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Abstract: The Disrupted in Schizophrenia Gene 1 (DISC1) plays a role in both neural signaling and
development and is associated with schizophrenia, although its links to altered brain structure and
function in this disorder are not fully established. Here we have used structural and functional MRI to
investigate links with six DISC1 single nucleotide polymorphisms (SNPs). We employed a brain-wide
association analysis (BWAS) together with a Jacknife internal validation approach in 46 schizophrenia
patients and 24 matched healthy control subjects. Results from structural MRI showed significant asso-
ciations between all six DISC1 variants and gray matter volume in the precuneus, post-central gyrus
and middle cingulate gyrus. Associations with specific SNPs were found for rs2738880 in the left pre-
cuneus and right post-central gyrus, and rs1535530 in the right precuneus and middle cingulate gyrus.
Using regions showing structural associations as seeds a resting-state functional connectivity analysis
revealed significant associations between all 6 SNPS and connectivity between the right precuneus and
inferior frontal gyrus. The connection between the right precuneus and inferior frontal gyrus was also
specifically associated with rs821617. Importantly schizophrenia patients showed positive correlations
between the six DISC-1 SNPs associated gray matter volume in the left precuneus and right post-
central gyrus and negative symptom severity. No correlations with illness duration were found. Our
results provide the first evidence suggesting a key role for structural and functional connectivity asso-
ciations between DISC1 polymorphisms and the precuneus in schizophrenia. Hum Brain Mapp 00:000–
000, 2014. VC 2014 Wiley Periodicals, Inc.

Key words: schizophrenia; DISC1; precuneus; MRI; voxel-wise association study; link-wise association
study
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INTRODUCTION

Schizophrenia is a complex syndrome mainly defined by
positive and negative symptoms of psychosis [Mueser and
McGurk, 2004]. It is increasingly viewed as a developmen-
tal disorder with onset of first major symptoms normally
in late adolescence following a prodromal period lasting a
number of years [Insel, 2010; Fusar-Poli et al., 2013]. Cur-
rent antipsychotic treatments mainly reduce positive psy-
chotic symptoms but are less effective at treating the
broad range of cognitive and emotional disturbances asso-
ciated with the disorder, and may themselves also contrib-
ute to brain changes [Ho et al., 2011; Lui et al., 2010;
MacDonald and Schulz, 2009; Milev et al., 2005].

Many neuroimaging and neurophysiological studies
have reported structural and functional changes in the
brains of schizophrenia patients, particularly dysconnectiv-
ity between frontal, parietal and temporal regions and the
two brain hemispheres. These changes are also often asso-
ciated with the symptom severity [Friston and Frith, 1995;
Garrity et al., 2007; Greicius, 2008; Guo et al., 2014; Huang
et al., 2010; Liang et al., 2006; Lui et al., 2009; Lynall et al.,
2010; Zhou et al., 2007]. Although there is considerable
variability in reported findings, the default mode network
(DMN) is often implicated [Bluhm et al., 2007; Garrity
et al., 2007; Meyer-Lindenberg et al., 2005; Whitfield-
Gabrieli et al., 2009].

A major focus has been on identifying key genetic contri-
butions to schizophrenia, although robust links between
specific neural circuitry changes and genetic polymor-
phisms are not reliably established. One gene frequently
associated with schizophrenia is the Disrupted in Schizo-

phrenia Gene 1 (DISC1), which has a protein scaffold func-
tion and influences both neuronal signaling and
development [Brandon et al., 2009; Porteous et al., 2011;
Thomson et al., 2013]. A recent review of all genes associ-
ated with risk prediction for schizophrenia identified DISC1
as the top candidate [Ayalew et al., 2012], although not all
studies have found significant links [Brandon et al., 2009;
Mathieson et al., 2012]. Three common missense mutations
in DISC1 often associated with schizophrenia are R264Q
(rs3738401), L607F (rs6675281), and S704C (rs821616) in
Caucasian populations and S704C in the Chinese Han popu-
lation [Brandon et al., 2009; Porteous et al., 2011; Qu et al.,
2007]. While DISC1 variants, particularly L607F and S704C,
are associated with altered development, structure or func-
tion in frontal and temporal cortical regions in both healthy
subjects and schizophrenia patients [Duff et al., 2013; Thom-
son et al., 2013], findings are often inconsistent, do not incor-
porate internal validation steps and are usually seed-based
rather than using an unbiased brain-wide association
approach. Also, no studies have investigated altered
resting-state functional connectivity associated with DISC1,
although structural connectivity changes have been associ-
ated with S704C in healthy subjects [Li et al., 2013].

A semi-parametric regression model has been proposed
to describe the association between SNPs in the same
genetic pathway or nearby loci. In this way, the covariate
effect of a single locus is modelled parametrically but the
pathway interaction of multiple gene SNPs is modeled
non-parametrically by using least-squares kernel machines
(LSKM) [Kwee et al., 2008; Liu et al., 2007]. This approach
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has been shown to be flexible for modeling high-
dimensional interactions while allowing for covariates,
and efficient for association mapping of quantitative traits
[Ge et al., 2012].

In the current study we have used an imaging genetics
approach, based on semi-parametric regression and LSKM, to
investigate brain wide associations between six single nucleo-
tide polymorphisms (SNPs) of the DISC1 gene and grey mat-
ter (GM) and resting-state functional connectivity changes in
the brains of both schizophrenia patients and healthy con-
trols. Initial analysis was carried out on a combined group of
controls and patients to increase statistical power. Addition-
ally, we performed an internal validation of the robustness of
our findings using a Jackknife approach, and investigated
correlations between DISC1 SNP-associations and symptom
severity and illness duration in patients.

MATERIALS AND METHODS

A schematic showing the overall experimental design
used in the study is provided in Figure 1.

Subjects

A total of 46 schizophrenia patients and 24 healthy con-
trols were recruited from the Second Xiangya Hospital, Cen-

tral South University, China. The patients and healthy
controls were right handed and matched for sex and educa-
tion duration, although control subjects were slightly older
(Table I). All except one of the patients were Han Chinese.
The patients were interviewed by trained psychiatrists and
met the DSM-IV diagnostic criteria for schizophrenia. Patient
symptoms were evaluated using the Positive and Negative
Symptoms Scale (PANSS). Eight patients (17.4%) did not
take any antipsychotics, and 38 patients were receiving anti-
psychotics at the time of scan: 37 patients (80.4%) were
receiving second generation antipsychotics (SGAs) (cloza-
pine, risperidone, quetiapine, olanzapine, sulpiride or aripi-
prazole), in which 31 patients (67.4%) received
monotherapy, and 6 patients (13%) received polytherapy
with two SGAs, and only one patients (2.2%) were receiving
combination therapy (combining a first-generation antipsy-
chotics and an SGA). All medication doses were converted
to chlorpromazine equivalence (50–1067 mg day21). The
mean dosages of monotherapy and polytherapy with SGAs
and combination therapy were 431.3, 466.7, and 400 mg
day21, respectively. The mean duration of therapy for the
patients was 32.2 weeks (range 2–144 weeks). The healthy
controls were all assessed by structured interviews with
experienced psychiatrists in accordance with DSM-IV criteria
as being free of schizophrenia and other Axis I disorders.
None had any neurological diseases or suffered from clini-
cally significant head trauma or had a history of any

Figure 1.
Flow chart showing approaches and experimental designs.
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substance dependence. Written informed consent was
obtained from all individual participants, and research pro-
cedures and ethical guidelines were followed in accordance
with the Institutional Review Board (IRB) of the Second
Xiangya Hospital, Central South University. Genomic DNA
was extracted from whole blood using standard protocols.

Genotyping of DISC1 Variants

The reference sequence of the DISC1 gene was acquired
from the UCSC Genome Browser (NM_018662). Three seg-
ments containing functional variants rs3738401 (R264Q),
rs6675281 (L607F), and rs821616 (S704C) were sequenced in
all samples using BigDye Terminator version 3.1 in ABI
3100 sequencers (Applied Biosystems, Foster City, CA). The
forward primer of rs3738401 (R264Q) was 5’- GTT CCT TTC
CCC AGC AGT G -3’ and the reverse was 5’-AGA ATG
CAT GTC ACG CTC T -3’. The forward primer of rs6675281
(L607F) was 5’-GAT GGC TTC ACC AAT GGA AC -3’ and
the reverse was 5’-CAG GTT GAG ACA GGG AA AGA -3’.
The forward primer of rs821616 (S704C) was 5’- TGT CTC
AGC TGC AAG TGT CC -3’ and the reverse was 5’- ATG
CCA AAA GTT GGG TTT TT -3’.

