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Background: Schizophrenia, schizoaffective disorder, and psychotic bipolar disorder overlapwith regard to symp-
toms, structural and functional brain abnormalities, and genetic risk factors. Neurobiological pathways
connecting genes to clinical phenotypes across the spectrum from schizophrenia to psychotic bipolar disorder re-
main largely unknown.
Methods: We examined the relationship between structural brain changes and risk alleles across the psychosis
spectrum in themulti-site Bipolar-SchizophreniaNetwork for Intermediate Phenotypes (B-SNIP) cohort. Region-
al MRI brain volumes were examined in 389 subjects with a psychotic disorder (139 schizophrenia, 90
schizoaffective disorder, and 160 psychotic bipolar disorder) and 123 healthy controls. 451,701 single-nucleotide
polymorphisms were screened and processed using parallel independent component analysis (para-ICA) to as-
sess associations between genes and structural brain abnormalities in probands.
Results: 482 subjects were included after quality control (364 individuals with psychotic disorder and 118
healthy controls). Para-ICA identified four genetic components including several risk genes already known to
contribute to schizophrenia and bipolar disorder and revealed three structural components that showed overlap-
ping relationships with the disease risk genes across the three psychotic disorders. Functional ontologies
representing these gene clusters included physiological pathways involved in brain development, synaptic trans-
mission, and ion channel activity.
Conclusions: Heritable brain structural findings such as reduced cortical thickness and surface area in probands
across the psychosis spectrum were associated with somewhat distinct genes related to putative disease path-
ways implicated in psychotic disorders. This suggests that brain structural alterations might represent discrete
psychosis intermediate phenotypes along common neurobiological pathways underlying disease expression
across the psychosis spectrum.

© 2016 Elsevier B.V. All rights reserved.
Keywords:
Genes
Brain structure
MRI
Intermediate phenotype
Schizophrenia
Bipolar disorder
Schizoaffective disorder
Endophenotype
Nosology
ical Center and Massachusetts
A 02115, USA.
on).
1. Introduction

The etiopathology of psychotic disorders ranging from schizophre-
nia (SZ) through schizoaffective disorder (SAD) to psychotic bipolar
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disorder (PBP) is being increasingly clarified with the identification of
specific putative genes and the characterization of a range of structural
and functional brain abnormalities (Keshavan et al., 2008; PGC Consor-
tium et al., 2014; Tandon et al., 2008). Large-scale genomic studies, in-
cluding genome-wide association studies, have begun to implicate a
number of common as well as unique loci and polymorphisms in SZ
and PBP (Gatt et al., 2015). Several gene variants that underlie brain de-
velopment, immune mechanisms, synaptic function and ion channels
have been identified (Gratten et al., 2014). Structural brain abnormali-
ties in SZ include graymatter volume reductions in several brain regions
notably frontal and temporal cortex and subcortical regions such as
hippocampus, thalamus and basal ganglia (Keshavan et al., 2008).
Despite delineation of a range of neurobiological findings in patients
with these conditions (Ellison-Wright et al., 2010; McDonald et al.,
2006; Palaniyappan et al., 2012), their functional characterization
is poorly defined and the specific pathways from etiology through
pathology to clinical expression remain largely unidentified (Keshavan
et al., 2011a, b).

Investigation of disease risk-related, heritable phenotypes (i.e.
endophenotypes) such as neuroanatomical alterations can serve as a
foot-hold in discerning the neurobiological pathways connecting
genes to clinical phenotypes across the psychosis spectrum
(Gottesman and Gould, 2003; Glahn, et al., 2014; Insel and Cuthbert,
2009). Structural brain abnormalities in psychotic disorders include
gray matter volume reductions in several brain regions notably the
frontal and temporal cortex and subcortical regions such as the hippo-
campus, thalamus and basal ganglia, and may serve as potential
endophenotypes (Keshavan et al., 2008). However, a significant barrier
to an improved understanding of the nature of various psychotic disor-
ders is our current symptom-based nosological system which does not
reliably separate biologically distinct categories and thus “does not
carve nature at its joints” (Kapur et al., 2012). Although SZ, SAD, and
PBP have been considered distinct clinical entities for almost a century
(Kraepelin, 1919; Tandon R, 2008), there are several overlaps in disease
risk genes, structural and functional intermediate phenotypes, and
symptomatology and the boundaries between these diagnoses have in-
creasingly been called into question (Hyman, 2010).

A dimensional approach examining neurobiological alterations and
their genetic underpinnings agnostic to diagnosis is more likely to iden-
tify valid disease processes across the spectrum of psychotic disorders
(Keshavan et al., 2011a, b). The Bipolar-Schizophrenia Network on In-
termediate Phenotypes (B-SNIP) is a multi-site research collaboration
established to delineate pathophysiological pathways in psychotic dis-
orders. It focuses on examining the manifestation and distribution of a
range of informative endophenotypes across the psychosis spectrum
(spanning SZ, SAD, and PBP) and evaluating their genetic associations
(Hill et al., 2013; Ivleva et al., 2013; Tamminga et al., 2013).

