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Background. The genetic influences in human brain structure and function and impaired functional connectivities are
the hallmarks of the schizophrenic brain. To explore how common genetic variants affect the connectivities in schizo-
phrenia, we applied genome-wide association studies assaying the abnormal neural connectivities in schizophrenia as
quantitative traits.

Method. We recruited 161 first-onset and treatment-naive patients with schizophrenia and 150 healthy controls. All the
participants underwent scanning with a 3 T-magnetic resonance imaging scanner to acquire structural and functional
imaging data and genotyping using the HumanOmniZhongHua-8 BeadChip. The brain-wide association study ap-
proach was employed to account for the inherent modular nature of brain connectivities.

Results. We found differences in four abnormal functional connectivities [left rectus to left thalamus (REC.L–THA.L),
left rectus to right thalamus (REC.L–THA.R), left superior orbital cortex to left thalamus (ORBsup.L–THA.L) and left su-
perior orbital cortex to right thalamus (ORBsup.L–THA.R)] between the two groups. Univariate single nucleotide poly-
morphism (SNP)-based association revealed that the SNP rs6800381, located nearest to the CHRM3 (cholinergic receptor,
muscarinic 3) gene, reached genomic significance (p = 1.768 × 10−8) using REC.L–THA.R as the phenotype. Multivariate
gene-based association revealed that the FAM12A (family with sequence similarity 12, member A) gene nearly reached
genomic significance (nominal p = 2.22 × 10–6, corrected p = 0.05).

Conclusions. Overall, we identified the first evidence that the CHRM3 gene plays a role in abnormal thalamo-orbital
frontal cortex functional connectivity in first-episode treatment-naive patients with schizophrenia. Identification of
these genetic variants using neuroimaging genetics provides insights into the causes of variability in human brain devel-
opment, and may help us determine the mechanisms of dysfunction in schizophrenia.
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Introduction

Schizophrenia is one of the most common disabling
mental illnesses. It has been known to affect 1% of
the population worldwide, and causes heavy burden
on families and society (van Os & Kapur, 2009).
Although many studies, including family and twin

studies, have shown that schizophrenia has high herit-
ability (80%), schizophrenia still cannot be explained as
a monogenic disorder (McGuffin et al. 1984; Sawa &
Snyder, 2002). The Psychiatric Genome Consortium
carried out a large-scale study and uncovered many
genes associated with schizophrenia (Schizophrenia
Working Group of the Psychiatric Genomics
Consortium, 2014). It is now generally recognized
that schizophrenia is a complex illness caused by
multiple genetic variants and each with small to mo-
dest effect size [O’Donovan et al. 2008; Schizophrenia
Psychiatric Genome-Wide Association Study (GWAS)
Consortium, 2011]. However, it remains unknown as
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to why all the identified variants represent only a mo-
dest proportion of the overall heritability of schizo-
phrenia. With missing heritability yet to be revealed,
some studies tried to expand their sample size to in-
crease the power of genome-wide association studies
(GWAS) (Schizophrenia Working Group of the
Psychiatric Genomics Consortium, 2014), which, al-
though promising, can be extremely expensive and
time-consuming. Two studies in Han Chinese popula-
tion suggested that some common variants are
involved in the susceptibility to schizophrenia (Shi
et al. 2011; Yue et al. 2011); however, no overlapping
single nucleotide polymorphisms (SNPs) were
detected from these two studies. One of the possible
reasons for this may be that the heterogeneity of the
descriptive symptoms such as the disease severity
and more subtle characteristics may have been largely
ignored due to the clinical diagnostic categories.
Recently, Arnedo et al. (2015) found that 17 independ-
ent gene networks are correlated with the eight sub-
types of schizophrenia. This poses a challenge to the
reliability of schizophrenia as a diagnostic entity.
Therefore, it is important to refine the phenotype of
schizophrenia rather than its general clinical symptoms
in order to unravel the complex genetic structure of
schizophrenia. Some GWAS were handled to detect
pathogenic genes of schizophrenia using quantitative
traits (QTs) such as a composite score of six neurocog-
nitive dimensions, blood oxygen level-dependent
(BOLD) signal (Potkin et al. 2009b) and gray matter vol-
ume (Stein et al. 2012; Wang et al. 2013). The limited
statistical power due to the small sample size can be
increased by using a QT analysis (Potkin et al. 2009b),
especially QTs that can be used to test the structural
and functional deficits of the brain in schizophrenia.
The highly complex structure of the human brain
is strongly shaped by genetic influences (Hibar
et al. 2015).

