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Supplementary Methods 

Subject Recruitment. Participants completed the Structured Clinical Interview for Diagnostic 

(SCID patient or nonpatient versions) to yield Diagnostic and Statistical Manual of Mental 

Disorders-IV (DSM-IV) (1) diagnoses. Probands met criteria for schizophrenia (SZ), 

schizoaffective (SZA) or psychotic bipolar disorder (PBP) as defined in (2)). Healthy 

comparison individuals (HC) were free of any lifetime psychosis and Axis 1 disorders according 

to the DSM IV.  Participants were recruited at the five BSNIP sites via advertisements (see Table 

S1), online postings, and referral by word of mouth and local National Association on Mental 

Illness (NAMI) chapters. All subjects were assessed by experienced clinical raters including 

masters-level clinicians, doctoral-level clinical psychologists or psychiatrists to document 

diagnostic information using clinical data and structured interviews. Probands were administered 

the Positive and Negative Symptom Scale (PANSS (3)), the Young Mania Rating Scale (4), the 

Montgomery Asberg Depression Rating Scale (MADRS (5)), and the Global Assessment of 

Functioning scale (GAF; axis V of DSM-IV). Exclusion criteria included central neurological 

illness, mental retardation, current substance abuse based on toxicology and urine screening, past 

abuse within 6 months or dependence within 2 years or any prior extensive history of drug 

dependence (DSM-IV). Probands were on stable doses of psychotropic medication (Table S2) 

for ≥ 4 weeks. 



Page 2 of 24 

Experimental Design for Auditory Oddball Paradigm. The auditory oddball task consisted of 

two different pitches; high (1500 Hz db) target and low standard (1000 Hz) tones. Stimulus 

duration was 50 ms with rise and decay of 10 ms. The interstimulus interval was 1300 ms, with 

stimuli comprising of 567 standard (85%) and 100 target tones (15%) presented in 

pseudorandom order. Participants were seated in a quiet electrically shielded booth (ambient 

sound = 61–63 dB; luminance = .11–.12 foot-candles) fixating at a computer monitor with cross 

hair, while listening to the tones delivered by headphone. Subjects were instructed to press a 

button with their right index finger when a target tone was detected.  Uniformity in recording 

conditions was preserved across sites, which also used identical recording equipment and 

stimulus presentations.  

 

Auditory Oddball Electroencephalogram (EEG) Data Acquisition. EEG was collected 

continuously from Neuroscan equipment equipped with 64 Ag/AgCl electrodes (Quik-Cap, 

Compumedrics, El Paso, Texas). Electrode impedances were maintained < 5 KΩ throughout the 

experiment. Electrodes were placed according to the International 10-10 EEG system (Figure 

S1). Eye movement recordings were collected by placing one electrode at the inner and outer 

canthi of the left and right eye. Nose served as a reference with a forehead ground. EEG 

recordings were amplified with a gain of 12,500 and digitized at a sampling rate of 1000 Hz 

using Neuroscan ACQUIRE and SynAmps 2 recording systems (Compumedics Neuroscan).   

Structural Magnetic Resonance Imaging (sMRI) Data. We extracted 68 cortical and 14 

subcortical brain volumes using sMRI data in 369 subjects (89 HC, 114 SZ and 166 PBP out of 

449 subjects) (6) using FreeSurfer (7) version 5.347. 

(http://surfer.nmr.mgh.harvard.edu/fswiki/FreeSurferMethodsCitation). High-resolution isotropic 

T1-weighted MPRAGE sequences (TR=6.7 msec, TE= 3.1 msec, 8o flip angle, 256x240 matrix 

http://surfer.nmr.mgh.harvard.edu/fswiki/FreeSurferMethodsCitation
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size, total scan duration=10:52.6 minutes, 170 sagittal slices, 1mm slice thickness, 1x1x1.2 mm3 

voxel resolution) were obtained following the Alzheimer’s Disease Neuroimaging Initiative 

(http://www.loni.ucla.edu/ADNI) protocol. 

Event-Related Potential (ERP) Data Processing. Raw EEG data were checked and adjusted 

for bad electrodes (< 5% for any subject) using spherical spline interpolation (BESA 5.3; MEGIS 

Software, Grafelfing, Germany). Data were subjected to blink and cardiac artifact removal by 

using independent component analysis (8). Data were segmented into epochs from 250 msec 

before to 720 msec after stimulus onset and digitally filtered between 0.5 Hz-55 Hz (zero-phase 

filter; roll-off: 6 and 48 dB/octave, respectively). Epochs were baseline corrected using mean 

voltage activity during 250 ms prestimulus period and excluded from analysis if voltage > 75 μV 

at any electrode; at least 60% of trials were accepted for all subjects.  