Challenges posed by limitations to processing multidimensional
data are inherent in the endeavor to define pathways across domains.
Specifically, discovery of multiple genes contributing to thesemolecular
biological processes is a challenge with traditional univariate methods.
In order to evaluate relationships between interacting disease risk
genes and structural brain findings across psychotic disorders, one can
utilize novel multivariate data-driven statistical techniques that allow
simultaneous analysis of multiplemodalities. One such approach is par-
allel independent component analysis (para-ICA) (Chen et al., 2012; Liu
et al., 2008; Sui et al., 2011). Unlike univariate studies such as GWAS,
para-ICA identifies linearly interacting risk gene variants, which taken
together contribute to a quantitative trait, and when taken together
may elucidate illness-associated molecular/biological pathways
(Meda et al., 2014; Pearlson et al., 2015). The selection of a proper
endophenotype is also critical, and a chief assumption in the selection
of the endophenotype is that its biological pathways will be relatively
closer to the action of the genes (Gottesman and Gould, 2003; Insel
and Cuthbert, 2009). We addressed this by using cortical thickness
and cortical surface area, measures demonstrated to be independently
heritable of each other and likely to be more proximal to genetic action
compared to volumetric measures commonly used in previous studies
(Panizzon et al., 2009).

In this study, we applied this approach to investigate gene-brain
structure relationships in patients with schizophrenia, schizoaffective
disorder, and psychotic bipolar disorder. Beginning with genetic and
structural brain data (single nucleotide polymorphisms [SNPs] and
MRI-derived regional brain measures, respectively), we employed
para-ICA to uncover underlying factors from both modalities and their
relationships across psychotic disorders.We aimed to examine the asso-
ciation between structural components and risk genes across the
psychosis spectrum (agnostic to categorical DSM diagnosis) from pro-
bands with SZ, SAD, PBP, and in healthy controls all enrolled in B-SNIP
in order to determine their candidacy as potential intermediate/endo-
phenotypes in biologically interactive disease pathways. We hypothe-
sized that: a) we would observe structural differences such as altered
cortical thickness and surface area in psychosis probands versus healthy
controls, and b) that such alterations would be differentially associated
with sets of genes that govern synaptic function, brain development,
neuronal ion channels, and inflammatory processes previously known
to be associated with psychosis risk.

2. Materials and methods

2.1. Study participants

Data were derived from the B-SNIP database on 512 subjects: 389
subjects with a psychotic disorder (139 schizophrenias, 90
schizoaffective disorders, and 160 psychotic bipolar disorders) and
123 healthy controls; 248 males, 264 females. These data included 3.0
Tesla structural MRI scans, Illumina SNP genotyping data (http://
www.illumina.com; Li et al., 2008a, b, and clinical/demographic infor-
mation. The institutional review boards at each of the six B-SNIP sites
(Chicago, Hartford, Dallas, Detroit, Maryland and Boston) approved
the study and all participants providedwritten informed consent. Inclu-
sion criteria for subjects were based on a diagnosis of schizophrenia,
schizoaffective disorder, psychotic bipolar disorder, or healthy controls
confirmed by the Structured Clinical Interview for DSM-IV Disorders
(Endris et al., 2002; First et al., 2002).

2.2. Single nucleotide polymorphism (SNP) genotype data collection and
preprocessing

For all subjects for whom genotyping and morphometric data were
available (N= 512), we extracted DNA from a blood sample and proc-
essed single nucleotide polymorphisms (SNPs) on an Illumina Infinium
HumanOmni1-Quad microarray assay (http://www.illumina.com) cov-
ering 1,140,419 SNP loci at Genomas (Hartford, CT).

SNP genotype data underwent two pre-processing stages. We first
applied a series of standard quality control measures developed to re-
move DNA samples and markers that might introduce bias in case-con-
trol studies (Anderson et al., 2010). Genotype data were preprocessed
in PLINK (Purcell et al., 2007) following a published workflow reported
by Anderson et al. (2010), combining both per-individual and per-
marker quality control (see Supplementary Fig. 1). In this manner, we
excluded individuals with discordant gender information, elevated
missing data rates, outlying heterozygosity rates, and those who were
duplicated or related. We applied thresholds for minor allele frequency
of 1% and a Hardy-Weinberg equilibrium p value of 0.00001. 451,701
SNPs for 482 subjects passed quality control and were carried over to
the next processing stage. SNPs in high linkage disequilibrium (LD)
were first removed (window 50 SNPs, r2 N 0.5) to increase indepen-
dence between markers. Genotype data were then subjected to a
principal component analysis (PCA) using custom Matlab scripts
(Mathworks, Natick, MA) to identify stratifying factors using an algo-
rithm similar to EIGENSTRAT (Price et al., 2006). Data were adjusted

http://www.illumina.com
http://www.illumina.com
http://www.illumina.com


76 N. Tandon et al. / Schizophrenia Research 182 (2017) 74–83
using the top three eigenvectors to exclude any underlying stratification
and SNPs then were statistically prioritized for para-ICA using logistic
regression between the proband group and controls in a disease-associ-
ation analysis. All SNPs significantly associated with any of the three
diseases at a nominal p b 0.05 uncorrected threshold were retained
for further analysis, achieving the important goals of 1) effectively
restricting core analyses to potentially disease-related genetic data in
the current sample, and 2) reducing potential noise from other
interacting genes with minimal relationship to the disease model,
thereby providing data-driven “enhancement” (Dawy et al., 2008).
After genetic-quality control and preprocessing, 482 total subjects and
12,207 SNPs remained for the final para-ICA analysis. Supplementary
Fig. 1 illustrates the general processing workflow.