After sequencing, ten DISC1 variants were identified, six
of which were common SNPs with minor allele frequency
>5% in our samples. These six SNPs: rs3738401 (R264Q),
rs2738880, rs12133766, rs1535530, rs821616 (S704C) and
rs821617, were included in the following analysis while
four rare variants: rs56020408, rs6672782, rs11122391,
rs6675281 (L607F) were excluded due to their low frequen-
cies in our samples.

Linkage disequilibrium (LD) analysis of SNPs was
tested using Haploview 4.2 software. D0 and r2 for each
pair of SNPs were calculated in LD analysis. No pairwise
SNPs showed a high level of LD except the pair of
rs821616 and rs821617 (D05 1.0, r2 5 0.69).

Structural MRI Acquisition and Preprocessing

All image data were acquired using a 1.5T Siemens MRI
scanner. High-resolution whole brain volume T1-weighted
images were acquired sagittally with a 3D spoiled gradient

echo(SPGR) pulse sequence (repetition time, 12.1 ms; echo
time, 4.2 ms; flip angle, 15!; field of view 5 240 3
240 mm2; acquisition matrix, 256 3 256; thickness, 1.8 mm;
number of excitations, 2; 172 slices.).

All T1-weighted structural data were pre-processed with
SPM5 software package (http://www.fil.ion.ucl.ac.uk/
spm) based on General Linear Model and Gaussian Ran-
dom Field theory [Friston et al., 1995]. The normalization,
segmentation, and modulation were completed in one
step, resulting in modulated GM. In the normalization, all
images were spatially normalized to the T1-weighted tem-
plate in the Montreal Neurological Institute (MNI) space,
and were re-sampled into a final voxel size of mm3. The
modulated images were then smoothed with a full-width
at half-maximum (FWHM) 8-mm Gaussian kernel for fur-
ther analysis. Identification of brain regions was per-
formed used the automated anatomical labelling (AAL)
atlas which parcellates the brain into 90 regions of interest
(ROIs; 45 in each hemisphere) [Tzourio-Mazoyer et al.,
2002]. In the following, we only use Talairach coordinates
to locate the voxels in brain, which is a common coordi-
nate system used in fMRI and transcranial stimulation
studies of brain regions [Bankman, 2008]. An alternative
system is the Montreal Neurological Institute and Hospital
(MNI) coordinate, which can be transformed to the Talair-
ach coordinate by the following equations:

x50:993X; y50:96883Y10:0463Z;

z520:04853Y10:91893Z if Z " 0

x50:993X; y50:96883Y10:0423Z;

z520:04853Y10:8393Z if Z < 0

where [X, Y, Z] is the MNI coordinate and [x, y, z] is the
responding Talairach coordinate.

Functional MRI Acquisition and Preprocessing

For fMRI, a total of 180 volumes of Echo Planar Imagin-
ing (EPI) images were obtained axially (repetition time,
2,000 ms; echo time, 40 ms; slices, 20; thickness, 5 mm;
gap, 1 mm; field of view (FOV), 24 3 24 mm2; resolution,
64 3 64; flip angle, 90!). Prior to pre-processing, the first

TABLE I. Subject demographics

Group
No. of

subjects
Sex

(M/F)
Age

(years)
Illness duration

(years)
Education

(years)

PANSSa scores

Total Positive Negative General

Schizophrenia patients 46(8 UMb) 27/19 24.2 6 5.7 18.1 6 15.9 12.6 6 2.4 88.8 6 20.1 19.5 6 6.1 21.2 6 6.2 40.2 6 9.8
Healthy controls 24 14/10 28.3 6 5.9 N/A 13.2 6 3.6 N/A N/A N/A N/A
p values N/A 0.9165c 0.0061c N/A 0.375 N/A N/A N/A N/A

aAmong 46 schizophrenia patients, there are seven subjects who have no PANSS component scores only total scores.
b“UM” means the number of the unmediated subjects in the schizophrenia group.
ct test with df 5 68.
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10 volumes were discarded for scanner stabilization and
the subjects’ adaptation to the environment.

Pre-processing of fMRI data was then conducted using
SPM5 and a Data Processing Assistant for Resting-State fMRI
(DPARSF) [Chao-Gan and Yu-Feng, 2010]. In all cases head
movements did not exceed the criterion of greater than
61.5mm or 61.5!. The functional scans were firstly corrected
for within-scan acquisition time differences between slices,
and then realigned to the middle volume to correct for inter-
scan head motions. Subsequently, the functional scans were
spatially normalized to a standard template (MNI space) and
resampled to 3 mm3. After normalization the BOLD signal of
each voxel was first detrended to abandon linear trend and
then passed through a band-pass filter (0.01–0.08 Hz) to
reduce low-frequency drift and high-frequency physiological
noise. Finally, nuisance covariates including head motion
parameters, global mean signals, white matter signals and cer-
ebrospinal signals were regressed out from the BOLD signals.

The brain regions of interest were allocated by a special
approach that will be addressed in subsection of the link-
wise association study (LWAS) below. To locate their brain
regions of anatomy, the automated anatomical labeling
(AAL) atlas were still used as mentioned above [Tzourio-
Mazoyer et al., 2002].

Multilocus Approach and Least Square Kernel
Machines

Let N be the number of unrelated subjects. For each sub-
ject i, let YiðvÞ denote the quantitative imaging trait (for
example, gray matter volume in VBM or correlation coeffi-
cient) at a particular voxel or a link v. Xi is a q31 vector of
the (non-SNP) covariates. In this study, age, sex and an
intercept are included as covariates (here q 5 3), which com-
prise Xi. Let Gi5½Gi;1; & & & ;Gi;S'T be the S31 vector with the
element Gi;s being the genotype for the SNPs of subject i,
which is coded to be the number of copies of the minor
allele that subject i possesses for SNPs, and takes the values
of 0, 1, or 2. The semi-parametric model for a given voxel is:

YiðvÞ5XT
i bKðvÞ1hðGiÞ1Ei;KðvÞ; i51; & & & ;N

for all voxels v. Here, bKðvÞ is the q31 regression parameter
vector and the errors ei;KðvÞ are assumed to be normally dis-
tributed with mean 0 and standard deviation rK. hð&Þ denotes
the non-parametric function of the SNPs, defined in a func-
tion space HK, of which the kernel matrix (N3N) is positive
definite and depends on the genotype data (Liu et al., 2007).
In particular, following the following setup [Ge et al., 2012;
Kwee et al., 2008], the kernel function (matrix) is defined:

kðGj;GkÞ5
1

2S

XS

s51

IBSðGj;s;Gk;sÞ

where
XS

s51

IBSðGj;s;Gk;sÞ denotes the number of alleles

shared IBS by subjects j and k at the SNPs, and takes values

0, 1, or 2. Here, we assume IBS521 if one individ-
ual has missing genotype and emphasise that it does
not affect the results if picking other values. The
healthy control and schizophrenia subjects were
mixed into this model to increase the statistic power,
which is a routine in imaging genetic association
study towards illness [Ge et al., 2012; Hibar et al.,
2011a,b], see [Hibar et al., 2011a] for a review and
[Ge et al., 2012; Hibar et al., 2011b; Vounou et al.,
2012] for examples.

By using a connection to Linear Mixed Models, a score
statistic based on the null (non-SNP) model can be used to
test the effect of multiple SNPs on the traits [Liu et al.,
2007]:

Qs5
1

2r̂2
K

ðY2Xb̂ÞTKðY2Xb̂Þ

where Y5½Y1; & & & ;YN'Tand X5½X1; & & & ;XN'T, r̂K and b̂ are
the estimators of the linear model Y5Xb1E. The Sat-
terthwaite method is then used to approximate the distri-
bution of Q by a scaled v2-distribution, jv2

v, where the
scale parameter j and the degrees of freedom m were cal-
culated in [Liu et al., 2007] as:

j5
~Iss

2~e
; v5max 1;

2~e2

~Iss

( )

where ~Iss5Iss2Isr2 I21
r2r2 IT

sr2 , Iss5trðP0KÞ2=2, Isr2 5trðP0KP0Þ=
2, Ir2r2 5trðP2

0Þ=2, and P05I2XðXTXÞ21XT . The significance
of the test can then be assessed by comparing the scaled
score statistic to the chi-squared distribution with m
degrees of freedom.