Spatial Principal Component Analysis. EEG data from the 64 channels were effectively 

compressed and summarized using spatial principal components analysis (PCA) on grand 

average data (9, 10) implemented using BESA (MEGIS Software) and Matlab (The Mathworks, 

Natick, Massachusetts) to identify spatial patterns in the EEG topography (Refer to article (9) for 

details). Each electrode was averaged for both target and standard conditions and PCA with 

promax oblique vector rotation and Kaiser (11) normalization was applied on a 64 x 64 sensor 

covariance matrix (98 time points as observations for 64 sensors) for each condition separately. 

Based on eigenvalues, two target components (accounting for 65.7% and 29.6% of the variance) 

and one standard component (86.8% of the variance) were identified. For the target and standard 

condition, component weights were multiplied by each subject’s grand average data, summed 

across sensors, and normalized by the sum of the component weights, yielding one waveform per 

component for each subject. The two target components comprised a late parietal (P3b) and early 
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frontal topography respectively and the standard component had an early frontal topography 

(Figure 1 in the text). The reduced component waveforms were concatenated (standard 

waveform followed by parietal target and frontal target) to yield a single phenotype vector for 

each subject for the multivariate genetic association analysis.  

Single Nucleotide Polymorphism (SNP) Data Processing. Genotyped SNP data typically 

represented as homozygous (AA, BB) and heterozygous (AB or BA) were converted to 

numerical format by additive coding for the number of minor alleles (AA = 0, AB=1 and BB=2, 

assuming B is minor allele). Figure S2 illustrates the processing pipeline (12) for SNP data 

quality control using Plink (13). Raw SNP data were inspected for poorly genotyped subjects by 

checking for discordant sex, elevated missing rate (> 3%), unusual heterozygosity ( > 3 SD from 

mean) and unusual similarity or relatedness between individuals. Individuals failing quality 

control were removed. Further, individual markers were removed, if marker missing rate was > 

5%, rare variants with minor allele frequency < 0.05 and SNP correlated above 0.8 in block sizes 

of 200. Additional exclusion criteria included failure of Hardy Weinberg equilibrium 

(p<0.00001) and significantly differing genotype call rates between cases (SZ and PBP 

probands) and healthy comparison subjects (HC) (p<0.00001). Missing SNP data were imputed 

using the most frequent genotype. Finally, SNP data were corrected for population stratification 

bias by extracting the components contributing to the ethnicity structure using PCA (see q-q plot 

in Figure S3). In the current sample, the top three PCA components were significantly associated 

(p=2.3x10
-273

, p=7.03x10
-91

 and p=2.66x10
-93

) with self-reported ethnicity, but no significant 

case-control difference was detected.  A total of 575,687 SNP were retained from the quality 

control process for the initial univariate analyses that further reduced the marker size for 

multivariate association.  
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 Para-ICA like any other multivariate approach is limited by the high dimensionality 

posed by the numerous variables in the model that degrade the cumulative signal level from the 

linear combination of SNPs due to the disproportion between the SNPs to the observation cases. 

To overcome this problem, we applied univariate analysis using logistic regression to each of the 

575,687 markers between cases and HC, similar to the strategy employed in a recent study (14).  

The regression was conducted separately for SZ and PBP probands vs HC. SNPs that passed a 

nominal p<0.05 uncorrected threshold from either of the two univariate analyses were combined 

and then queried using online databases dbsnp (http://www.ncbi.nlm.nih.gov/SNP/) and genome 

variation server (http://gvs.gs.washington.edu/GVS137/)  to determine the functional annotation 

for each marker. Finally, 20,329 SNPs from coding and non-coding regions of the gene with 

nominal p<0.05 uncorrected significance level from the regression analyses were selected for the 

parallel independent component analysis (Para-ICA) based association in conjunction with ERP 

data.  

Para-ICA based SNP-ERP Association. The genetic SNP and ERP data were jointly analyzed 

using the Para-ICA method (15) implemented in the fusion ICA toolbox V2.0c 

(https://icatb.sourceforge.net) developed in Matlab. Para-ICA estimates independent components 

on the genetic and the ERP data and jointly evaluates the association between the two data 

modalities (Figure S4). This approach is an extension of the common ICA technique to two data 

modalities or features, by including an additional constraint of maximizing the correlation 

between the two modalities, while simultaneously maximizing the independence on each feature 

using information theoretic based entropy cost function. Para-ICA is a statistically efficient data-

driven multivariate technique that linearly combines multiple gene variants yielding a cumulative 

entity that is linked simultaneously to linearly related complex phenotypes. Unlike univariate 
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genome wide association tests, the complex phenotype can include multiple biological measures. 

