medical Sciences, Kyushu University, Fukuoka, Japan; ''Division of Neuropsychiatry, Department of Neuroscience, Yamaguchi University Graduate School of Medicine,
Yamaguchi, Japan and '*Department of Psychiatry, Nagoya University Graduate School of Medicine, Nagoya, Aichi, Japan. Correspondence: Professor R Hashimoto, Molecular
Research Center for Children's Mental Development, United Graduate School of Child Development, Osaka University, D3, 2-2, Yamadaoka, Suita, Osaka 5650871, Japan.
E-mail: hashimor@psy.med.osaka-u.ac.jp

3These authors contributed equally to this work.

Received 3 June 2014; revised 4 August 2014; accepted 31 August 2014

96



GWA study of superior frontal gyrus
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MATERIALS AND METHODS

Subjects

We selected 281 patients with schizophrenia (52.0% males, 146 males and
135 females; mean age 36.0+ 12.4 years) and 413 healthy controls (49.6%
males, 205 males and 208 females; mean age 36.4 + 12.8 years) for a GWAS
of schizophrenia-related phenotypes, such as structural brain morphology,
neurocognitive function and neurophysiological assessments.'”"'® All of
the subjects were biologically unrelated, there were no first- or second-
degree relatives, and all were of Japanese descent?>?! The subjects were
excluded if they had neurological or medical conditions that could
potentially affect the central nervous system, such as atypical headaches,
head trauma with loss of consciousness, chronic lung disease, kidney
disease, chronic hepatic disease, thyroid disease, active cancer, cerebro-
vascular disease, epilepsy, seizures, substance-related disorders or mental
retardation. Patients with schizophrenia were recruited from the Osaka
University Hospital. Each patient had been diagnosed by at least two
trained psychiatrists according to the criteria from the DSM-IV (Diagnostic
and Statistical Manual of Mental Disorders, Fourth Edition) based on the
Structured Clinical Interview for DSM-IV. Current symptoms of schizo-
phrenia were evaluated using the positive and negative syndrome scale.
Controls were recruited through local advertisements at Osaka University.
The healthy subjects were evaluated using the non-patient version of the
Structured Clinical Interview for DSM-IV to exclude individuals who had
current or past contact with psychiatric services or who had received
psychiatric medications.

Superior frontal volumes obtained from the magnetic resonance
imaging data were assessed in 158 patients with schizophrenia and 378
healthy subjects. Detailed demographic information is shown in
Supplementary Table S1. Mean age and handedness did not differ
significantly between the cases and controls (P>0.50); however, the
gender ratio, years of education and estimated premorbid intelligence
quotient differed significantly between the cases and controls (P < 0.05).
The ratio of male was higher in patients with schizophrenia compared with
the controls. The years of education and estimated premorbid intelligence
quotient were significantly lower in patients with schizophrenia compared
with the controls. When the genotype groups in the top five SNPs with
genome-wide significance of the right SFG volume were compared within
the patient and control groups, we found no differences across the
demographic variables, except for the gender ratio in the controls
(rs6700718, rs1354792, rs10218584, and rs6702110; P < 0.05). Written
informed consent was obtained from all the subjects after the procedures
had been fully explained. This study was performed in accordance with the
World Medical Association’s Declaration of Helsinki and was approved by
the Research Ethical Committee of Osaka University.

Magnetic resonance imaging procedure and extraction of SFG
volumes

All magnetic resonance imaging data were obtained using a 1.5-T GE Signa
EXCITE system (Tokyo, Japan). A three-dimensional volumetric acquisition
of a T1-weighted gradient echo sequence produced a gapless series of 124
sagittal sections using a spoiled gradient-recalled acquisition in the steady
state (SPGR) sequence (TE/TR, 4.2/12.6 ms; flip angle, 15°% acquisition
matrix, 256x256; 1NEX, FOV, 24 x 24 cm; slice thickness, 14mm). We
screened all scans and found no gross abnormalities, such as infarcts,
hemorrhages or brain tumors, in any of the subjects. Each image was
visually examined to eliminate any images with motion or metal artifacts,
and the anterior commissure—posterior commissure line was adjusted.?
MR images were processed with the VBM8 toolbox (http://dbm.neuro.uni-
jena.de/vbm/download/) implemented for SPM8 (Wellcome Department of
Imaging Neuroscience, University College London, UK, http://www.filion.
uclac.uk/spm) running in MATLAB (The Mathworks, Natick, MA, USA) for
tissue segmentation and anatomical normalization, as described
elsewhere.”>** The voxel values of the normalized gray matter images
were modulated according to the nonlinear component of the transforma-
tion, which resulted in approximating brain-size-adjusted gray matter
volumes while preserving local volume changes.?® Gray matter volumes of
the bilateral SFG were then calculated by using the maximum probabilistic
atlas using 20 hand-labeled images (Supplementary Figure 51).27:28