In addition, when considering LWAS, v stands for the
index of functional link between a pair of ROI and YiðvÞ
stands for the (group) correlation coefficient at the
link v.

Group Correlation Coefficients Between ROIs

After data pre-processing, the fMRI data were extracted
into voxel-wise time courses. Considering two ROIs, each
of which have a number of time courses, denoted by A5f
x1ðtÞ; & & & ; xnðtÞg and B5fy1ðtÞ; & & & ; ymðtÞg, t51; 2; & & & ;T, n
and m are the number of voxels in these two ROIs respec-
tively, to calculate the group correlation coefficients, the
spatial principle component analysis (PCA) was used to
extract the principle time course of each ROI. Let PCAðtÞ5
Xn

i51

aixiðtÞ be the first principle component of A and PCBðtÞ

5
Xm

j51

bjyjðtÞ be the first principle component of B. Thus,

the group correlation coefficient between the ROIs A and
B is defined as the Pearson correlation coefficient between
PCAðtÞ andPCBðtÞ:
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CCA;B5
cov ðPCA;PCBÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

var ðPCAÞvar ðPCBÞ
p

Voxel-wise Association Analysis (VWAS)

The T1-weighted structural data were analyzed for the
association with DISC1 variants using the multi-locus
approach of a semi-parametric regression model (see
above). Six SNPs of DISC1 were considered in the
model, and covariate effects such as sex and age mod-
elled parametrically (i.e., linearly), including an intercept
column with all components equal to 1. The interaction
of SNPs was modeled non-parametrically using a least-
squares kernel machines (LSKM) approach which
allowed a flexible function of the joint effect of multiple
SNPs on the imaging traits by specifying a kernel func-
tion [Kwee et al., 2008]. The SPM5 based general linear
model was used to estimate regression parameters and
achieve residual error vectors. By using a connection to
linear mixed models, a score statistic based on the null
(no-SNP) model was used to test the effect of multiple
SNPs on traits followed by a Satterthwaite approxima-
tion test [Liu et al., 2007].

Thus, chi-square statistics at all voxels form a statistical
parametric mapping. Two analyses are performed in this
study: highest peak identification and largest cluster local-
ization. A region-wise Bonferroni correction (i.e., 453)
was performed to obtain a corrected P value (P< 0.05 con-
sidered significant). Peak identification is achieved by
searching for the voxel in the statistical parametric map-
ping with the largest value (smallest P value). For cluster
localization, each cluster is formed as a set of contiguous
voxels with chi-square values exceeding a pre-defined
cluster forming threshold, where contiguity is defined by
an order-18 neighborhood (voxels need at least a common
edge to be connected). The cluster-forming threshold is set
to an uncorrected P value threshold of 0.02. The largest
cluster size is defined in RESELs (Resolution Elements) by
the random field theory, number of voxels, as well as
their GM volumes [Ge et al., 2012]. The corresponding P
value and its region-wise Bonferroni correction of each
cluster is calculated using “stat_thresh” in the NS toolbox
of SPM5.

Peak and cluster analysis was also carried out for indi-
vidual SNP, where P values survived both region-wise
and SNP-wise Bonferroni correction, i.e. 3(45 3 6).

Each SNP that survived in the SNP-wise VWAS above
was picked up to divide the whole sample into two groups:
one group comprising the subjects for whom the major
allele of this SNP occurs twice, i.e. whose number of copies
of the major allele is 2, and the remaining, i.e. whose num-
ber of copies of the major allele is 0 or 1. Then, student t
tests were conducted to compare the GM volumes of the
significant voxels in each brain region (AAL) surviving in
the SNP-wise VWAS for this SNP in the two groups.

Link-wise Association Analysis (LWAS)

The functional links associated with DISC1 SNPs were
analyzed by LWAS using regions with significant voxels
identified by the previous VWAS analysis as seeds. Here,
a 5-mm radius sphere centred at the significant peak voxel
in each AAL brain region identified by VWAS, acted as
the seed ROI and the whole brain was parcellated into
1072, non-overlapping ROI cubes with a side-length of
12 mm. We then obtained the functional correlation
between the seed and cube ROIs by calculating the group
correlation coefficients (GCCs) of the time courses from
fMRI data (see above).

Analogous to VWAS, we utilized the multilocus
approach of a semiparametric regression model (see
above) to relate the functional link from the seed ROI to
the others with SNPs. The six SNPs were considered in
the model and the LSKM approach was used to achieve
statistical parametric mapping of chi-square test statistics.
An ROI-wise Bonferroni correction was performed by mul-
tiplying uncorrected P values by the number of the cube
ROIs, i.e. 31072.

We also studied the correlation between each single
SNP and the functional connection from the seed ROI to
each non-overlapping cube ROI. The Bonferroni correction
used both ROI-wise and SNP-wise, i.e. 3(1072 3 6). Thus,
in this model we let v be the index of cube ROI and YiðvÞ
denote the group correlation coefficients from the cube
ROI v to the predefined seed. Here we report correlation
coefficients without Fisher r-z transformation, however we
have confirmed that the same overall results are obtained
from our LWAS analysis following a Fisher transformation
(data not shown).

Each SNP that survived in the SNP-wise LWAS above
was picked up to divide all of the subjects into two
groups: one group comprising subjects whose number of
copies of the minor allele is 2, and the other of those
whose number of copies of the minor allele is 0 or 1. A,
students t test was then conducted to compare the correla-
tion coefficients of the significant links surviving in the
SNP-wise for this SNP-wise LWAS in the two groups.

Correlations with PANSS Scores, Illness
Durations, and Medication Dose

Pearson correlations were used to investigate associa-
tions between PANSS scores, illness durations and medica-
tion dose (daily dose in chlorpromazine equivalents), and
GM volumes (VBM) respectively that survived the VWAS
analysis, and the strength of functional links that survived
the LWAS analysis.

Internal Validation by dn-Jackknife

Jackknife, like bootstrap, is a widely used technique for
resampling to verify the accuracy and robustness of a
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statistical approach [Miller, 1974]. In addition to delete-one
resampling, the general dn-Jackknife approach (i.e., delete-
(n-dn) Jackknife) approximates the true distribution of the
statistics of interest by selecting all sample subsets of the
size dn without replacement, and is particularly useful for
cases with small sample sizes. The empirical distribution
by dn-Jacknife converges to the true one asymptotically,
and especially satisfies first and second-order properties
[Babu and Singh, 1985; Bertail, 1997]. Here we utilized
Jackknife using two steps. (1) Resampling: we selected
90% (63 subjects) of samples without replacement from the
original whole sample set (71 subjects); (2) Re-calculating:
we calculated the chi-square statistics and their uncor-
rected P values by the same multi-locus model and LSKM
approach (see above) based on this sub-sample set.
Because we cannot carry out calculations for all sub-
sample sets without replacement (i.e., >109), we randomly
selected the subsample set 10,000 times with equal proba-
bilities to generate the empirical distribution. This proved
to be robust despite the random selection of 10,000 sub-
sample sets (data not shown). Instead of the statistic of
interest (chi-square), we show the empirical distribution of
the uncorrected P values for the chi-square statistics and
compare it with the original (for all samples).

We did not use bootstrap by resampling with replace-
ment since in this case the replacement causes unexpected
replication of subjects and increases the number of zero ele-
ments in the kernel matrix of LSKM. This might influence
the order of the chi-square statistics and thus make their
values incomparable for different resampling processes.

RESULTS

VWAS Analysis

The VWAS analysis based on all six SNPs found a num-
ber of voxels that survived after region-wise Bonferroni
correction with four peak voxels, significantly associated
with DISC1 variants. Using Talairach co-ordinates they
were located in the right precuneus ([14,252,36], corrected
P value of 0.0076), right middle cingulate gyrus
([14,250,34], corrected P value of 0.0087), right post-central
gyrus ([38,240,64], corrected P value of 0.0074), and left
precuneus ([210,264,64], corrected P value of 0.025),
respectively (Table II, Figs. 2 and 3). The most significant
peak voxel in the right precuneus was not isolated but
also belonged to the largest significant cluster. All the vox-
els in this cluster were in the right precuneus and neigh-
boring right middle cingulate gyrus. Two individual SNPs,
rs2738880 and rs1535530, showed significant associations
with the voxels located in the same regions. Voxels in the
right post-central gyrus were associated with rs2738880
(corrected P value of 0.0279) and there was a trend for the
left precuneus as well (corrected P value of 0.063). Voxels
in the right precuneus and right middle cingulate gyrus
were associated with rs1535530 (corrected P values of
0.0165 and 0.0223, respectively; Table II, Figs. 2 and 3). For

the cluster analyses, the only significant cluster was also
found in right precuneus and right middle cingulate gyrus
and this was associated with rs1535530. Carriers of the TT
genotpye in rs1535530 showed increased GM volumes for
these significant voxels in both right precuneus and right
middle cingulate gyrus compared to the individuals with
CC/CT genotypes (Fig. 4a,b) but genotypes of rs2738880
were not significantly correlated with GM volumes for
these significant voxels in the post-central gyrus (Fig. 4c).