Para-ICA parses the underlying structure or pattern in both the genetic and phenotype data 

mixture and relates them. Para-ICA offers various advantages: 1) data-driven analysis without 

prior assumptions on the underlying data distribution. 2) separation of unstructured complex 

noise sources from true biological signals producing better signal-to-noise ratio 3) efficiency in 

handling large scale data especially when fusing multiple data domains by data reduction, 

yielding statistical predictive efficacy by accounting for multiple comparison on reduced factors.  

The ERP data matrix (N=449 X 294 (3x98 time points)) was formed by concatenating the 

PCA-compressed components including one standard and 2 target waveforms for each subject. 

The number of components for the pooled concatenated ERP data (data from SZ, PBP and HCs) 

was estimated to be 8 based on the minimum descriptor length criteria (16), a common method 

used in prior ICA based studies (17). The SNP data was organized as a matrix of subjects by 

SNPs (N=449 X 20329). For the pooled SNP data, the number of independent components was 

selected as 11 based on the consistency tool that checked for the maximum reliability of the 

components (18). A leave-one-out cross validation was conducted using the same parameters 

used in the original run to assess the reliability of SNP and ERP components. The ERP and SNP 

component in the each significantly associated pair from the original run was correlated with 

components from each run of the leave-one-out analysis (n=449). The component in each 

modality in each run that best matched the original pair was identified based on correlation. The 

average within modality correlation from different runs for each significantly associated pair was 

used as the final reliability index.   

Pathway Analysis. The enrichment analysis determined the hierarchical processes including 

biological and metabolic attributes underlying the genes with reference to predefined pathway 
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maps and gene ontologies (GO) repository available in GeneGo. Statistical significance levels 

quantifying the enrichment were estimated using hypergeometric distribution based on the 

likelihood that significant genes were over-regulated in specific pathways and processes. 

Significance values were adjusted for multiple comparisons using false discovery rate correction.  
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TABLE S1. Demographic Information for Schizophrenia and Psychotic Bipolar Probands and 

Healthy Comparison Subjects 

Variable Healthy 

comparison 

subjects (N=95) 

Schizophrenia 

(N=144) 

Psychotic bipolar 

disorder (N=210) 

p 

 Mean SD Mean SD Mean SD  

Age (years)
 a
 36.01 11.79 32.88 11.73 35.29 12.21 < 0.049 

PANSS-positive - - 16.15 5.35 14.14 5.45  

PANSS-negative - - 16.7 5.76 13.15 4.85  

PANSS-general - - 32.37 9.02 30.25 9.04  

SBS - - 7.68 1.33 1.99 1.77  

WRAT-4
b,c

 103.87 12.83 96.37 15.84 101.21 14.05 < 0.0001 

CPZ equivalent
d
 - - 614.12 502.89 417.53 389.42  

 N % N % N %  

Sex
e
        

Male 39 41 104 72 84 40 < 2.23e-9 

Female 56 59 40 28 126 60 

Site        

Baltimore 14 14.7 34 23.6 43 20.4 < 0.11 

Boston
f
 0 0 3 2 0 0 

Chicago 26 27.4 31 21.5 67 31.9 

Dallas
f
 7 7.3 16 11.1 27 12.8 

Detroit 17 17.9 15 10.4 22 10.4 

Hartford 31 32.6 45 31.2 53 25.2 

Schizoaffective 

disorder 

0 0 28 19.4 57 27.1  

Race        

Caucasian 54 56.8 77 53.4 139 66.1  

African-

American 

26 27.3 45 31.2 41 19.5  

Hispanic 6 6.3 2 1 4 1.9  

Asian 5 2.3 13 9 17 8  

Mixed 4 4.2 7 4.8 9 4.2  
a
Healthy comparison group > Schizophrenia probands 

b
Healthy comparison group > Schizophrenia probands 

c
3 subjects including 1 healthy comparison and 2 schizophrenia patients did not have WRAT-4 

score 
d
CPZ equivalent dosage data were available for 85 schizophrenia and 130 psychotic bipolar 

probands 
e
Disproportionate number of males in probands and disproportionate number of females in 

psychotic bipolar probands 
f
There were only 3 subjects from the Boston site and since identical EEG equipment was used to 

collect data at both Boston and Detroit sites managed by the same investigator (two sites were 

merged in the study). Site was used as a factor with 5 levels in the statistical analysis. 