Schizophrenia is one of the diseases implicated in
the dysconnectivity of the brain (Pettersson-Yeo et al.
2011), and numerous studies have attempted to locate
the hypothesized aberrant networks. Wernicke sug-
gested that dysconnectivity between distinct functional
modules involving both sensorimotor and association
areas of the brain generates symptoms of psychosis
(Cutting & Shepherd, 1987). Some previous studies
have suggested many altered regional connectivities
in patients with schizophrenia, which contributed to
the general acceptance of a vaguely defined ‘wide-
spread dysconnectivity’ (Broyd et al. 2009; Kim et al.
2009). However, the putative ‘dysconnectivity of the
brain’ remains elusive as no constant patterns that
can reliably explain the complex and heterogeneous
symptoms of schizophrenia have emerged. To date,
seed-based analysis (SBA) and independent

component analysis (ICA) are the most common meth-
ods used to study functional connectivity in the brain
of patients with schizophrenia. SBA with a priori spe-
cification of brain regions is hypothesis-based analysis,
only allowing for testing candidate regions by previous
observations. Although the ICA approach is a data-
driven approach that is well suited for novel dis-
coveries of aberrant connectivity, it is only partially
independent of prior assumptions (Joel et al. 2011), as
the components are assumed to arise from statistically
independent sources and are often selected based on
prior expectations of plausible signals, e.g. large-scale
networks such as the default mode network. As a re-
sult, across studies, even similarly named components
have a diverse anatomical distribution, which again
precludes pooled synthesis of individual studies.
Therefore, to provide both greater confidence and ac-
curacy in identifying the specific regions and their
functional connections that contribute most to schizo-
phrenia, it is important to be able to use a voxel-based
brain-wide analysis strategy.

Together, the present study aimed to identify the
common genetic variants underlying the dyscon-
nectivity of the brain in schizophrenia. We first in-
vestigated the most abnormal pattern of connectivity
discovered from the whole-brain data-driven search.
Subsequently, the dysconnectivities of the brain were
integrated into the genetic data from GWAS analysis
as QTs in order to identify novel susceptibility loci
for schizophrenia. The present study of the imaging
genetics opens the door to unravel the complex
mechanisms of abnormalities of the brain in
schizophrenia.

Method

Subjects

This study included 311 participants, including 161
patients with schizophrenia (82 men and 79 women)
and 150 healthy control subjects (80 men and 70
women). Table 1 summarizes the demographic and
clinical characteristics of the participants. More details
such as data collection are presented in the
Supplementary material. The study was approved by
the Ethics Committee of the West China Hospital of
Sichuan University. All the patients and controls pro-
vided written informed consents.

Imaging data acquisition and processing

Preprocessing and statistical analysis of functional
images were carried out using the Statistical
Parametric Mapping package (SPM8, Wellcome
Department for Imaging Neuroscience, London, UK).
For each individual participant’s dataset, the first 10
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image volumes were discarded to allow the functional
magnetic resonance imaging (fMRI) signal to reach a
steady state. The initial analysis included slice time cor-
rection and motion realignment. The resulting images
were then spatially normalized to the Montreal
Neurological Institute (MNI) echo planar imaging
(EPI) template in SPM8, resampled to 3 × 3 × 3 mm3,
and subsequently smoothed with an isotropic
Gaussian kernel [full width at half maximum
(FWHM) 8 mm]. The details of imaging data acquisi-
tion and processing are presented in the online
Supplementary material.

Imaging statistical analysis

Voxel-wise and atlas-based brain-wide association study

Here, we performed whole-brain voxel-wise and atlas-
based association studies as described in our previous
study (Cheng et al. 2015). In brief, a measure for the as-
sociation (MA) between voxel i and the brain disorder
was defined as MA(i) =Nα, where Nα is the number of
links between voxel i and every other voxel in the brain
that has a p value of less than α [in the present study,
α = 0.05/(47636 × 47635/2)] in t tests. A larger value of
MA implies a more significant alteration in functional
connectivity.