2.3. MRI-structural imaging phenotype

We extracted 154 regional MRI brain measures from the 482 post-
QC subjects (364 individuals with psychotic disorder and 118 healthy
controls) using FreeSurfer version 5.1 (Arnold et al., 2015; Desikan et
al., 2006). High-resolution isotropic T1-weighted MPRAGE sequences
were obtained following the Alzheimer's Disease Neuroimaging Initia-
tive (ADNI) protocol (Jack et al., 2008) and the images were processed
by experienced analysts. Cortical thickness, surface area and volume
measures were obtained using methods described previously (Arnold
et al., 2015). Values were normalized by Z-score transformation, and
residualized for age, sex and site covariates before they were entered
into para-ICA.

2.4. Genotype-phenotype associations (para-ICA)

Parallel ICA with the MRI and the SNP data was implemented using
the Fusion ICA Toolbox v2.0c (Rachakonda et al., 2008) in Matlab
(Mathworks, Natick, MA) to compute independent genetic/imaging
networks and simultaneously identify and quantify association between
these twomodalities. This variant of ICA is designed formultimodal pro-
cessing and enhances the interconnection by maximizing the linkage
function in a joint estimation process (Calhoun et al., 2009). It has
been usefully applied to reveal gene-structure pathways in other disor-
ders with modest sample sizes (Meda et al., 2012). Loading parameters
were estimated for the weight of each component and overall correla-
tion values between loading coefficients of the two sets of imaging
and genetic components were calculated for the sample to identify sig-
nificantly associated feature sets. The process for para-ICA is described
in our previously published work (Chen et al., 2012; Meda et al.,
2014) and in Supplementary Fig. 2. The number of independent esti-
mated components for both SNP (dbSNP) and imaging data (6) were
separately estimated using Akaike information criteria (Calhoun et al.,
2001). 1000 permutations of the para-ICA were run to establish a test
statistic distribution for p-values. Components were tested for internal
stability by using a leave-one-out approach.
Fig. 1. The three kinds of cortical measures examined all demonstrated differences between pr
multiple comparisons.
Correlation values between parallel ICA sets were appropriately
corrected for multiple comparisons using a Bonferroni correction
based on 60 comparisons (10 SNPs and 6 anatomical components),
yielding a corrected p value threshold of 0.0008. Once significant feature
set associations were identified, all contributing SNPs/imaging ROIs
across each associated component were thresholded at a supra level
[Z] N 2.0 to specifically identify dominant loadings for each individual
network (Calhoun et al., 2009).

Significant SNPs from each component were batch queried against
the dbSNP database (dbSNP, Bethesda, MD) to extract known gene in-
formation. The genes were subsequently entered component-wise
into the MetaCore annotation software GeneGo (Thompson Reuters,
New York, NY) to determine enriched biological pathways associated
with structural abnormalities. Enrichment and visualization of signifi-
cant SNPsmapped onto their respective geneswere carried out to inter-
pret results in the context of a curated biological knowledge base.
Functional enrichment was derived in multiple ontologies, including
pathways, network processes, diseases, gene ontology processes, and
metabolic networks. Quantitative enrichment scores were calculated
using a hyper-geometric approach to estimate the likelihood that signif-
icant genes were overrepresented in particular biological pathways,
networks, or processes. Significance values were adjusted using false
discovery rate (FDR) correction for multiple comparisons.

3. Results

The age (mean/standard deviation) and gender (male/female) dis-
tribution of healthy controls and subjects with a psychotic disorder
were 37.4/12.3 years, 51 male/67 female and 35.8/12.5 years and 180
male/184 female respectively. There were no significant differences in
age or gender distribution between healthy controls and probands
with a psychotic disorder or between the three psychotic disorder
groups.

3.1. Structural brain differences and heritability

All three proband groups showed significant differences from
healthy controls in the global cortical thickness, cortical surface area,
and subcortical volumemeasures (see Fig. 1). The structural brain mea-
sures evaluated were also all highly heritable (h2r N 0.6) within families
of probands (see Supplementary Table 1).

3.2. Parallel ICA results

Four significant associationswere identified, 4 of the 10 genetic/SNP
componentswere significantly correlated to 3 of the 6 anatomic compo-
nents (represented as yellow, blue and red components respectively in
Fig. 2); these associations were significant after Bonferroni correction
(p b 0.0008). Significant differences were found in loading coefficients
between healthy controls and probands for all significantly correlated
obands and healthy controls after controlling for ICV (in the case of area and volume) and