CPZ, chlorpromazine; PANSS, Positive and Negative Syndrome Scale SBS, Schizo-Bipolar 

Scale; SD, standard deviation; WRAT-4 wide range achievement test, 4
th

 edition 
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TABLE S2. Medication Information for Probands 

  

Psychotic 

bipolar disorder       

(N=210) 

Schizophrenia    

(N=144) 

Healthy 

comparison 

subjects   (N=95) 

  N % N % N % 

Unknown medication history 1 0.4 1 0.7 1 1.1 

  

   Medication data below are for 

subjects with medication history 

reported 

209 99.6 143 99.3 94 98.9 

  

   No medication taken 6 2.8 4 2.8 40 42.6 

Not on psychotropic medications 9 4.3 8 5.6 88 96.3 

On more than one psychotropic 

medications 175 83.7 108 75.5 1 1 

    Anticholinergic/Antiparkinsonian 24 11.4 24 16.7 0 0 

Antidepressant (Any) 106 50.7 59 41.2 1 1 

A. Tricyclic 7 3.3 1 0.7 0 0 

B. MAO inhibitors 0 0 0 0 0 0 

C. SSRI/SNRI 51 24.4 42 29.3 1 1 

D. Miscellaneous 48 22.9 16 11.1 0 0 

Antipsychotic (Any) 165 78.9 133 93 0 0 

A. First generation 21 10 13 9 0 0 

B. Second generation 144 68.8 119 83.2 0 0 

Anxiolytic/Hypnotic, 71 33.9 36 25.1 0 0 

Mood Stabilizer (Any) 151 72.2 39 27.2 0 0 

A. Lithium 44 21.05 12 8.4 0 0 

B. Anticonvulsants 107 51.1 27 18.8 0 0 

Miscellaneous, Centrally Active 8 3.8 4 2.8 0 0 

Stimulants 17 8.1 6 4.2 0 0 

MAO, monoamine oxidase inhibitor; SNRI, serotonin-norepinephrine reuptake inhibitors; SSRI, 

selective serotonin reuptake inhibitors 
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TABLE S3. Results of enrichment analysis including GeneGo pathway maps, process networks, 

metabolic networks, and gene ontology processes associated with contributing genes from 

components G1, G4, and G9. Bold p values indicate significance (p<0.05) after false discovery 

rate (FDR) correction. 

Pathways for G1 

Pathway maps 

 

p 

 (uncorrected) 

p  

(FDR) 

Ratio = In 

data/Total 

Development_slit-robo signaling 1.93E-3 0.29 3/30 

Neurophysiological process_NMDA-dependent postsynaptic LTP in CA1 

hippocampal neurons 

4.39E-3 0.29 4/80 

Cell cycle_nucleocytoplasmic transport of CDK/cyclins 5.86E-3 0.29 2/14 

Neurophysiological process_ACM regulation of nerve impulse 6.56E-3 0.29 3/46 

Neurophysiological process_dopamine D2 recetor signaling in CNS 6.96E-3 0.29 3/47 

Mechanism of action of CCR4 antagonists in asthma and atopic dermatitis 8.35E-3 0.29 1/1 

Development role of HDAC and calcium/calmodulin-dependent kinase (caMK) 