The MA value described above shows voxels with
significantly different functional connectivities be-
tween cases and controls, but not the brain regions to
which these voxels have altered connectivity. In
order to investigate the abnormal connectivity pattern
in the functional connectivity networks in schizophre-
nia, all significant voxels (after Bonferroni correction)
were parcellated into four isolated regions in three
clusters (see online Supplementary Table S1) using an
anatomical labeling (AAL) atlas. The time series were
then extracted in each cluster by averaging the BOLD
signals of all significant voxels within that region.
The functional connectivity was evaluated between
each pair of clusters using Pearson’s correlation

coefficient. Then, cluster-wise functional connectivity
analysis on the significant voxels within each cluster
was performed to compare patient groups with their
respective healthy controls. We finally obtained a 4 ×
4 symmetric matrix that shows the overall pattern of
the altered connectivity patterns between these voxel
clusters in the schizophrenia group.

Correlations between symptom severity and abnormal
functional connectivity

We investigated whether differences in functional con-
nectivity correlated with symptom severity as assessed
by the Positive and Negative Syndrome Scale (PANSS)
using Pearson’s correlation, using age, gender and dis-
ease duration as covariates.

Quality control and statistics for genetic data

Genotyping and quality controls

The pipeline of genotyping and quality controls was
presented in a previous study (Wang et al. 2013). The
details are presented in the online Supplementary
material.

Genotype imputation

Genotypes were phased with shapeIT to generate hap-
lotypes (Delaneau et al. 2012), which were used to im-
pute missing data using IMPUTE2 (Howie et al. 2009),
referenced to the 1000 Genomes Project phase I dataset.
Imputed missing data underwent the same quality-
control steps as stated above.

Association analysis using functional connectivities
as QTs

SNP-based and gene-based analysis for single QTs

A mixed linear regression with SNP* group was used
in this study, y = β0 + βcov∗Xcov + β1∗group+ β2 SNP
+ β3∗SNP∗group+ zploygene + e, where y stands for

Table 1. Demographic and clinical characteristics of the participants

Gender, n Handedness, n

Group Male Female Age, years Right Left
Education,
years

Positive
scale

Negative
scale

General
scale

Duration of
illness, years

Controls 80 70 25.8 (8.7) 150 0 13.1 (3.3)
Patients 82 79 24.2 (8.1) 161 0 11.9 (3.3) 24.7 (5.8) 19.6 (7.6) 46.9 (8.8) 11.8 (25.8)
Statistic 0.18 1.69 2.98
p 0.99 0.09 0.003

Data are given as mean (standard deviation) unless otherwise indicated.
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abnormal functional connectivities; Xcov denotes the
covariates age and gender, and zpolygene is a random ef-
fect using the kinship matrix in addition to the usual
fixed effects. Compared with the fixed-effects model,
the random-effect model assists in controlling for latent
heterogeneity when this heterogeneity is constant over
time and correlated with independent variables.
Moreover, linear mixed-effects models are often pre-
ferred over more traditional approaches such as ana-
lysis of variance (ANOVA) because of the advantage
of these models in dealing with missing values. On
the other hand, as a large number of variables were
analysed and the complexity of the model was applied
in the initial analyses of the interaction term model, we
only focused on the SNPs and genes that reached
genome-wide significance. Using this model, we per-
formed the two degrees of freedom joint test for the
SNP main effect and the SNP × group interaction.
Although PLINK has been the most popular tool in
GWAS, mixed linear modeling has not been imple-
mented in this package yet. In this study, the
MixABEL package (Aulchenko et al. 2007) was used
to explore the mixed linear model with SNP × group
interaction. This package has been used in some
previous GWAS studies (Svishcheva et al. 2012;
Basson et al. 2014; Fabregat-Traver et al. 2014; Pirastu
et al. 2015). In addition, the genome inflation factor λ
was denoted as the ratio of the observed to the
expected median χ2 (0.465). Gene-based univariate as-
sociation tests using the extended Simes procedure
was performed for each QT by using the program
GATES (Andersson et al. 2015). GATES is freely avail-
able in KGG v3.0 (http://statgenpro.psychiatry.hku.hk/
limx/kgg/download.php).