Fig. 2. Legend - RED (S1-G1): left caudal anterior cingulate thickness, left entorhinal thickness, left parahippocampal thickness, right caudal anterior cingulate thickness, right entorhinal
thickness, right parahippocampal thickness; blue (S2-G2/G3): left thalamus volume, left putamen volume, left hippocampus volume, right thalamus volume, right putamen volume, right
hippocampus volume, left caudal middle frontal thickness, left superior frontal thickness, left rostral middle frontal thickness, right inferior parietal thickness, right caudal middle frontal
thickness, right superior parietal thickness; yellow (s3-g4): left fusiform surface area, left superior temporal surface area, left middle temporal surface area, left superior parietal surface
area, left rostral middle frontal surface area, right fusiform surface area, right superior temporal, right rostral middle frontal, right superior parietal, right caudal middle frontal, right
superior parietal surface area, left pallidum volume, right pallidum volume.
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structural and SNP components. Structural component S2 (blue), com-
prised decreased thickness in the bilateral prefrontal and right parietal
cortices, and volume of bilateral subcortical regions (globus pallidum,
putamen, and hippocampus bilaterally), was positively correlated
with genetic components G2 (r = 0.365; p b 0.0001) and with G3
(r=−0.314; p b 0.0001). Decreased loading on G2 and increased load-
ing on G3 was related to decreased surface area and pallidal volumes.
Structural component S1 (red) was positively linked to a genetic com-
ponent G1 (r= 0.407, p b 0.0001); decreased loading in S1 was related
to decreased paralimbic (entorhinal, parahippocampal and anterior
cingulate) thicknessmeasures. Structural component S3 (yellow) nega-
tively correlated with genetic component G4 (r=−0.317; p b 0.0001).
For a full listing of structures identified with each component, see Sup-
plementary Table 2. This indicates that increases in G4 loadingwere as-
sociated with alterations in surface area measures and volume of the
pallidum bilaterally. The reliability of these correlations was supported
by the leave-one-out testing, with a reliability value of N0.81. Among
the three identified structural components, S1 and S2 specific cortical
thickness measures, whereas S3 comprised of surface area measures
(Fig. 2a,b,c). Additionally, S1 and S2 included subcortical volumes (Fig.
2a,c). GeneGO pathways associated with the genetic components are
listed in Fig. 2 and Table 1. Among the identified structural-genetic
networks, the individual SNPs most significantly associated with these
genetic components are enumerated with their gene annotations in
Supplementary Table 3.

4. Discussion

Salient findings of the study include identification of four genetic-
structural networks that showed somewhat distinct relationships be-
tween disease risk genes and structural abnormalities across the three
psychotic disorders.



Table 1
Results of enrichment analysis fromMetaCore annotation software GeneGo. Biological pathways, process networks and metabolic networks are listed for each gene cluster derived from
the parallel-ICA analysis.

G1 pathway maps

# Map p (uncorr) p (FDR) (Genes in data)
(Genes total)

1 Immune response: Th1 and Th2 cell differentiation 0.00005 0.008 4/40
2 Immune response: naive CD4 + T cell differentiation 0.00008 0.008 4/46
3 G-protein signaling: RhoA regulation pathway 0.0007 0.03 3/34
4 Immune response: immune responses in asthma (schema) 0.0007 0.03 2/8
5 G-protein signaling: Rap1B regulation pathway 0.001 0.04 2/11
6 Immune response: CRTH2 signaling in Th2 cells 0.001 0.04 3/44
7 Cell adhesion: ephrin signaling 0.002 0.04 3/45
8 PDE4 regulation of cyto/chemokine expression in inflammatory skin diseases 0.002 0.05 3/50
9 Neurophysiological process: synaptic vesicle fusion and recycling in nerve terminals 0.002 0.05 3/52
10 Intercellular relations in asthma (general schema) 0.003 0.06 2/16

G1 process networks

# Network p (uncorr) p (FDR) (Genes in data)
(Genes total)

1 Cell adhesion: synaptic contact 0.0009 0.08 7/184
2 Cell adhesion: attractive and repulsive receptors 0.004 0.13 6/175
3 Development: neurogenesis and synaptogenesis 0.004 0.13 6/180
4 Inflammation: histamine signaling 0.01 0.18 6/213
5 Development: regulation of angiogenesis 0.01 0.18 6/223
6 Development: neurogenesis and axonal guidance 0.01 0.18 6/230
7 Inflammation: IL-12,15,18 signaling 0.01 0.18 3/59
8 Cytoskeleton: cytoplasmic microtubules 0.02 0.18 4/115
9 Signal transduction: WNT signaling 0.02 0.18 5/177
10 Immune response: T helper cell differentiation 0.03 0.26 4/140
G1 metabolic networks
1 Decanoylcarnitine pathway 0.002 0.08 3/86
2 Lauroylcarnitine pathway 0.003 0.08 3/91
3 (L)-carnitine pathway 0.03 0.11 2/82
4 CYP2D6-3-Glucagon-HNF4 0.03 0.11 2/84
5 CYP2D6-5-Glucagon-HNF4 0.03 0.11 2/87
6 CYP3A4-11-Glucagon-HNF4 0.03 0.11 2/88
7 CYP2C9-1-Glucagon-HNF4alpha 0.03 0.11 2/90
8 CYP3A4-12-Glucagon-HNF4 0.03 0.11 2/91
9 CYP3A4-1-Glucagon-HNF4 0.03 0.11 2/92
10 CYP2C9-2-Glucagon-HNF4alpha 0.03 0.11 2/92