in control of skeletal myogenesis 

1.02E-2 0.29 3/54 

wtCFTR and delta508 traffic/clathrin coated vesicles formation 1.07E-2 0.29 2/19 

Muscle contract_ACM regulation of smooth muscle contraction 1.12E-2 0.29 3/56 

Cytoskeleton remodeling_FAK signaling 1.18E-2 0.29 3/57 

Process networks    

Development_neurogenesis_axonal guidance 3.85E-5 4.39E-3 12/230 

Cell adhesion_cadherins 5.21E-4 2.37E-2 9/180 

Cell adhesion_synaptic contact 6.12E-4 2.32E-2 9/184 

Reproduction_feeding and neurohormone signaling 1.61E-3 4.6E-2 9/211 

Development_neurogenesis_synaptogenesis 2.28E-3 5.E-2 8/180 

Neurophysiological process_LTP 4.16E-3 7.9E-2 5/82 

Cell adhesion_attractive and repulsive receptors 7.58E-3 1.23E-1 7/175 

Calcium transport 1.22E-2 1.75E-1 7/192 

Neurophysiological process_transmission of nerve impulse 2.01E-2 2.55E-1 7/212 

Cell adhesion_amyloid proteins 4.12E-2 4.69E-1 6/195 

Metabolic networks    

Lysophosphatidylserine pathway 7.46E-6 4.77E-4 6/82 

Sphingomyelin pathway 3.14E-4 1.0E-2 5/102 

Lipid metabolism_phosphatidylinositol metabolism 1.54E-3 3.29E-2 4/85 

Glutamic acid pathway 3.23E-3 5.18E-2 4/104 

L-ornithine pathways and transport 7.16E-3 7.84E-2 4/130 

L-glutamate pathways and transport 7.35E-3 7.84E-2 4/131 

Glutamic acid pathways and transport 1.04E-2 9.56E-2 4/145 

O-hexanoyl-(L)-carnitine pathway 1.52E-2 9.76E-2 3/88 

1,2,-didocosapentaenoyl-sn-glycerol_3-phosphate_pathway 1.71E-2 9.76E-2 3/92 

Myristoyl-L-carnitine pathway 1.76E-2 9.76E-2 3/93 

Go processes    

Nervous system development 4.23E-15 1.70E-11 72/2469 

Cell differentiation 1.42E-12 2.86E-9 83/3483 

System development 3.05e-12 4.08E-9 100/4718 

Cellular developmental process 9.55e-12 9.59E-9 83/3609 

Neurogenesis 1.47e-11 1.18E-8 52/1708 

Anatomical structure development 1.85e-11 1.24E-8 106/5304 

Learning 3.48e-11 1.99E-8 16/162 

Regulation of synapse structure and activity 4.03e-11 2.02E-8 13/95 

Multicellular organismal development 8.15e-11 3.63E-8 106/5430 

Single-organism developmental process 9.41e-11 3.78E-8 95/4624 

Continued
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Pathways for G4 

Pathway maps 

 

   

ATP metabolism 4.01E-4 1.14E-1 6/106 

Signal transduction_cAMP signaling 4.94E-3 2.53E-1 3/38 

Development_gastrin in differentiation of gastric mucosa 4.94E-3 2.53E-1 3/38 

Signal transduction_PKB signaling 7.0E-3 2.53E-1 3/43 

Cell cycle_nucleocytoplasmic transport of CDK/cyclins 7.01E-3 2.53E-1 2/14 

Development_VEGF signaling via VEGFR2-generic cascades 7.21E-3 2.53E-1 4/84 

Regulation of lipid metabolism_regulation of lipid metabolism by niacin and 

isoprenaline 

7.95E-3 2.53E-1 3/45 

G-protein signaling_regulation of cAMP levels by ACM 7.95E-3 2.53E-1 3/45 

Immune response_MIF_the neuroendocorine-macrophage connector 8.44E-3 2.53E-1 3/46 

Cell adhesion_integrin-mediated cell adhesion and migration 9.5E-3 2.53E-1 3/48 

Process networks    

Cell adhesion_synaptic contact 7.43E-5 8.99E-3 11/184 

Development _neurogenesis_synaptogenesis 1.25E-3 5.0E-2 9/180 

Cell adhesion_cadherins 1.25E-3 5.0E-2 9/180 

Development_skeletal muscle development 5.13E-3 1.45E-1 7/144 

Cell adhesion_amyloid proteins 7.67E-3 1.45E-1 8/195 

Proteolysis_connective tissue degradation 7.94E-3 1.45E-1 6/119 

Cell adhesion_platelet aggregation 8.43E-3 1.45E-1 7/158 

Development_neurogenesis_axonal guidance 1.95E-2 2.53E-1 8/230 

Development neuromuscular junction 2.08E-2 2.53E-1 6/147 

Apoptosis_anti-apoptosis mediated by external signals via PI3K/AKT 2.09E-2 2.53E-1 8/233 

Metabolic networks    

N-acyl-sphingosine phosphate pathways 1.48E-6 1.70E-4 7/99 

Lysophosphatidylserine pathways 7.46E-6 4.29E-4 6/82 

Phosphatidic acid pathways 8.5E-5 3.26E-3 3/15 

Cermaide pathway 1.06E-3 3.07E-2 4/77 

1,2-didocosapentaenoyl-sn-glycerol_3-phosphate pathway 2.07E-3 4.61E-2 4/92 

1,2-dioleoyl-sn-glycerol_3-phosphate pathway 2.42E-3 4.62E-2 4/96 

1,2-didocosahexaenoyl-sn-glycerol_3-phosphate pathway 2.8E-3 4.62E-2 4/100 

Phosphatidylinositol-4,5-diphosphate pathway 1.86E-2 2.68E-1 3/95 

Sphingomyelin pathway 2.25E-2 2.87E-1 3/102 

Aminoacid metabolism_asparagine, aspartic acid, arginine metabolism 7.52E-2 4.14E-1 2/76 