LWAS Analysis

A 5-mm radius ROI sphere centred at the peak voxel in
the right precuneus identified with the six common SNPs
was set as a seed and its functional connectivity with the
remaining cube ROIs (1072 ROIs) was investigated. The
LWAS analysis identified a significant cube ROI with a
region-wise Bonferroni corrected P value 0.0154 in the
right triangular inferior frontal gyrus, as shown in Figure
5 and Table III. This significant cube ROI was also associ-
ated with SNP rs821617 alone (P 5 0.0346 after correction)
(Fig. 5, Table III). Here genotypes of this SNP were signifi-
cantly correlated with the correlation coefficients of this
link (Fig. 4d).

In the same way, we also set 5-mm radius ROI spheres
centred at the peak voxel in the left precuneus, the right
post-central gyrus and right middle cingulate gyrus, iden-
tified with the six common SNPs, as seeds, and investi-
gated functional connectivity with the remaining cube
ROIs. However, no significant cube ROIs had significantly
associated functional connections (Table III).

Links With Symptom Severity and Illness
Duration as well as Medication Dose in

Schizophrenia Patients

After the VWAS and LWAS, we calculated Pearson corre-
lations between the SNP-associated GM volumes and func-
tional connections and PANSS scores as well as illness
durations and medication dose in the schizophrenia patients
(Tables II and III, Fig. 3). The GM volume of voxels in the
left precuneus associated with all six DISC1 SNPs was sig-
nificantly positively correlated with negative, but not posi-
tive or general psychopathology PANSS scores (Table II, Fig.
3). The only other region showing significant GM volume
correlations with PANSS scores was the right post-central
gyrus which was also significantly positively correlated with
negative but not positive symptoms. There was also a trend
towards a significant positive correlation with general scores
(Table II). For individual SNPs, the voxels in the right post-
central gyrus associated with rs2738880 were significantly
positively correlated with negative but not positive scores
and there was a trend towards positive correlation with gen-
eral scores (Table II). We did not find significant correlations
between PANSS symptom scores and voxels in the right
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precuneus and middle cingulate gyrus associated with either
all SNPs or the single SNP rs1535530.

There were no significant correlations between DISC1-
associated GM volumes or functional connections and ill-
ness duration (P> 0.5 and N 5 46 in all cases: GM—right
middle cingulate gyrus—r 5 20.037, P 5 0.808; right post-
central gyrus—r 5 0.045, P 5 0.769; right precuneus—
r 5 20.045, P 5 0.768; left precuneus—r 5 0.081, P 5 0.593:
Functional connections—right precuneus to right inferior
frontal gyrus—r 5 20.102, P 5 0.5). There were also no sig-
nificant correlations with medication dose (P> 0.1 and
N 5 38 in all cases: GM—right middle cingulate gyrus—

r 5 20.13, P 5 0.50; right postcentral gyrus—r 5 20.25,
P 5 0.17; right precuneus—r 5 0.029, P 5 0.88; left precu-
neus—r 5 20.021, P 5 0.91: Functional connections—right
precuneus to right inferior frontal gyrus—r 5 20.17,
P 5 0.36).

Internal Validation of VWAS and LWAS

For VWAS, first we selected the four peak voxels located
in the right precuneus ([14,252,36] in Talairach space coor-
dinate), right middle cingulate gyrus ([14, 250,34]), right

TABLE II. VWAS results

Peak analyses

SNPs Regions

Talairach
coordinates
(mm) of the
peak voxel

in the region

Chi-square
statistics and P
values of the
peak voxel
(corrected)

No. of
significant

voxels

Grey matter volume and PANSS
correlation scores (P values)

Total
(N 5 46)

Positive
(N 5 39)

Negative
(N 5 39)

General
(N 5 39)

Six
common
SNPsa

PCUN R [14,252,36] v2 5 26.63,
P 5 1.694e-4 (0.0076)b

13 0.002 (0.990) 20.069 (0.676) 0.032 (0.845) 20.067 (0.686)

PCUN L [210, 264,64] v2 5 23.852,
P 5 5.562e-4 (0.025)

20 0.103 (0.494) 20.138 (0.401) 0.319 (0.048) 0.080 (0.631)

MCG R [14, 250,34] v2 5 26.319,
P 5 1.942e-4 (0.0087)

9 20.034 (0.824) 20.046 (0.782) 20.044 (0.790) 20.084 (0.613)

PoCG R [38, 240,64] v2 5 26.716,
P 5 1.636e-4 (0.0074)

29 0.352 (0.017) 0.180 (0.274) 0.346 (0.031) 0.312 (0.053)

rs2738880c PCUN L [212, 248,50] v2 5 16.731,
P 5 2.328-4 (0.063)

0 N/A N/A N/A N/A

PoCG R [40, 240,64] v2 5 18.353,
P 5 1.034e-5 (0.0279)

6 0.338 (0.022) 0.168 (0.307) 0.342 (0.033) 0.302 (0.062)

rs1535530d PCUN R [14, 252,36] v2 5 16.066,
P 5 6.1175e-5 (0.0165)

6 20.033 (0.827) 20.090 (0.587) 20.014 (0.931) 20.093 (0.575)

MCG R [14, 250,34] v2 5 15.499,
P 5 8.254e-5 (0.0223)

2 20.050 (0.743) 20.048 (0.774) 20.059 (0.722) 20.088 (0.596)

Cluster analyses the largest clusters (in RESELS) and their centre regions

SNPs No. RESELs/Voxels/Mean Volumes (VBM) P values (corrected) Centre regions

Six common SNPs 1 7.2925/584/144.01 2.039e-05 (1.572e-04)e PCUN R, MCG R
2 1.5373/102/25.53 0.013 (0.096) PCUN L
3 1.4617/146/32.42 0.015 (0.108) PoCG R, SPG R
4 1.334/134/28.21 0.019 (0.135) PCUN L

rs2738880 1 3.404/347/78.49 0.0018 (0.0114) PoCG R, SPG R
2 3.181/360/89.45 0.0023 (0.0147) PCUN R, MCG R
3 2.5694/200/52.92 0.0047 (0.0302) PCUN L

rs1535530 1 5.337/250/63.81 4.93e-4 (0.0028) PCUN R, MCG R
2 1.6021/60/15.65 0.025 (0.132) MTG L
3 1.422/85/18.77 0.033 (0.169) MFG R

adf 5 6 for chi-square statistics.
bBold font means that the corrected P value is <0.05.
c,ddf 5 1 for chi-square statistics.
eBold and italic font means that the corrected P value is <0.001.
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post-central gyrus ([38, 240,64]), and left precuneus ([210,
264,64]), respectively (Table II). Their empirical distribu-
tions by dn-Jackknife indicated that the original chi-square
statistics shown by its uncorrected P values together with
the threshold of the brain region-wise Bonferroni correc-
tion (0.05/45) stayed within the 5–95% confidence interval
(Figs. 7a, b, c, d). Next we illustrated the robustness of our
results by counting: (1) The distribution of each of the 90
AAL brain regions containing a GM peak voxel with

respect to the uncorrected P values via 10,000 times of ran-
dom resampling; (2) The percentage of times that each
brain region contained a significant voxel after brain
region-wise (AAL) Bonferroni correction, i.e., uncorrected
P values <0.05/45, across the 10,000 times of random
resampling. The four brain regions identified (the right
and left precuneus, right middle cingulate gyrus and right
post-central gyrus) contribute >95% of the peak voxels,
with the precuneus (left and right) contributing more than

Figure 2.