G1 GO processes

# Process p (uncorr) p (FDR) (Genes in data)
(Genes total)

1 Synaptic transmission 2 × 10−8 7 × 10−5 22/856
2 Nervous system development 2 × 10−7 0.0003 40/2721
3 Dendritic spine morphogenesis 7 × 10−7 0.0006 41741
4 Neuron differentiation 1 × 10−6 0.0006 25/1346
5 Cell-cell signaling 1 × 10−6 0.0006 24/1268
6 Regulation of synapse organization 2 × 10−6 0.0006 7/90
7 Cell adhesion 2 × 10−6 0.0006 21/1015
8 Regulation of synapse assembly 2 × 10−6 0.0006 6/58
9 Regulation of macrophage activation 2 × 10−6 0.0006 5/33
10 Biological adhesion 2 × 10−6 0.0006 21/1026

G2 pathway maps

# Map p (uncorr) p (FDR) (Genes in data)
(Genes total)

1 Neurophysiological process: GABA-B receptor-mediated regulation of glutamate signaling in Purkinje cells 2 × 10−5 0.007 4/27
2 Cell adhesion: ephrin signaling 0.0001 0.02 4/45
3 Transport: alpha-2 adrenergic receptor regulation of ion channels 0.0002 0.02 4/47
4 Development: mu-type opioid receptor signaling via beta-arrestin 0.0004 0.03 3/24
5 Cell adhesion: cadherin-mediated cell adhesion 0.0005 0.03 3/26
6 Reproduction: GnRH signaling 0.0009 0.05 4/72
7 Development: S1P1 receptor signaling via beta-arrestin 0.0011 0.06 3/34
8 Upregulation of MITF in melanoma 0.0013 0.06 3/36
9 Neurophysiological process: delta-type opioid receptor in the nervous system 0.0017 0.06 3/40
10 Neurophysiological process: ACM1 and ACM2 in neuronal membrane polarization 0.0017 0.06 3/40

78 N. Tandon et al. / Schizophrenia Research 182 (2017) 74–83



G2 process networks

# Network p (uncorr) p (FDR) (Genes in data)
(Genes total)

1 Cell adhesion: synaptic contact 1 × 10−9 1 × 10−7 15/184
2 Development: neurogenesis and synaptogenesis 7 × 10−8 4 × 10−6 13/180
3 Development: neurogenesis and axonal guidance 4 × 10−5 0.001 11/230
4 Reproduction: gonadotropin regulation 6 × 10−5 0.002 10/199
5 Neurophysiological process: transmission of nerve impulse 0.0001 0.002 10/212
6 Cell adhesion: attractive and repulsive receptors 0.0001 0.002 9/175
7 Neurophysiological process: GABAergic neurotransmission 0.0008 0.013 7/138
8 Muscle contraction: relaxin signaling 0.002 0.029 30437
9 Reproduction: GnRH signaling pathway 0.002 0.029 7/166
10 Development: regulation of angiogenesis 0.003 0.035 8/223
G2 metabolic networks
1 Glutamic acid pathway 1 × 10−7 8 × 10−6 7/103
2 Glutamic acid pathways and transport 1 × 10−6 4 × 10−5 7/145
3 L-glutamate pathways and transport 9 × 10−6 0.0003 6/131

4 L-ornithine pathways and transport 0.0001 0.002 5/124

5 Lyso-phosphatidylserine pathway 0.0003 0.005 4/81
6 Phosphatidylinositol-4,5-diphosphate pathway 0.005 0.08 3/92
7 Sphingomyelin pathway 0.006 0.08 3/97
8 Phosphatidylinositol-3,4,5-triphosphate pathway 0.03 0.3 2/66
9 [O-hexadecanoyl-(L)-carnitine pathway 0.03 0.31 2/71
10 1-hexadecanoyl-glycerol: 3-phosphate pathway 0.04 0.33 2/78

G2 GO processes

# Process p (uncorr) p (FDR) (Genes in data)
(Genes total)

1 Synaptic transmission 7 × 10−15 2 × 10−11 33/856
2 Neuron differentiation 3 × 10−14 5 × 10−11 40/1346
3 Cell-cell signaling 1 × 10−13 1 × 10−10 38/1268
4 Generation of neurons 1 × 10−12 7 × 10−10 44/1795
5 Neuron development 2 × 10−12 1 × 10−9 34/1115
6 Nervous system development 5 × 10−12 3 × 10−9 54/2721
7 Neurogenesis 6 × 10−12 3 × 10−9 44/1891
8 Prepulse inhibition 8 × 10−12 3 × 10−9 41876
9 Regulation of synapse structure and activity 1 × 10−11 5 × 10−9 12/101
10 Startle response 2 × 10−11 5 × 10−9 15220

G3 pathway maps

# Map p (uncorr) p (FDR) (Genes in data)
(Genes total)

1 Transcription: role of heterochromatin protein 1 (HP1) family in transcriptional silencing 5 × 10−6 0.002 5/40
2 NF-AT signaling in cardiac hypertrophy 6 × 10−5 0.01 5/65
3 Cell adhesion: ephrin signaling 0.0002 0.02 4/45
4 Signal transduction: IP3 signaling 0.0003 0.02 4/49
5 Immune response: mast cell proliferation, differentiation and survival 0.0009 0.06 3/30
6 Cell adhesion: gap junctions 0.0009 0.06 3/30
7 Development: angiopoietin - Tie2 signaling 0.001 0.07 3/35
8 Upregulation of MITF in melanoma 0.002 0.07 3/36
9 Transport: cAMP/Ca(2+)-dependent insulin secretion 0.003 0.1 3/43
10 Development: ligand-independent activation of ESR1 and ESR2 0.003 0.1 3/45
G3 process networks
# Network p (uncorr) p (FDR) (Genes in data)