GO processes    

Cell adhesion 6.95E-11 1.39E-7 39/972 

Biological adhesion 8.58E-11 1.39E-7 39/979 

Neuron development 2.99E-10 3.23E-7 39/1022 

Neuron differentiation 4.11E-10 3.33E-7 43/1222 

Regulation of synapse assembly 7.86E-10 5.09E-7 10/53 

Regulation of synapse structure and activity 1.97E-10 1.06E-6 12/95 

Positive regulation of nervous system development 4.84E-9 1.76E-6 8/33 

Positive regulation of synapse assembly 4.84E-9 1.76E-6 8/33 

Regulation of synapse organization 4.91E-9 1.76E-6 11/82 

Negative regulation of filopodium assembly 5.45E-9 1.76E-6 5/7 

Continued
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Pathways for G9 

Pathway maps 

 

p  

(uncorrected) 

p  

(FDR) 

Ratio = In 

data/Total 

Immune response_alternative complement pathway 3.18E-8 8.3E-6 7/39 

Immune response_lectin induced complement pathway 1.65E-7 2.16E-5 7/49 

Immune response_classical complement pathway 2.53E-5 2.2E-5 7/52 

G-protein signaling_RhoA regulation pathway 1.91E-4 1.24E-2 4/34 

Development_slit-robo signaling 2.09E-3 1.09E-1 3/30 

G-protein signaling_G-protein alpha-12 signaling pathway 3.83E-3 1.66E-1 3/37 

Development_thormbopoietin-regulated cell processes 6.66E-3 1.91E-1 3/45 

Beta-2-adrenergic-dependent CFTR expression 7.10E-3 1.91E-1 2/15 

Development_PIP3 signaling in cardiac myocytes 7.52E-3 1.91E-1 3/47 

Development_TGF-beta-dependent induction of EMT via MAPK 7.52E-3 1.91E-1 3/47 

Process networks    

Cell adhesion_synaptic contact 7.77E-6 9.72E-4 13/184 

Cell adhesion_cadherins 6.5E-4 4.06E-2 10/180 

Inflammation_complement system 1.13E-3 4.71E-2 6/73 

Cell adhesion_attractive and repulsive receptors 2.08E-3 6.3E-2 9/175 

Development_neurogenesis synaptogenesis 2.52E-3 6.3E-2 9/180 

Signal transduction_cholecytokinin signaling 7.35E-3 1.37E-1 6/106 

Cytoskeleton actin filaments 7.67E-3 1.37E-1 8/176 

Apoptosis_apoptosis stimulation by external signals 9.08E-3 1.42E-1 7/145 

Cytoskeleton_cytoplasmic microtubules 1.08E-2 1.49E-1 6/115 

Signal transduction_Wnt signaling 2.47E-2 3.02E-1 7/177 

Metabolic networks    

O-hexadecaoyl-(L)-carnitine pathway 1.93E-5 2.47E-3 5/74 

Lysophosphatidylserine pathway 6.24E-3 2.83E-1 3/82 

Phosphatidylinositol-4,5-diphosphate pathway 9.37E-3 2.83E-1 3/95 

CYP2C9-2-insulin-C/EBP-IRS1 1.07E-2 2.83E-1 3/100 

CYP2C9-1-insulin-C/EBP-IRS1 1.10E-2 2.83E-1 3/101 

1-linoleoyl-glycerol_3-phosphate pathway 6.12E-2 3.75E-1 2/87 

CYP2D6-5-Glucagon-HNF4 6.12E-2 3.75E-1 2/87 

CYP2C9-3-Glucagon-HNF4alpha 6.62E-2 3.75E-1 2/91 

CYP2C9-2-Glucagon-HNF4alpha 6.75E-2 3.75E-1 2/92 

Acyl-L-carnitine pathway 6.75E-2 3.75E-1 2/92 

GO processes    

Nervous system development 2.78E-15 9.85E-12 76/2469 

Cell projection organization 2.31E-14 4.09E-11 47/1105 

Cell differentiation 4.25E-14 5.02E-11 91/3483 

Cell development 5.84E-14 5.18E-11 61/1805 

Cellular developmental process 1.26E-13 8.96E-11 92/3609 

System development 1.52E-13 9.02E-11 109/4718 

Neurogenesis 2.30E-13 1.16E-10 58/1708 

Multicellular organismal signaling 3.04E-13 1.34E-10 42/964 

Neuron development 4.95E-13 1.94E-10 43/1022 

Multicellular organismal development 5.88E-13 1.94E-10 118/5430 

 