SNP-based and gene-based analysis for multiple QTs

GWAS are generally performed one phenotype at a
time, although clinical overlaps and statistical correla-
tions between many phenotypes occur. Multivariate
analysis, in which multiple phenotypes are usually
reduced to a single composite score, often results in
loss of statistical power. A trait-based association test
has been recommended that uses an extended Simes
procedure (TATES) to overcome loss of statistical
power (Li et al. 2011, van der Sluis et al. 2013).
TATES combines p values obtained in univariate
GWAS to generate one multi-phenotype-based p
value, while correlations between components are cor-
rected. Unlike other multivariate methods (O’Reilly
et al. 2012), TATES unravels both genetic variants
that are common to multiple phenotypes as well as
phenotype-specific variants (van der Sluis et al. 2013).
Extensive simulations show that TATES can warrant
correct false-positive rates and is more powerful than

the univariate tests of composite scores and the stand-
ard multivariate ANOVA (van der Sluis et al. 2013).

In this study, we used multivariate gene-based asso-
ciation by the extended Simes procedure (MGAS).
This approach allows gene-based testing of multi-
variate phenotypes in unrelated individuals (Van
der Sluis et al. 2015). MGAS is freely available in
KGG v3.0.

Results

Whole-brain voxel-based functional networks

Fig. 1 illustrates the anatomical locations that show
significant whole-brain connectivity aberrations in
patients with schizophrenia and in the control subjects
(p < 4.5 × 10–11 after Bonferroni correction). Voxels with
significantly altered functional connectivities in the
schizophrenia population are shown in color, assessed
by the MA given by the number of significantly
affected links relating to each voxel (Fig. 1A). The
most significantly altered cluster was in the superior
frontal gyrus (peak MNI coordinates −12, 48, −18;
cluster size 45, MA 92), while the second most signifi-
cantly altered cluster was in the thalamus (peak MNI
coordinates −12, −12, 6; cluster size 69, MA 33).
Based on the AAL template, the cluster with peak
MNI coordinates (−12, 48, −18) can be parcellated
into two brain regions, namely, the left rectus and
the superior orbital cortex. Online Supplementary
Table S1 summarizes the coordinates of the significant
clusters. The bilateral thalamus, left rectus (REC.L),
and left superior frontal gyrus, and the orbital frontal
cortex (OFC) showed significantly abnormal functional
connections in the patients with schizophrenia
(Fig. 1B).

Altered functional connectivity pattern

Fig. 2 provides a schematic brain-based diagram of
altered functional connectivities based on the signifi-
cant voxels in the above-mentioned four brain regions:
the left thalamus (THA.L), right thalamus (THA.R), left
superior orbital cortex (ORBsup.L) and REC.L. Four
significant increased functional connectivities between
these brain regions were found in the schizophrenic
patients (p < 1 × 10–11).

Correlation between clinical symptoms and altered
functional connectivity

We calculated Pearson’s correlation between the
strength of significantly increased functional connect-
ivity and symptom severity (positive, negative, general
pathopsychological symptoms, and total PANSS
scores assessed using the PANSS). As shown in online
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Supplementary Fig. S1, there was a trend of correlation
between negative symptoms and the increased func-
tional connectivity of REC.L and THA.L (r = 0.186,
p < 0.021), but the correction did not survive after mul-
tiple corrections. We did not find any correlations be-
tween any of the other functional connectivities and
clinical symptoms.

Results from GWAS

In all, five patients and four controls were excluded
from this study after failing the cryptic relatedness
test and minimal missing genotyped rates (>5%).

After SNP imputation and stringent SNP quality con-
trols, 227 subjects with high-quality genotypes (6 055
918 SNPs with an average call rate of 99.9%) remained
in this study. The principal components analysis (PCA)
identified no obviously different structures between
cases and controls (online Supplementary Fig. S2).
The QQ plot of the linear mixed-model (LMM) showed
that the genomic inflation factors for the four func-
tional connectivities after PCA adjustment (λ) were
1.0162, 1.0173, 1.099 and 1.0201, respectively (online
Supplementary Fig. S3A–D), suggesting good quality
controls and absence of population stratification for
our samples.