(Genes total)
1 Reproduction: gonadotropin regulation 1 × 10−5 0.001 10/199
2 Reproduction: GnRH signaling pathway 0.0001 0.007 8/166
3 Cell adhesion: attractive and repulsive receptors 0.0002 0.007 8/175
4 Development: neurogenesis and axonal guidance 0.001 0.03 8/230
5 Cell cycle: G1-S growth factor regulation 0.002 0.05 7/195
6 Reproduction: progesterone signaling 0.01 0.27 6/214
7 Development: regulation of angiogenesis 0.02 0.28 6/223
8 Muscle contraction: nitric oxide signaling in the cardiovascular system 0.03 0.34 4/124
9 Translation: regulation of initiation 0.03 0.34 4/127
10 Transcription: chromatin modification 0.03 0.34 4/128
G3 metabolic networks
1 Phosphatidylinositol-3,4,5-triphosphate pathway 1 × 10−5 0.001 5/66
2 1,2-dioleoyl-sn-glycerol: 3-phosphate pathway 6 × 10−5 0.003 5/95
3 1,2-didocosahexaenoyl-sn-glycerol: 3-phosphate pathway 8 × 10−5 0.003 5/99
4 Acyl-L-carnitine pathway 0.0007 0.02 4/89
5 Phosphatidylinositol pathway 0.004 0.09 2/21
6 Ceramide pathway 0.005 0.09 3/76
7 O-hexanoyl-(L)-carnitine pathway 0.007 0.1 3/86
8 Myristoyl-L-carnitine pathway 0.01 0.1 3/88

(continued on next page)

Table 1 (continued)
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Table 1 (continued)

G3 pathway maps

# Map p (uncorr) p (FDR) (Genes in data)
(Genes total)

9 1,2-didocosapentaenoyl-sn-glycerol: 3-phosphate pathway 0.01 0.1 3/91
10 Stearoylcarnitine pathway 0.01 0.11 3/97

G3 GO processes

# Process p (uncorr) p (FDR) (Genes in data)
(Genes total)

1 Regulation of calcium ion transport into cytosol 9 × 10−13 3 × 10−9 13/107
2 Regulation of calcium ion transport 5 × 10−12 8 × 10−9 17/254
3 Regulation of localization 1 × 10−11 2 × 10−8 49/2455
4 Regulation of transport 3 × 10−10 3 × 10−7 40/1891
5 Regulation of epithelial cell migration 5 × 10−10 4 × 10−7 13/176
6 Regulation of metal ion transport 8 × 10−10 5 × 10−7 17/354
7 Transmembrane receptor protein tyrosine kinase signaling pathway 3 × 10−9 1 × 10−6 23/725
8 Negative regulation of release of sequestered calcium ion into cytosol 5 × 10−9 2 × 10−6 5/10
9 Blood vessel development 5 × 10−9 2 × 10−6 21/623
10 Regulation of release of sequestered calcium ion into cytosol 6 × 10−9 2 × 10−6 9/79

G4 pathway maps

# Map p (uncorr) p (FDR) (Genes in data)
(Genes total)

1 Cell adhesion: ephrin signaling 4 × 10−5 0.01 4/45
2 Neurophysiological process: EphB receptors in dendritic spine morphogenesis and synaptogenesis 0.0005 0.06 3/35
3 Transport: ACM3 in salivary glands 0.0008 0.07 3/42
4 Transport: alpha-2 adrenergic receptor regulation of ion channels 0.001 0.07 3/47
5 O-glycan biosynthesis 0.002 0.11 3/60
6 O-glycan biosynthesis/human version 0.0024 0.11 3/62
7 Amitraz-induced inhibition of insulin secretion 0.004 0.13 2/22
8 Development: delta- and kappa-type opioid receptors signaling via beta-arrestin 0.004 0.13 2/23
9 Neurophysiological process: dopamine D2 receptor transactivation of PDGFR in CNS 0.006 0.13 2/26
10 Neurophysiological process: GABA-B receptor signaling at postsynaptic sides of synapses 0.006 0.13 2/26