ACM, astrocyte conditioned medium; ATP, adenosine triphosphate; CA1, cornu Ammonis1; 

cAMP, cyclic adenosine monophosphate; CCR4, CC-chemokine receptor 4; CDK, cyclin-

dependent kinase;  CFTR, cystic fibrosis transmembrane conductance regulator; CNS, central 

nervous system; EBP, enhancer binding protein; EMT, epithelial-mesenchymal transition; FAK, 

focal adhesion kinase; HNF, hepatic nuclear factor; IRS1, insulin receptor substrate 1; LTP, long 

term potentiation; MAPK, mitogen-activated protein kinase; MIF, migration inhibitor factor; 
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NMDA, N-methyl-D-Aspartate; PI3K, phosphoinositide 3-kinase; PIP3, phosphatidylinositol 

(3,4,5)-triphosphate; PKB, protein kinase B; TGF, transforming growth factor; VEGF, vascular 

endothelial growth factor, VEGFR, vascular endothelial growth factor receptor,  
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TABLE S4. Pathways, disease risk, and brain regions associated with top 20 genes from gene 

components G1, G4, and G9.  Expression Z-scores from Allen brain atlas database was used to 

identify brain regions. Other mental disorders associated with these genes from prior studies are 

also provided (references in online supplementary text). Gene information was obtained from 

Dbsnp and Genecard.  

Gene network G1 

Gene SNP  Disease risk 

 

Pathway 

involved 

Allen atlas 

location 
DCC rs16956411I SZ (19)  HP, NA & SN 

BOC rs775228I  Hedgehog signaling CC,  HP & AM 

SEC14L2 rs4820845I   SRG, SN & GP 

PDLIM5 rs13121500I SZ (20), PBP (21, 22) 

& MDD (23) 

 HT, PT & SN 

HDAC9 rs12699994I SZ (24) Immune response, histone 

modification & valproic acid 

SRG, HT & TH 

MAML3 rs7678266I  NOTCH signaling CC, IRG & HT 

B3GNTL1 rs1001865I  Post-translational protein 

modification 

TH, IRG & TP 

TBCD rs3785520I  Protein folding HP, SRG & ST 

SNAP91 rs1546977I MIPBP (25) Transport clathrin-coated vesicle 

cycle 

HP, CC & TH 

LY9 rs574610Utr-3   HT, TH & CC 

CD244 rs485618Utr-3  Hemostasis MOG, TL & IN 

CDKAL1 rs7758129I   CC, HT & SN 

ESRRG rs3929399I  Generic & nuclear transcription  CN, CC & CU 

MCTP2 rs1655455I SZ (26),  PBP (27), 

MDD (28) & ASD 

(29, 30) 

 IFG, HT & ST 

PIP4K2A rs7071450I SZ (31) Ca2+, cAMP & lipid signaling, 

regulates actin cytoskeleton and 

phospholipid metabolism 

TH, POG & CN 

TMEFF2 rs10185068I   AM, TH & SG 

ZC3H18 rs12445653I   CC, ST & GP 

VWA3B rs10211067Utr-5   HT, AM & ST 

RASGRP3 rs11687777I  G-protein H-RAS regulation, 

MAPK; B cell receptor signaling 

CN, GP & TH 

ANKIB1 rs721015I   CN, TH & SN 

Gene network G4 
Gene SNP  Disease risk 

 

Pathway involved Allen atlas 

location 
MSRA rs7459532I SZ (32, 33), PBP (34) 

& AD (35) 

 CC, HP &TH 

XKR6 rs2409691I   CC, AM & HP 

RP1L1 rs7386213I   CC, TH & HT 

BLK rs2618451I  Tyrosine kinases, Immune 

system, lymphocyte & B cell 

receptor signaling 

CC, FO & HP 

TNKS rs7840706I  NAD metabolism  CC, VT & CN 

TPO rs2276702I  Metabolic, thyroxine biosynthesis CC, HT & ITG 

IL1F10 rs6761276M   HT, SN & AM 

MFHAS1 rs4841044I   CC, VT & OL 

ADAMTS16 rs270178I   CC, SG & HP 

DOCK8 rs10967788I  ASD (36) & MR (37) Hemostasis CN, GP & SN 

TAF8 rs6917299I  Ligand-dependent transcription of 

retinoid target genes, Basal 

transcription factors 

SRG, VT & AM 

Continued
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GSG1L rs1645362I   TH, SN & ST 