Fig. 1. Voxels with different functional connectivity in schizophrenia. (A) Location of the voxels with significantly altered
functional connectivity with other voxels (using whole-brain Bonferroni correction). (B) Manhattan plot showing the
probability values for each link differing between the schizophrenia and control groups. Each dot is a functional connectivity
link between two voxels. There are a total of 47636 × 47636/2 links, and a dot is only plotted if p < 10–5. The red dotted line is
the Bonferroni correction threshold 4.4 × 10–11. The regions indicate the anatomical labeling (AAL) areas in which the voxels
were located, with the numbers for each region specified in Table 1. THA.R, Right thalamus; THR.L, left thalamus; REC.L,
left rectal gyrus; ORBsup.L, left superior orbital frontal gyrus.
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SNP-based results

As shown in online Supplementary Table S2, we used
an LMM statistic and complementary logistic regres-
sion analysis for an additive genetic model to estimate
the effect sizes of individual SNPs. The LMM with
genotype × group interaction was performed using
the four increased functional connectivities (ORBsup.
L–THA.L, ORBsup.L–THA.R, REC.L–THA.L, and
REC.L–THA.R) as QTs. Fig. 3 shows the Manhattan
plot of the genome-wide p values obtained for the
LMM analysis (pLMM). The SNP rs6700381, which is
the approximately 1.37 Mbp downstream of the
CHRM3 (cholinergic receptor, muscarinic 3) gene,
reached genomic significance (p = 1.76802 × 10–8 with
REC.L–THA.R as the QT, and p = 2.7211 × 10−8 with
REC.L–THA.L as the QT). Moreover, two imputed
SNPs, namely, rs10158639 and rs1092587, which
mapped to CHRM3, were implicated to be marginally
associated with the increased functional connectivities
of the four QTs (p values ranged from 3.279 × 10–6

to 1.880 × 10–7; details are shown in online
Supplementary Table S2).

In the present study, we found the joint effect of
multi-phenotype (i.e. increased functional connectiv-
ities of ORBsup.L–THA.L, ORBsup.L–THA.R, REC.L–
THA.L, and REC.L–THA.R) using TATES. The
p value of the SNP rs6700381 almost reached genome-
wide significance (5.13 × 10–8), and the p values of the
SNPs rs970014 and rs970015 on gene FAM12A (family
with sequence similarity 12, member A) reached 4.14 ×
10–7 (see online Supplementary Table S2).

Gene-based results

Univariate gene-based analysis revealed that the
FAM12A gene was significantly associated with

increased functional connectivities of REC.L–THA.L
and REC.L–THA.R as QTs, respectively (nominal
p value = 1.54 × 10–6, corrected p = 0.036 for REC.L–
THA.L; nominal p = 7.59 × 10–7, corrected p = 0.018 for
REC.L–THA.R).

In multivariate gene-based analysis for the joint
effect of the aforementioned four increased functional
connectivities, the FAM12A gene also showed a signi-
ficant association (nominal p = 1.47 × 10−6, corrected
p = 0.034).

Discussion

In this study, we identified the altered functional net-
work involving the bilateral thalamus and OFC in
first-episode treatment-naive patients with schizophre-
nia. Moreover, these abnormally increased functional
connectivities were independent of clinical manifesta-
tions, except negative symptoms, suggesting that the
increased connectivities may be one of the endopheno-
types of schizophrenia. In addition, we detected a
number of genes implicated in the pathogenesis of
schizophrenia using these abnormal functional connec-
tivities as QTs, among which CHRM3 was the most
associated gene, reaching genomic significance in uni-
variate analysis and almost reaching genomic signifi-
cance in multivariate analysis. In the gene-based
analysis, the FAM12A gene reaches a genomic signifi-
cance in univariate and multivariate analysis.