G4 process networks

# Network p (uncorr) p (FDR) (Genes in data)
(Genes total)

1 Cytoskeleton: regulation of cytoskeleton rearrangement 0.0003 0.03 7/183
2 Cell adhesion: cell-matrix interactions 0.0007 0.03 7/211
3 Cell adhesion: attractive and repulsive receptors 0.001 0.05 6/175
4 Cell adhesion: synaptic contact 0.002 0.05 6/184
5 Cytoskeleton: actin filaments 0.008 0.16 5/176
6 Neurophysiological process: GABAergic neurotransmission 0.02 0.28 4/138
7 Development: regulation of angiogenesis 0.02 0.29 5/223
8 Development: neurogenesis and Axonal guidance 0.02 0.29 5/230
9 Reproduction: FSH-beta signaling pathway 0.03 0.3 4/160
10 Reproduction: GnRH signaling pathway 0.03 0.3 4/166
G4 metabolic networks
1 1,2-didocosahexaenoyl-sn-glycerol: 3-phosphate pathway 1 × 10−5 0.0005 5/99
2 Phosphatidylinositol-3,4,5-triphosphate pathway 5 × 10−5 0.001 4/66
3 1,2-dioleoyl-sn-glycerol: 3-phosphate pathway 0.0002 0.003 4/95
4 1,2-didocosapentaenoyl-sn-glycerol: 3-phosphate pathway 0.003 0.03 3/91
5 1-icosatrienoyl-sn-glycero-3-phosphocholine pathway 0.006 0.05 3/122
6 1-docosahexaenoyl-glycerol: 3-phosphocholine pathway 0.008 0.05 3/131
7 2-arachidonoyl-glycerol: 3-phosphocholine pathway 0.009 0.06 3/140
8 [O-hexadecanoyl-(L)-carnitine pathway 0.02 0.11 2/71
9 Acyl-L-carnitine pathway 0.03 0.12 2/89
10 Phosphatidylinositol-4,5-diphosphate pathway 0.03 0.12 2/92
G4 GO processes
# Process p (uncorr) p (FDR) (Genes in data)

(Genes total)
1 Neuron development 5 × 10−8 0.0001 24/1115
2 Neuron differentiation 4 × 10−7 0.0004 25/1346
3 Neurogenesis 6 × 10−7 0.0004 30/1891
4 Generation of neurons 7 × 10−7 0.0004 29/1795
5 Synaptic transmission 9 × 10−7 0.0004 19/856
6 Cell development 9 × 10−7 0.0004 31/2031
7 Cell projection organization 1 × 10−6 0.0004 23/1231
8 Dendritic spine development 2 × 10−6 0.0007 4/16
9 Cell adhesion 3 × 10−6 0.0007 20/1015
10 Thymus development 3 × 10−6 0.0007 6/66
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4.1. G1

This gene component was significantly correlated with the structur-
al component S1 involving paralimbic cortical thickness (anterior cin-
gulate, entorhinal and parahippocampal regions). GeneGO analysis
showed this component to be associated with the Go Processes of syn-
aptic transmission, nervous system development, and dendritic spine
morphogenesis. The G1 component also included genes related to im-
mune function (IL4, IL13), CLOCK function (NPAS2) (Soria et al., 2010)
aswell those involved in brain developmental processes such as cell ad-
hesion and migration (EMCN, C9orf126, RCAN2 and CCDC80).

4.2. G2

Gene component 2 included several genes related to GABA function
(GABBR2, GRM8) and showed significant associations with the S2 com-
ponent comprised by frontoparietal thickness and subcortical volumes
(thalamus, putamen and hippocampal). This is consistent with the im-
plication of altered GABBR2 in schizophrenia (Fatemi et al., 2013). Glu-
tamate related geneswere also present in this network, includingGRM8
polymorphisms that have previously been associated with schizophre-
nia (Takaki et al., 2004) and autism spectrum disorder (Li et al., 2008a,
b). Pathway analysis revealed that pathways associated with G2 were
related to voltage-gated channels or ion transport. Within those path-
ways and loading on the genetic component were CLSTN2, involved in
calcium synthesis and linked to age-related episodic memory loss,
(Pantzar et al., 2014; Sédille-Mostafaie et al., 2012) andwith a potential
role in cognitive symptoms in psychotic disorders. KCNQ5, a potassium
voltage-gated channel gene, has been linked to schizophrenia (Kendler
et al., 2011) and autism spectrum disorder (Gilling et al., 2013); and
SLC22A5, a cation transporter gene, is involved in integrity of the
blood brain barrier (Lucas et al., 2014) reported to be impaired in
schizophrenia (Stolp et al., 2009).

Other pathways include neurogenesis (PROX1) (Yu et al., 2014), and
neuronal signaling pathway, including the genes GNAI1, implicated in
CREB signaling and long term depression; SYT2 (synaptotagmin2), a
transmembrane protein which serves as a calcium sensor in the regula-
tion of neurotransmitter release (Lucas et al., 2014); and zDHHC14 that
is involved in S-acylation (also known as palmitoylation) which is crit-
ical for neuronal signaling. Other pathways associated with this genetic
component included those involved in gluconeogenesis, (FBP2) and sig-
naling (NKAIN2,which interacts with Na+, K+ATPase). A strong asso-
ciation has been found between a gene in this cluster ADAMTS16 and
physical functioning in schizophrenia (McGrath et al., 2013).

4.3. G3

Several genes in this gene cluster are involved in embryonic devel-
opment, specifically neuronal migration and axon guidance (NXPH1),
neuronal proliferation and migration (CHN2, SRGAP3, and DGK1).
LAMB4 and NXPH1 are implicated in autism (Maestrini et al., 2010;
Salyakina et al., 2011; Shen et al., 2010), CHN2 is implicated in GWAS
studies of schizophrenia in males (Hashimoto et al., 2005), whereas
DGK1 has been implicated in a GWAS study of SZ and bipolar disorder
(Williams et al., 2010). The association of genes expressed in early
brain development with cortical surface area but not volume is consis-
tent with evidence that genetic influences underlying cortical surface
area and thickness are independent and suggests that the former may
be influenced by genes that are critical for early brain growth and devel-
opment (Panizzon et al., 2009).