Manhattan plots of the voxel-wise distribution of uncorrected P
values by VWAS with all six SNPs in DISC1 (middle), rs1535530
(left) and rs2738880 (right) with respect to AAL brain regions.
The histograms show corresponding numbers of significant vox-
els from the peak analysis for the significant regions. PoCG—
post-central gyrus, PCUN—precuneus, MCG—middle cingulate
gyrus, (L)—left, (R)—right. Abbreviations: AMYG—amygdala;
ANG—angular gyrus; ACG—anterior cingulate gyrus; CAL—cal-
carine cortex; CAU—caudate; CUN—cuneus; FFG—fusiform
gyrus; HER—Herschl’s gyrus; HIPP—hippocampus; IOG—infe-
rior occipital gyrus; IFGoper—inferior frontal gyrus opercular;
IFGtriang—inferior frontal gyrus triangular; IPL—inferior parietal
lobule; ITG—inferior temporal gyrus; INS—insula; LING—lin-

gual gyrus; MCG—middle cingulate gyrus; MFG—middle frontal
gyrus; MOG—middle occipital gyrus; OLF—olfactory; ORBinf—
inferior orbitofrontal cortex; ORBmed—medial orbitofrontal
cortex; PAL—pallidum; PCL—paracentral lobule; PHG—parahip-
pocampal gyrus; PoCG—postcentral gyrus; PCG—posterior cin-
gulate gyrus; PreCG—precentral gyrus; PCUN—precuneus;
PUT—putamen; REC—rectus gyrus; ROL—Rolandic operculum;
SOG—superior ocular gyrus; SFGdor—dorsal superior frontal
gyrus; SFGmed—medial superior frontal gyrus; SPG—superior
parietal gyrus; SMA—supplementary motor area; SMG—supra-
marginal gyrus; TPOmid—middle temporal pole; TPOsup—supe-
rior temporal pole; THA—thalamus.

r Association Between DISC1 and MRI in Precuneus r

r 9 r



40% (Fig. 7e). The same regions also contained a signifi-
cant percentage of voxels across the 10,000 times of resam-
pling: the right precuneus had >65%, and the left
precuneus, the right middle cingulate gyrus and post-
central gyrus >70%, (Fig. 8f).

To validate the LWAS results we employed similar
approaches using functional connections, i.e. the Pearson
correlation coefficients between the seed ROI and the non-
overlapping cube ROIs (see Methods). First, we validated
the uncorrected P values of the chi-square statistics of the
significant link between ROIs in the right precuneus (seed)
and right triangular inferior frontal gyrus (cube ROI). The
empirical distribution of uncorrected P value (equivalent
to chi-square statistics) contain the original ones and the
threshold (cube ROI-wise Bonferroni correction, i.e. 0.05/
1072) in 5–95% confidence intervals. Here the link between
the right precuneus and right triangular inferior frontal
gyrus has a Gaussian-like distribution for the logarithmic

P values (see Fig. 8a). For the robustness of the LWAS
results we showed that with the seed ROI in the right pre-
cuneus, the cube ROI located in the right triangular infe-
rior frontal gyrus contributed more than 70% (73.5%) of
the peak links among all 1072 cube ROIs and was signifi-
cant near 50% of the 10,000 times of resampling (Fig. 8bc).

These self-validation results showed the robustness and
accuracy of the statistical approaches. All p-values of the
peak voxels of the significant (AAL) ROIs and the signifi-
cant functional link obtained from analysing the whole
dataset are located in the 5–95% confidence interval of the
distributions by Jackknife bootstrap. That is to say, there is
no evidence of heterogeneity in the data that can reject the
original P values. The P value thresholds (0.05/45 for
VWAS and 0.05/1072 for LWAS), the red arrows in Fig-
ures 7a–d and 8a, are all located before (the right precu-
neus, the right post-central gyrus and the right middle
cingulate gyrus) or near (the left precuneus and the link
between the right precuneus and triangular inferior frontal
gyrus) 50% in the histograms. In addition, these ROIs and
the link contributed most to the partial of the peak and
significant voxel/link over the whole brain gray matter or
cube ROIs. Both indicate strong support for the original P
values obtained in the distribution of significant effects.

DISCUSSION

Overall our results from a brain-wide association analy-
sis provide evidence that the precuneus is the main brain
region showing significant links with DISC1 polymor-
phisms and schizophrenia both in terms of GM volumes
and functional links. The right post-central gyrus was the
only other region showing this relationship with schizo-
phrenia for GM volume. Overall in healthy subjects and
schizophrenia patients, rs2738880 showed significant links
with the right post-central gyrus GM volume and a trend
towards significance for the link within the left precuneu-
s(peak voxels), as well as the right and left precuneus and
middle cingulate gyrus GM volumes (clusters). Addition-
ally rs1535530 was associated with GM volume (both peak
voxels and clusters) in the right precuneus and middle
cingulate gyrus. Functional connectivity between the right
precuneus and the right triangular inferior frontal gyrus
was associated with rs821617. However, only GM volumes
in the left precuneus and right post-central gyrus were
positively correlated with negative symptom severity in
patient. Thus DISC1 polymorphisms may be important in
regulating precuneus and post-central gyrus function and
contribute to negative symptom severity in schizophrenia.

In support of our findings a previous study has pro-
vided some preliminary evidence using an independent
component analysis for an association between precuneus
activation during an auditory oddball task and the DISC1
SNP rs 821616 (S704C) in schizophrenia [Liu et al., 2009].
The precuneus is a key component in the brain default cir-
cuit and as a “rich club” member has many long distance

Figure 3.
Location of significant DISC1 associated GM from the VWAS
analysis and correlation with PANSS scores. Sections (a) and (b):
The purple (left) and red (right) regions show significant clusters
in the right and left precuneus respectively, identified by the
cluster analysis with six DISC1 SNPs; The inset green subregions
in the purple and red regions show the significant voxels in the
corresponding right and left precuneus, respectively, identified
by the peak analysis with DISC SNPs, rs1535530 and rs2738880,
indicated by the purple and red arrows respectively (the dash
red arrow shows that relation is not significant but trends to be
significant). Section (c): the red region shows significant cluster
in the right post-central gyrus, identified by the cluster analysis
with six DISC1 SNPs; the inset green sub-region in the red
region shows the significant voxels in the corresponding right
post-cntral gyrus, identified by the peak analysis with a single
DISC SNP rs2738880, indicated by the red arrow. The inset
regression plots (d and e) show the significant correlations
between the GM volumes of significant voxels in the right post-
central gyrus (d) and left precuneus (e), and the PANSS negative
scores.
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connections and able to exert widespread influence on
both cortical and limbic functions [Fransson and Marrelec,
2008; van den Heuvel et al., 2012]. There is increasing evi-
dence for a key involvement of the precuneus in schizo-
phrenia. We have previous reported that altered resting
state functional connectivity in a parietal circuit including
the precuneus was the most altered in schizophrenia
patients from Taiwan [Guo et al., 2014]. The precuneus
also shows altered resting-state activity [K€uhn and Galli-
nat, 2013] and task-related deactivation in schizophrenia
[Garrity et al., 2007; Whitfield-Gabrieli et al., 2009]. Some
studies have also reported precuneus GM volume reduc-
tions [Morgan et al., 2010; Tanskanen et al., 2010; Theberge
et al., 2007], although others have not [Glahn et al., 2008;
Guo et al., 2014]. The precuneus is involved in many dif-
ferent behavioral functions [Cavanna and Trimble, 2006]
including reflective and self-related processing [Kjaer
et al., 2002; Lou et al., 2004], awareness and conscious
information processing [Cavanna, 2007; Kjaer et al., 2001;
Vogt and Laureys, 2005], empathy [Harvey et al., 2013],
episodic memory [Dorfel et al., 2009; Lundstrom et al.,
2003, 2005] and visuo-spatial processing [Wenderoth et al.,
2005]. Many of these functions are impaired in

Figure 4.
The comparison between the GM volumes of the significant voxels identified by VWAS and the
correlation coefficients of the links identified by LWAS for different genotype carriers: (a) GM of
PCUN R with rs1535530; (b) GM of MCG R with rs1535530; (c) GM of PoCG R with
rs2738880; (d) Correlation coefficients of PCUN R-IFGtriang R with rs821617. Here, blue bars
stands for SE and red for SD.