The thalamus and OFC were highlighted as the most
altered regions in functional brain networks in the pre-
sent study. Consistent with previous studies, our
findings support that the OFC plays an important
role in the pathogenesis of schizophrenia (Nakamura
et al. 2008) as well as the distributed functional dyscon-
nectivity involving some brain region of the frontal

Fig. 2. Functional connectivity matrix calculated from the blood oxygen level-dependent (BOLD) signals in the significant
voxels in each of the four clusters. (A) Schematic diagram showing differences in voxel cluster-based connectivities between
the schizophrenia and control groups. (B) Bar plot of the four functional connectivities. Values are means, with standard
deviations represented by vertical bars. THA.R, Right thalamus; THR.L, left thalamus; REC.L, left rectal gyrus; ORBsup.L, left
superior orbital frontal gyrus.
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lobe (Weinberger et al. 2001; Potkin et al. 2009a). The
OFC is a prefrontal cortex (PFC) region in the frontal
lobes and is involved in sensory integration, represent-
ing the affective value of reinforcers, and in the cogni-
tive process of decision-making (Morten, 2005).
Moreover, the thalamus plays a central and dynamic
role in information transmission and processing in
the brain. A series of evidence showed that the thal-
amus plays a vital role in the pathogenesis of schizo-
phrenia (Andreasen et al. 1996; Chun et al. 2014).

First, postmortem studies of schizophrenia patients
revealed a decrease in the size of the thalamus in
schizophrenia (Byne et al. 2002). Second, some neuro-
cognitive performance, such as sensory gating, work-
ing memory and executive function, have been
shown to activate abnormal fMRI performances of
the thalamus in patients with schizophrenia, highlight-
ing the role of the thalamus in this disorder (Andrews
et al. 2006). Third, sleep studies have repeatedly
detected a decrease in sleep spindle measures in

Fig. 3. (A) Manhattan plots for genome-wide association studies (GWAS) in 161 patients with schizophrenia and 150 controls.
Log10 pLMM values of single nucleotide polymorphisms (SNPs) were obtained by a linear mixed-model (LMM) analysis and
plotted chromosome-wise against the physical position of each SNP using four increased functional connectivities as
quantitative traits (QTs). (B) Significance of GWAS genotyped and imputed SNPs within the 400-kb region in the CHRM3
(cholinergic receptor, muscarinic 3) gene. All plots were adapted from LocusZoom output (Pruim et al. 2010).
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patients with schizophrenia (Ferrarelli et al. 2010).
Sleep spindles are waxing and waning 12–16 Hz oscil-
lations initiated by the thalamic reticular nucleus and
regulated by the reticulo-thalamocortical circuits
(Ferrarelli et al. 2010).

Together, our study supports that the pathological
activation of thalamus–OFC connectivity is a core
feature in first-onset and drug-naive patients with
schizophrenia. A growing body of evidence indicates
significant abnormalities in thalamocortical connectiv-
ity in schizophrenia (Anticevic et al. 2014), as part of
the thalamo-cortico-striatal circuits. A distinct feature
of the identified thalamic connections shows a pattern
of prefrontal reduction in connectivity. This pattern
was first reported by Woodward et al. (2012) and
was subsequently replicated and shown to be a com-
mon feature in bipolar disorder and schizophrenia in
seed-based fMRI analyses but not data-driven analysis
(Anticevic et al. 2014). In addition, Welsh et al. (2008)
found significantly reduced thalamocortical connectiv-
ity in patients with chronic schizophrenia (mean dur-
ation of illness, 20.2 years) compared with matched
healthy controls. However, it must be emphasized
that all patients with schizophrenia recruited in these
studies were chronic cases or were taking medication
at the time of the study. In a longitudinal study,
Anticevic et al. (2015) found that the PFC connectivity
in early course patients with schizophrenia was
increased; however, the initial hyperconnectivity is
decreased with time, which may due to therapeutic
effects. Antipsychotics have been found to recover
the abnormally increased thalamocortical connectiv-
ities in schizophrenia (Celada et al. 2013). Whether or
not antipsychotic use and illness duration should be
included as factors that can reduce the thalamocortical
connectivity remains to be an unresolved issue.
Although altered functional connectivity involving
the thalamus and frontal cortex in schizophrenia has
been described previously (Petersen et al. 2013), the
present investigation described many other differ-
ences, perhaps partly because in the present study
we only include first-onset and treatment-naive
patients, and partly due to the analysis we performed.
For example, the fixed-effects models in meta-analysis
consider all datasets as homogeneous and some
specific altered pattern in first-onset and drug-naive
group may be covered by other datasets. In addition,
the frontal region is relative large and the thalamus
consists of complex thalamic nuclei that have specific
brain connections; therefore, the altered patterns be-
tween the thalamic nuclei and distinct frontal regions
may differ across individuals. For schizophrenia,
hyperconnectivity between the thalamus and frontal
cortex could lead to excessive transfer of information
to the frontal cortex with the compromise of losing

enough thalamic control on motor/sensory information
processing (Klingner et al. 2014).