4.4. G4

This gene cluster was correlated with structural component (S3)
comprising specific cortical surface areas. Cell adhesion, cytoskeleton
structure, and phospholipid regulation were the enriched functional
processes most associated with gene clusters in G4. RP1L1, involved in
cell differentiation and implicated in autism (Glancy et al., 2009), was
negatively correlated with this structural component. Regulation of cy-
toskeleton rearrangement, and cell adhesion (cell-matrix interactions,
attractive and repulsive receptors, synaptic contact) pathways were, in
fact, representative of genes throughout the G4 genetic component.
Metabolic processes included the phosphatidic acid pathway; abnormal
phospholipid distribution has been found in schizophrenia and those at
familial risk for schizophrenia (Tandon N et al., 2013).
4.5. Implications

The structural-genetic networks identified here by parallel ICA com-
prise regional brain measures that have been reported as heritable bio-
markers for psychotic disorders; our own observations of heritability
ranges of 0.55–0.88 for these measures (Nanda et al., 2014) are consis-
tent with this. A previous parallel ICA study of a small sample of schizo-
phrenia patients showed genetic associations with a similar set of
frontal and temporal brain regions (Jagannathan et al., 2010). Findings
of involvement of specific brain structures (frontal, temporal, parietal,
and subcortical) observed in previous structural imaging studies were
replicated in our study. These regions have been evaluated as schizo-
phrenia endophenotypes (Keshavan et al., 2007), and are herein partial-
ly validated. Previous investigators concluded that measures of both
surface area and thickness were both highly heritable, but were essen-
tially independent genetically (Hartberg et al., 2011; Panizzon et al.,
2009). Our findings extend this notion by revealing somewhat distinct
genetic pathways that are associated with eachmeasure in a large sam-
ple of psychotic patients and healthy controls. They indicate that what-
ever the direct structural influences on these measures may be,
upstream influences include developmental processes for surface area,
and both immune response and intra-cellular signaling pathways for
thickness.

Notably, the structural-genetic networks correlating with the sub-
cortical volume and thickness components differ in their constituent
pathways. The pathways for the SNPs in the genetic components associ-
ated with cortical surface areas and subcortical volume were related to
three developmental processes that are critical for the expansion of cor-
tical surface area: cell growth, neuronal migration, and cell differentia-
tion. On the other hand, pathways for the SNPs loading onto the
genetic components associated with thickness fall into three broad cat-
egories: glutamatergic function, synaptic function, and neuronal signal-
ing. Interestingly, cortical thickness in paralimbic regions was
associated with genes that mediate voltage-gated ion channels as well
as those related to immune function. A growing body of literature impli-
cates disturbances in ion channels as underlying not only SZ and bipolar
disorder, but several other developmental and autoimmune neuropsy-
chiatric disorders; ion channels and immune mechanisms may also
offer promising therapeutic targets (Imbrici et al., 2013). Likewise, sev-
eral lines of evidence including genetic association studies point to im-
mune disturbances in SZ and other neuropsychiatric disorders, yet
again pointing to potential novel therapeutic targets (Michel et al.,
2012).

The strengths of this study rest on three key attributes; first, rather
than only looking at one part of the psychosis spectrum e.g. bipolar dis-
order or schizophrenia, the entire psychosis spectrum was assessed si-
multaneously, acknowledging that there is likely similarity in the
pathophysiological processes underlying these disorders with consider-
able clinical overlap. Second, the imaging data used for the parallel ICA
were high-resolution images that underwent rigorous quality control
testing and were processed using state of the art imaging software.
Third, the parallel ICAmethod yielded clusters of SNPs both functionally
related to each other and to cortical thickness, volume, or surface area.
This clustering of SNPs into functionally related groups affords a degree
of inference previously unavailable to the miscellany of univariate-



82 N. Tandon et al. / Schizophrenia Research 182 (2017) 74–83
significant SNPs revealed in prior literature (Pearlson, Liu and Calhoun,
2015).

Limitations of our study include first, the relatively small sample size
by the standards of genome-wide association studies, but the para-ICA
method is well-suited to working with the sample size (n = 482)
used. Second, we did not have genetic data from relatives of these pro-
bands. Third, even thoughwe observed several known risk genes in this
study, para-ICA revealed several others whose significance remains un-
clear. Finally, our sample included mostly medicated patients, and the
effects of antipsychotics can bias our structural results.

Taken together, our observations provide a translational bridge be-
tween susceptibility genes, candidate pathophysiological processes
known to be implicated in psychosis, and the observed brain structural
alterations. They add to a growing body of evidence indicating the fea-
sibility of utilizing structural brain abnormalities as endophenotypes
across schizophrenia and other psychiatric disorders and precisely de-
fining their genetic basis, thereby enabling a dissection of the complex
disease mechanisms underlying psychotic disorders. Our findings gen-
erate testable hypotheses about the specific pathways from risk genes
to aberrant neural circuits to disease expression. As our genomic and
neuroscience technologies become increasingly powerful, their rigorous
application and integrating information derived from them is essential
to elucidating the hitherto mysterious etio-pathogenesis of psychotic
disorders (Bigos and Weinberger, 2010; Thompson et al., 2014).

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.schres.2016.10.026.
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