Figure 5.
Location of significant DISC1 associated functional connections
from the LWAS analysis. The blue region shows the sphere seed
ROI in the right precuneus; the red region shows the associated
target cube ROIs, located in the triangular inferior frontal gyrus
identified with the six common SNPs in DISC1, as well as its sig-
nificantly correlated individual SNP rs821617 respectively.
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TABLE III. LWAS results

SNPs
Regions of
link ends

Talairach
coordinates

(mm) of seed
centres

Talairach
coordinates

(mm) of
target

centres

Chi-square
statistics and

P values
(corrected)

Correlation coefficients and
PANSS correlation scores (P values)

Total
(N 5 46)

Positive
(N 5 39)

Negative
(N 5 39)

General
(N 5 39)

Six
common
SNPsa

PCUN
R-IFGtriang R

[14, 252,36] [57,36,6] v2532.2929,
P 5 1.434e-05
(0.0154)b

0.111 (0.461) 0.160 (0.329) 20.0031(0.985) 0.125 (0.450)

PCUN
L-ORBmid R

[210, 264,64] [38,41, 218] v2 5 27.278,
P 5 1.284e-04
(0.138)

20.029 (0.851) 20.018 (0.925) 20.082 (0.620) 20.106 (0.522)

PoCG
R-MFG R

[38, 240,64] [34,38,32] v2 5 27.202,
P 5 1.327e-4
(0.142)

0.090 (0.548) 20.013 (0.928) 0.196 (0.232) 0.103 (0.530)

MCG
R-IFGtriang R

[14, 250,34] [18, 220,2] v2 5 28.4993,
P 5 7.565e-05
(0.081)

0.065 (0.667) 0.141 (0.393) 0.026 (0.873) 0.060 (0.716)

rs821617c PCUN
R-IFGtriang R

[14, 252,36] [57,36,6] v2 5 20.697,
P 5 5.381e-6
(0.0346)

N/A N/A N/A N/A

rs12133766d PCUN
L-PCUN L

[214, 250,48] [210, 250,48] v2 5 15.508,
P 5 4.2911e-04
(>1)

N/A N/A N/A N/A

adf 5 6 chi-square statistics.
bBold font means the corrected P-values are <0.05.
cdf 5 1 for chi-square statistics.

Figure 6.
Comparison of total (a), positive (b), negative (c) and general (d) PANSS scores between the
genotypes GG/GA and the genotype AA in the SNP rs2738880, where the P values are derived
by two-sample student t test, with blue bars for SE and red for SD.
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schizophrenia, and most notably studies have reported
altered precuneus function associated with impaired self-
processing [Zhao et al., 2013], insight [Faget-Agius et al.,
2013] and empathy [Harvey et al., 2013] in schizophrenia
patients.

A significant positive correlation was found between
DISC1 associated GM volume in the left precuneus and
negative PANSS scores. Several previous studies have
reported links between DISC1 polymorphisms and posi-
tive symptoms associated with structure and function of

the hippocampus and prefrontal cortex [Callicott et al.,
2005; Di Giorgio et al., 2008; Szeszko et al., 2008]. Because
schizophrenia is associated with extensive overall GM loss
in the brain it is perhaps surprising that we observed a
positive correlation between negative symptom severity
and GM volume [Glahn et al., 2008; Guo et al., 2014; Lui
et al., 2009; Theberge et al., 2007]. However, similar posi-
tive correlations with negative symptoms have been
reported previously [Nesvag et al., 2009]. A potential
explanation may be that increased GM volume in the

Figure 7.

Empirical distributions of chi-square statistic P values for the
peak voxels in the right precuneus (PCUN) (a), left precuneus
(b), right post-central gyrus (PoCG) (c) and right middle cingu-
late gyrus (MCG) (d), where the green and yellow arrows show
the 5 and 95% limits of the distribution, and the black and red

the original P values and threshold (AAL brain region-wise Bon-
ferroni correction); the distribution of the location of peak vox-
els over all GM with respect to 90 AAL brain regions (e);
percents of each of the 90 AAL brain regions containing at least
one significant voxel in 10,000 times of random resampling (f).
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DISC1 associated region of the precuneus reflects compen-
satory changes resulting in increasing dysfunction.

In contrast with the precuneus, many studies have
reported reduced GM volume in the post-central gyrus in
schizophrenia [Glahn et al., 2008; Guo et al., 2014; Tanska-
nen et al., 2010]. The post-central gyrus is engaged in
somatosensory and motor processing and both are
impaired in schizophrenia [Dazzan and Murray, 2002].
The post-central gyrus is also involved in processing of
emotional faces and shows altered responses to fear faces
in Caucasian and Chinese schizophrenia patients [Li et al.,
2012; Phillips et al., 1999]. Further, a recent study has
reported an association between the DISC1 variant
rs1538979 and post-central gyrus activation in schizophre-
nia patients in the Hayling sentence completion task [Cha-
kirova et al., 2011]. Consistent with these broad functions
of the post-central gyrus we found that its GM volume
was, associated with DISC1 variant rs2738880 and posi-
tively correlated with negative PANSS scores.

The DISC1 protein promotes growth of dendritic spines
and functions presynaptically at glutamatergic synapses
[Brandon et al., 2009; Maher and LoTurco, 2012; Porteous
et al., 2011]. In the parietal cortex DISC1 is localized on
dendritic spines, which are primarily glutamatergic, and
there is evidence for pathology of cortical dendritic spines
in schizophrenia [Bennett, 2011; Kirkpatrick et al., 2006].
Indeed, it has been hypothesized that the cognitive and
negative symptoms of schizophrenia are produced by
hypofunction of cortical glutamatergic transmission [Mars-

man et al., 2013]. The precuneus also shows increased
activity following treatment NMDA receptor antagonists
such as ketamine and memantine [Deakin et al., 2008; Lor-
enzi et al., 2011]. Thus, DISC1 associated increases in pre-
cuneus GM volume may reflect compensation for reduced
glutamatergic signaling leading to increased dysfunction
and negative symptom severity.

The functional link between the precuneus and IFG is
associated with episodic and working memory, which are
both disrupted in schizophrenia and these regions show
reduced activation during decision-making in an item rec-
ognition task in patients [Grillon et al., 2010; Kim et al.,
2009; Lundstrom et al., 2005; Paulus et al., 2002]. Such cog-
nitive dysfunctions are not strongly reflected in PANSS
scores, which may explain the absence of correlations with
this functional link. Working memory impairments in
schizophrenia have also been linked with genetic suscepti-
bility and DISC1 polymorphisms with working memory
performance [Friston et al., 1995; Park et al., 1995].

Of the individual DISC1 polymorphisms linked with
GM volumes and functional connectivity, rs2738880 and
1535530 are located on introns, and rs821617 in an exon
leading to the change of amino acid (K800R) in DISC1 pro-
tein isoform b (NM001164538; http://www.ncbi.nlm.nih.
gov/protein/NP_001158010.1). To date none of these poly-
morphisms have reported associations with schizophrenia
and could be causative variants affecting DISC1 expres-
sion, or closely linked with others that are. Although
rs2738880 and 1535530 are close to the missense mutation

Figure 8.

Empirical distributions of the chi-square statistics P values for
the significant link between ROIs in the right precuneus (seed)
and right triangular inferior frontal gyrus (a), where the green
and yellow arrows stand indicate 5 and 95% limits of the distri-
bution, and the black and red the original P values and threshold
(1072 cube ROI-wise Bonfferroni correction); the distribution of

the location of the cube ROI of the peak link over all 1072 cube
brain ROIs from the seeds in the right precuneus (b); percents
of each 1072 cube ROIs containing at least one significant link in
10,000 times of random resampling from the seeds in the right
precuneus (c).
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L607F, linkage disequilibrium analysis revealed only a low
linkage (D05 0.872, r2 5 0.16). On the other hand rs821617
has a tight linkage with rs821616 (D05 1.0, r2 5 0.69) which
has been associated previously with structural changes in
frontal and temporal but not parietal regions [Duff et al.,
2013]. While the current study had insufficient subjects to
establish associations with different DISC1 allele carriers,
rs1535330 and rs821617 CC/CT and GG/AG carriers were
significantly different from TT and AA ones for GM vol-
umes and functional connectivity respectively. There was
also a trend for rs2738880 GG/GA carriers to have higher
general PANSS scores (see Fig. 6).

The major allele frequency of rs6675281(L607F) in Euro-
pean and African populations reported by 1000 Genomes
project and HapMap is between 0.805 and 0.842, while it
is 1.0 in Asian populations, suggesting a significant genetic
background difference in these populations. Consistent
with these data, we found that this locus is a low-
frequency polymorphism in Han Chinese population with
the major allele frequency of 0.98. Although this SNP has
frequently been reported to be associated with schizophre-
nia in Caucasian population, this could not be replicated
in Chinese population due to the absence or extreme rarity
of the minor allele. Similar to rs6675281, a difference of
major allele frequency of another SNP rs821616 (S704C)
exists between Caucasian (0.300) and Asian (0.068) popula-
tions, suggesting this variant may play a different role in
susceptibility to schizophrenia in different populations.