SNP selection and SNP genotyping

Genotyping was performed using the Affymetrix Genome-Wide Human
SNP Array 6.0 (Affymetrix, Santa Clara, CA, USA), according to the
manufacturer's protocol. The genotypes were called from the CEL files
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using Birdseed v2 for the 6.0 chip implemented in the Genotyping Console
software (Affymetrix). We then applied the following quality control (QC)
criteria to exclude samples: (i) arrays with low QC (< 0.4) according to
Birdseed v2 (N=0), (ii) samples for which < 95% of the genotypes were
called (N=0) and (iii) samples in the same family according to 7t {>04,
N=0). Next, we excluded SNPs that: (i) had low call rates ( < 0.95), (i) were
duplicated, (iii) were localized to sex chromosomes, (iv) deviated from
Hardy-Weinberg equilibrium in the controls (P < 0.0001) or (v) had low
minor allele frequencies < 0.05. After all of these exclusions, 517 946 SNPs
that underwent QC remained for experimental analysis.

To test for the existence of a genetic structure in the data, we performed
a principal component analysis using EIGENSTRAT 3.0 software.®® Ten
eigenvectors were calculated. Genotype information from the JPT
(Japanese in Tokyo, Japan), CHB (Han Chinese in Beijing, China), CEU
(Utah residents with ancestors from northern and western Europe) and YRI
(Yoruba in Ibadan, Nigeria) in HapMap phase lil was compared with our
data set to check for population stratification (Supplementary Figure S2).

Statistical analyses

Statistical analyses of the demographic variables were performed using
PASW Statistics 18.0 software (SPSS Japan, Tokyo, Japan). Differences in the
clinical characteristics between patients and controls were analyzed using
X tests for the categorical variables and the Mann-Whitney U-test for the
continuous variables. Multiple linear regression analysis was performed to
compare the gray matter volumes in the right and left SFG regions among
genotypes (the number of major alleles; 0, 1 or 2) using PLINK 1.07
software. Diagnosis, age and gender were included as covariates.
Quantile-Quantile is listed in Supplementary Figure S3.

RESULTS

We observed associations between five variants (rs4654899,
rs6702110, rs6700718, rs10218584 and rs1354792) on 1p36.12
and the right SFG volume at a wide!}y used benchmark for
genome-wide significance (P <5.0x107%, /* among SNPs >0.8;
Figure 1). The strongest association was observed at rs4654899, an
intronic SNP in the eukaryotic translation initiation factor 4
gamma, 3 (EIF4G3) gene on 1p36.12 (P=75X% 1072 Figure 2). No
SNP with genome-wide significance was found in the volume of
the left SFG; however, the rs4654899 polymorphism was identified
as the locus with the second strongest association with the
volume of the left SFG (P=1.5x 1075 Figure 1). The top 10 and
top 200 markers on each SFG are shown in Tables 1 and 2 and
Supplementary Tables S2 and S3. Post hoc analyses separately
assessed in patients and controls also revealed reduced but
significant associations (Tables 1 and 2 and Supplementary Tables
S2 and S3). Genotype effects of rs4654899 on gray matter volume
of right superior frontal gyrus were found in patients with
schizophrenia and controls (Figure 3). We attempted to bioinfor-
matically ascertain the potential effects of the rs4654899
polymorphism on the expression levels of genes at the genome-
wide region by using the mRNA by SNP Browser 1.0.1 database
(http://www.sph.umich.edu/csg/liang/asthma/). Significant effects
of the rs3767248 proxy SNP for rs4654899 (= 1.0) were identified

Right Superior Frontal Gyrus Left Superior Frontal Gyrus
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Figure 1. Manhattan plots derived from the multiple linear regres-

sion analysis of the bilateral superior frontal volumes. The blue line
indicates a P-value of 1.0E—05. The red line indicates a P-value of
5.0E—-08.

© 2014 Macmillan Publishers Limited