In our study, the SNP rs6700381 in 1q43, where the
CHRM3 gene is located, was detected to associate
with its role in multiple brain functional connectivities.
The CHRM3 gene decodes cholinergic receptor, mus-
carinic 3. The muscarinic cholinergic receptors belong
to a larger family of G protein-coupled receptors. The
M3 muscarinic receptor influences a multitude of cen-
tral and peripheral nervous system processes via its
interaction with acetylcholine, and may be an import-
ant modulator of behavior, learning and memory.
Several lines of evidence have shown that the M3 mus-
carinic receptor is involved in the pathogenesis of men-
tal illnesses. Gibbons et al. (2009) found that CHRM3
gene expression is decreased in the rostral PFC of
patients with bipolar disorder compared with those
with depression. The rostral PFC is the region of the
brain implicated in the pathogenesis of mania
(Blumberg et al. 1999). Furthermore, there is a large
overlap in the genetic backgrounds in patients with
schizophrenia and bipolar disorder (Cross-Disorder
Group of the Psychiatric Genomics Consortium et al.
2013). Therefore, it would not be surprising if the
same gene is implicated in the pathogenesis of both
these conditions. Also, Poulin et al. (2010) found that
CHRM3-knockout mice showed a deficit in fear condi-
tioning learning and memory, the mechanisms of
which include reduction in receptor phosphorylation.
It is possible that the M3 muscarinic receptor-
dependent learning and memory depend on receptor
phosphorylation/arrestin signaling. Additionally,
CHRM3 has been suggested to be a candidate gene re-
sponsible for patients with 1q43 or 1q43–q44 deletions
(Petersen et al. 2013). Moreover, deletions of 1q43 usu-
ally result in complex clinical phenotypes which in-
clude intellectual disability, autism (Petersen et al.
2013), seizures (EPICURE Consortium et al. 2012),
microcephaly/craniofacial dysmorphology, corpus cal-
losal agenesis/hypogenesis, and so on. To the best of
our knowledge, our study is the first to implicate the
role of CHRM3 in schizophrenia.

The FAM12A gene has been previously implicated in
male infertility (Damyanova et al. 2013). To date, this
gene has not been reported to be involved in the patho-
genesis of any psychiatric diseases.

Several strengths and limitations of this study must
be taken into account when interpreting the findings
of this study. In our study, we performed the analysis
only in first-onset and treatment-naive patients with
schizophrenia, which is superior to the sample popula-
tions of previous studies. We concurrently used func-
tional connectivity assessments of both the genotype
and phenotype to identify their associations, thereby
combining genome and phenome information.
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Moreover, our study is data-driven rather than
hypothesis-driven analysis and SBA. One limitation
of this study is its sample size, which is not very
large for genetic analysis. Thus, some variants
could be missed due to limited statistical power.
Fortunately, the endophenotype strategy may increase
the power of the analysis for GWAS in the present
study. The imputed genotyping data used in this
study might also improve the statistical power of the
analysis.

Taken together, specific alterations in resting-state
thalamocortical functional connectivity are a core
feature of schizophrenia. Alterations in this schizo-
phrenia-associated network could be a reliable mech-
anistic index to discriminate patients from healthy
controls. Furthermore, we discovered several common
genetic variants underlying the abnormal increases in
the functional connectivities in patients with schizo-
phrenia. In particular, CHRM3 could play a vital role
in the deficits of thalamus–cortical connectivities. The
application of neuroimaging genetics can provide
insight into the causes of variability in human brain
development and potentially help determine the
mechanisms of schizophrenia dysfunction by unravel-
ing susceptibility variants related to the disorder.
However, our findings, of course, require a careful re-
consideration of the concept of ‘replicability’ due to the
heterogeneity and complexity of schizophrenia. In
order to be meaningful in complex disorders like
schizophrenia, efforts to replicate the findings of this
study must take into account the distributed heritabil-
ity and developmental complexity of the disease.
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