Given that a number of previous studies both in psychi-
atric patients and transgenic mouse models have empha-
sized links between DISC1 and structural and functional
changes in the frontal cortex and hippocampus [Callicott
et al., 2005; Duff et al., 2013; Thomson et al., 2013], it is per-
haps surprising that our brain-wide association study failed
to support this, other than in terms of the functional link
between the precuneus and the triangular inferior frontal
gyrus. This may reflect the fact that we only found links
with novel DISC1 polymorphisms, whereas previous stud-
ies showing DISC1 associations with the frontal cortex and
hippocampus have focused mainly on L607F (rs6675281)
and S704C (rs821616). In our study we did not find any
associations with either of these two polymorphisms
although, as discussed above, rs2728880 and 1525530 are
close to L607F and rs821617 has a tight linkage with S704C.

A limitation of this study is that there were insufficient
numbers of unmedicated schizophrenia patients (8/46) to
assess if neuroleptic medications per se contributed to our
findings. However, there were no correlations between
structural or functional connectivity associations with
DISC1 polymorphisms and medication dose in patients,
which suggests that antipsychotic drugs were unlikely to
have had a significant influence on our findings.

In summary we have shown that both GM volume and
functional connectivity of the precuneus are associated
with DISC1 variants and negative (GM) symptom severity.
Additionally, right post-central gyrus GM volume is also
associated with negative symptoms and rs2738880. The

DISC1 related GM volume changes were all positively cor-
related with negative symptoms suggesting that compen-
satory increases in volume in these regions may contribute
to dysfunction.
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Lançon C, Guedj E (2013): Schizophrenia with preserved
impairment is associated with increased perfusion of the pre-
cuneus. J Psychiatry Res 37:297–304.

Fransson P, Marrelec G (2008): The precuneus/posterior cingulate
cortex plays a pivotal role in the default mode network: Evi-
dence from a partial correlation network analysis. Neuroimage
42:1178–1184.

Friston KJ, Frith CD (1995): Schizophrenia: A disconnection syn-
drome? Clin Neurosci 3:89–97.

Friston KJ, Holmes AP, Poline JB, Grasby PJ, Williams SC,
Frackowiak RS, Turner R (1995): Analysis of fMRI time-series
revisited. Neuroimage 2:45–53.

Fusar-Poli P, Borgwardt S, Bechdolf A, Addington J, Riecher-
R€ossler A, Schultze-Lutter F, Keshavan M, Wood S, Ruhrmann
S, Seidman LJ (2013): The psychosis high-risk state: A compre-
hensive state-of-the-art review. JAMA Psychiatry 70:107–120.

Garrity AG, Pearlson GD, McKiernan K, Lloyd D, Kiehl KA,
Calhoun VD (2007): Aberrant “default mode” functional con-
nectivity in schizophrenia. Am J Psychiatry 164:450–457.

Ge T, Feng J, Hibar DP, Thompson PM, Nichols TE (2012):
Increasing power for voxel-wise genome-wide association
studies: The random field theory, least square kernel machines
and fast permutation procedures. Neuroimage 63:858–873.

Glahn DC, Laird AR, Ellison-Wright I, Thelen SM, Robinson JL,
Lancaster JL, Bullmore E, Fox PT (2008): Meta-analysis of gray
matter anomalies in schizophrenia: Application of anatomic
likelihood estimation and network analysis. Biol Psychiatry 64:
774–781.

Greicius M (2008): Resting-state functional connectivity in neuro-
psychiatric disorders. Curr Opin Neurol 21:424–430.

Grillon ML, Krebs MO, Gourevitch R, Giersch A, Huron C (2010):
Episodic memory and impairment of an early encoding pro-
cess in schizophrenia. Neuropsychology 24:101–108.

Guo S, Kendrick KM, Yu R, Wang HL, Feng J (2014): Key functional
circuitry altered in schizophrenia involves parietal regions associ-
ated with sense of self. Hum Brain Mapp 35(1):123–139.

Harvey PO, Zaki J, Lee J, Ochsner K, Green MF (2013): Neural
substrates of empathic accuracy in people with schizophrenia.
Schizophr Bull 39:617–628.

Hibar DP, Kohannim O, Stein JL, Chiang M-C, Thompson PM
(2011a): Multilocus genetic analysis of brain images. Frontiers
in genetics 2: Article 73.

Hibar DP, Stein JL, Kohannim O, Jahanshad N, Saykin AJ, Shen
L, Kim S, Pankratz N, Foroud T, Huentelman MJ (2011b): Vox-
elwise gene-wide association study (vGeneWAS): Multivariate
gene-based association testing in 731 elderly subjects. Neuro-
image 56:1875–1891.

Ho BC, Andreasen NC, Ziebell S, Pierson R, Magnotta V (2011):
Long-term antipsychotic treatment and brain volumes: A lon-

gitudinal study of first-episode schizophrenia. Arch Gen Psy-
chiatry 68:128–137.

Huang XQ, Lui S, Deng W, Chan RC, Wu QZ, Jiang LJ, Zhang JR,
Jia ZY, Li XL, Li F, Chen L, Li T, Gong QY (2010): Localization of
cerebral functional deficits in treatment-naive, first-episode schizo-
phrenia using resting-state fMRI. Neuroimage 49:2901–2906.

Insel TR (2010): Rethinking schizophrenia. Nature 468:187–193.
K€uhn S, Gallinat J (2013): Resting-state brain activity in schizo-

phrenia and major depression: A quantitative meta-analysis.
Schizophr Bull 39:358–365.

Kim DI, Manoach DS, Mathalon DH, Turner JA, Mannell M,
Brown GG, Ford JM, Gollub RL, White T, Wible C, Belger A,
Bockholt HJ, Clark VP, Lauriello J, O’Leary D, Mueller BA,
Lim KO, Andreasen N, Potkin SG, Calhoun VD (2009): Dysre-
gulation of working memory and default-mode networks in
schizophrenia using independent component analysis, an
fBIRN and MCIC study. Hum Brain Mapp 30:3795–3811.

Kirkpatrick B, Xu L, Cascella N, Ozeki Y, Sawa A, Roberts RC
(2006): DISC1 immunoreactivity at the light and ultrastructural
level in the human neocortex. J Comp Neurol 497:436–450.

Kjaer TW, Nowak M, Kjaer KW, Lou AR, Lou HC (2001): Precu-
neus-prefrontal activity during awareness of visual verbal
stimuli. Conscious Cogn 10:356–365.

Kjaer TW, Nowak M, Lou HC (2002): Reflective self-awareness
and conscious states: PET evidence for a common midline
parietofrontal core. Neuroimage 17:1080–1086.

Kwee LC, Liu D, Lin X, Ghosh D, Epstein MP (2008): A powerful
and flexible multilocus association test for quantitative traits.
Am J Hum Genet 82:386–397.

Li HJ, Chan RC, Gong QY, Liu Y, Liu SM, Shum D, Ma ZL (2012):
Facial emotion processing in patients with schizophrenia and
their non-psychotic siblings: A functional magnetic resonance
imaging study. Schizophr Res 134:143–150.

Li Y, Liu B, Hou B, Qin W, Wang D, Yu C, Jiang T (2013): Less
efficient information transfer in Cys-allele carriers of DISC1: A
brain network study based on diffusion MRI. Cereb Cortex 23:
1715–1723.

Liang M, Zhou Y, Jiang T, Liu Z, Tian L, Liu H, Hao Y (2006):
Widespread functional disconnectivity in schizophrenia with
resting-state functional magnetic resonance imaging. Neurore-
port 17:209–213.

Liu D, Lin X, Ghosh D (2007): Semiparametric regression of multi-
dimensional genetic pathway data: Least-squares kernel
machines and linear mixed models. Biometrics 63:1079–1088.

Lorenzi M, Beltramello A, Mercuri NB, Canu E, Zoccatelli G,
Pizzini FB, Alessandrini F, Cotelli M, Rosini S, Costardi D,
Caltagirone C, Frisoni GB (2011): Effect of memantine on rest-
ing state default mode network activity in Alzheimer’s disease.
Drugs Aging 28:205–217.

Lou HC, Luber B, Crupain M, Keenan JP, Nowak M, Kjaer TW,
Sackeim HA, Lisanby SH (2004): Parietal cortex and represen-
tation of the mental Self. Proc Natl Acad Sci USA 101:6827–
6832.

Lui S, Deng W, Huang X, Jiang L, Ma X, Chen H, Zhang T, Li X,
Li D, Zou L, Tang H, Zhou XJ, Mechelli A, Collier DA,
Sweeney JA, Li T, Gong Q (2009): Association of cerebral defi-
cits with clinical symptoms in antipsychotic-naive first-episode
schizophrenia: An optimized voxel-based morphometry and
resting state functional connectivity study. Am J Psychiatry
166:196–205.

Lui S, Li T, Deng W, Jiang L, Wu Q, Tang H, Yue Q, Huang X,
Chan RC, Collier DA, Meda SA, Pearlson G, Mechelli A,

r Gong et al. r

r 16 r



Sweeney JA, Gong Q (2010): Short-term effects of antipsychotic
treatment on cerebral function in drug-naive first-episode
schizophrenia revealed by “resting state” functional magnetic
resonance imaging. Arch Gen Psychiatry 67:783–792.

Lundstrom BN, Ingvar M, Petersson KM (2005): The role of precu-
neus and left inferior frontal cortex during source memory epi-
sodic retrieval. Neuroimage 27:824–834.

Lundstrom BN, Petersson KM, Andersson J, Johansson M,
Fransson P, Ingvar M (2003): Isolating the retrieval of imagined
pictures during episodic memory: Activation of the left precu-
neus and left prefrontal cortex. Neuroimage 20:1934–1943.

Lynall ME, Bassett DS, Kerwin R, McKenna PJ, Kitzbichler M,
Muller U, Bullmore E (2010): Functional connectivity and brain
networks in schizophrenia. J Neurosci 30:9477–9487.

MacDonald AW, Schulz SC (2009): What we know: Findings that
every theory of schizophrenia should explain. Schizophr Bull
35:493–508.

Maher BJ, LoTurco JJ (2012): Disrupted-in-schizophrenia (DISC1)
functions presynaptically at glutamatergic synapses. PLoS One
7:e34053.

Marsman A, van den Heuvel MP, Klomp DW, Kahn RS, Luijten
PR, Hulshoff Pol HE (2013): Glutamate in schizophrenia: A
focused review and meta-analysis of (1)H-MRS studies. Schiz-
ophr Bull 39:120–129.

Mathieson I, Munafo MR, Flint J (2012): Meta-analysis indicates
that common variants at the DISC1 locus are not associated
with schizophrenia. Mol Psychiatry 17:634–641.

Meyer-Lindenberg AS, Olsen RK, Kohn PD, Brown T, Egan MF,
Weinberger DR, Berman KF (2005): Regionally specific disturb-
ance of dorsolateral prefrontal-hippocampal functional connec-
tivity in schizophrenia. Arch Gen Psychiatry 62:379–386.

Milev P, Ho BC, Arndt S, Andreasen NC (2005): Predictive values
of neurocognition and negative symptoms on functional out-
come in schizophrenia: A longitudinal first-episode study with
7-year follow-up. Am J Psychiatry 162:495–506.

Miller R (1974): The Jackknife—A review. Biometrika 61(1):1–15.
Morgan KD, Dazzan P, Morgan C, Lappin J, Hutchinson G,

Suckling J, Fearon P, Jones PB, Leff J, Murray RM, David AS
(2010): Insight, grey matter and cognitive function in first-
onset psychosis. Br J Psychiatry 197:141–148.

Mueser KT, McGurk SR (2004): Schizophrenia. Lancet 363:2063–
2072.

Nesvag R, Saetre P, Lawyer G, Jonsson EG, Agartz I (2009): The
relationship between symptom severity and regional cortical
and grey matter volumes in schizophrenia. Prog Neuropsycho-
pharmacol Biol Psychiatry 33:482–490.

Park S, Holzman PS, Lenzenweger MF (1995): Individual differen-
ces in spatial working memory in relation to schizotypy. J
Abnorm Psychol 104:355–363.

Paulus MP, Hozack NE, Zauscher BE, Frank L, Brown GG,
McDowell J, Braff DL (2002): Parietal dysfunction is associated
with increased outcome-related decision-making in schizophre-
nia patients. Biol Psychiatry 51:995–1004.

Phillips ML, Williams L, Senior C, Bullmore ET, Brammer MJ,
Andrew C, Williams SC, David AS (1999): A differential neural
response to threatening and non-threatening negative facial
expressions in paranoid and non-paranoid schizophrenics. Psy-
chiatry Res 92:11–31.

Porteous DJ, Millar JK, Brandon NJ, Sawa A (2011): DISC1 at 10:
Connecting psychiatric genetics and neuroscience. Trends Mol
Med 17:699–706.

Qu M, Tang F, Yue W, Ruan Y, Lu T, Liu Z, Zhang H, Han Y,
Zhang D, Wang F (2007): Positive association of the disrupted-
in-schizophrenia-1 gene (DISC1) with schizophrenia in the Chi-
nese Han population. Am J Med Genet B Neuropsychiatr
Genet 144B:266–270.

Szeszko PR, Hodgkinson CA, Robinson DG, Derosse P, Bilder
RM, Lencz T, Burdick KE, Napolitano B, Betensky JD, Kane
JM, Goldman D, Malhotra AK (2008): DISC1 is associated with
prefrontal cortical gray matter and positive symptoms in schiz-
ophrenia. Biol Psychol 79:103–110.

Tanskanen P, Ridler K, Murray GK, Haapea M, Veijola JM,
Jaaskelainen E, Miettunen J, Jones PB, Bullmore ET, Isohanni
MK (2010): Morphometric brain abnormalities in schizophrenia
in a population-based sample: Relationship to duration of ill-
ness. Schizophr Bull 36:766–777.

Theberge J, Williamson KE, Aoyama N, Drost DJ, Manchanda R,
Malla AK, Northcott S, Menon RS, Neufeld RW, Rajakumar N,
Pavlosky W, Densmore M, Schaefer B, Williamson PC (2007):
Longitudinal grey-matter and glutamatergic losses in first-
episode schizophrenia. Br J Psychiatry 191:325–334.

Thomson PA, Malavasi ELV, Gr€unewald E, Soares DC,
Borkowska M, Millar JK (2013): DISC1 genetics, biology and
psychiatric illness. Front Biol 8:1–31.

Tzourio-Mazoyer N, Landeau B, Papathanassiou D, Crivello F,
Etard O, Delcroix N, Mazoyer B, Joliot M (2002): Automated
anatomical labeling of activations in SPM using a macroscopic
anatomical parcellation of the MNI MRI single-subject brain.
Neuroimage 15:273–289.

van den Heuvel MP, Kahn RS, Goni J, Sporns O (2012): High-cost,
high-capacity backbone for global brain communication. Proc
Natl Acad Sci USA 109:11372–11377.

Vogt BA, Laureys S (2005): Posterior cingulate, precuneal and ret-
rosplenial cortices: Cytology and components of the neural
network correlates of consciousness. Prog Brain Res 150:205–
217.

Vounou M, Janousova E, Wolz R, Stein JL, Thompson PM,
Rueckert D, Montana G (2012): Sparse reduced-rank regression
detects genetic associations with voxel-wise longitudinal phe-
notypes in Alzheimer’s disease. NeuroImage 60:700–716.

Wenderoth N, Debaere F, Sunaert S, Swinnen SP (2005): The role
of anterior cingulate cortex and precuneus in the coordination
of motor behaviour. Eur J Neurosci 22:235–246.

Whitfield-Gabrieli S, Thermenos HW, Milanovic S, Tsuang MT,
Faraone SV, McCarley RW, Shenton ME, Green AI, Nieto-
Castanon A, LaViolette P, Wojcik J, Gabrieli JD, Seidman LJ
(2009): Hyperactivity and hyperconnectivity of the default
network in schizophrenia and in first-degree relatives of per-
sons with schizophrenia. Proc Natl Acad Sci USA 106:1279–
1284.

Zhao W, Luo L, Li Q, Kendrick KM (2013): What can psychiatric
disorders tell us about neural processing of the self? Front
Hum Neurosci 7:485.

Zhou Y, Liang M, Tian L, Wang K, Hao Y, Liu H, Liu Z, Jiang T
(2007): Functional disintegration in paranoid schizophrenia
using resting-state fMRI. Schizophr Res 97:194–205.

r Association Between DISC1 and MRI in Precuneus r

r 17 r


	l
	l