ODZ3 rs957053I   TH, AM & HP 

VAT1L rs9933953I   AM, HT & LC 

USH2A rs17025267I   TH,  AM & VT 

COL2A1
‡
 rs1793923I  CA intergin-inside-out signaling, 

focal adhesion & ECM receptor 

interaction 

CC, HT & LC 

INPP5K rs1109303I  Metabolic, phosphatidylinositol 

signaling system 

TH, SN & HT 

NRXN3 rs10782463I SZ (38), ASD (39) & 

ALD (40) 

Brain CAM, GABA signaling CC, IFG & AM 

PNPLA1 rs12197079M   SN, AM & CC 

PKP3 rs7105848I   MOG, HT & ITG 

Gene network G9 
Gene SNP  Disease risk 

 

Pathway involved Allen atlas 

location 
ME1 rs1170348I   HT, VT & LC 

PEMT rs11078389I SZ (41) & AD (42) Metabolic, acetylcholine 

synthesis 

CC, IFG & HT 

GPC6 rs4369513I  WNT signaling, metabolism HT, VT & LC 

SNAP91 rs217291I   CC, HP & TH 

DLGAP1 rs1465947I SZ (43) & OCD (44) Glutamatergic synapse HP, SOG & IFG 

PRSS35 rs592911I MIPBP (25)  AM, SG & NA 

PCSK5 rs2842467I  Signal transduction & NGF 

signaling 

HT, GP & HP 

FRK 

  

rs12662901I SZ,-AL (45) & AD 

(46) 

 GP, SN & AM 

KCTD8 rs2020159I   CC, TH & AM 

PDLIM1 rs11593722I ADHD (47) & AD 

(48, 49) 

 CC, SFG & TP 

CYP2C19 rs10786172I D (50) & P (51) Estrogen biosynthesis, estrone 

metabolism & arachidonic acid 

CG, TH & PG 

ANO2 rs1035066I  Ion channel transport  HT, ST & AM 

SRRM4 rs1405050I   CC, SRG & IOG 

YSK4 rs4953941I   AM, HT & ST 

CNTNAP2
§, ¶

 rs700281I SZ (52, 53), MDD 

(53), P(54), PBP (52), 

ASD (55, 56) & 

ADHD (57) 

CAM MOG, TH & LC 

PRDM16 rs1798246I   TH, SRG & ST 

TNNI1 rs3767548I  Striated muscle contraction AM, TH & VT 

GLT1D1 rs516034I   SRG, HT & STG 

ESRRG rs1833036I   CN, CU & TH 

ZNF385B rs10432487I   TH, CU & ST 
‡
Present in the top 100 genes in European-American (Accession: pha002858.1) genome wide 

study of bipolar disorder (58) from database of Genotypes and phenotypes (dbGap)  
§
Present in the top 100 genes in African-American (Accession: pha002863.1) genome wide study 

of bipolar disorder (58) from dbGap 
¶
Present in the top 100 genes in European-American (Accession: pha002857.1) genome wide 

study of schizophrenia (58) from dbGap 

AD, Alzheimer’s disease; ADHD, attention deficit-hyperactivity disorder; AL, alcoholism; AM, 

amygdala; ASD, autism spectrum disorder; CA, cell adhesion; Ca
2+

, calcium ion; CAM, cell 

adhesion molecule; cAMP, cyclic adenosine monophosphate; CC, cerebellar cortex; CP, cell 

proliferation; CPD, cell proliferation and differentiation; CN, cerebellar nuclei; CNS; central 
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nervous system; CU, cuneus; D, depression; ECM, extracellular matrix; FO, frontal operculum; 

GP, globus pallidus; HC, histocompatibility complex; HP, hippocampal formation; HT, 

hypothalamus; I, intron; IFG, inferior frontal gyrus; IN, insula; IOG, inferior occipital gyrus; 

ITG, inferior temporal gyrus; IRG, inferior rostral gyrus; LC, locus coeruleus; M, missense; 

MAPK, mitogen-activated protein kinase; MDD, major depressive disorder; MIPBP, mood 

incongruent; MOG, medial orbital gyrus; MR, mental retardation; NA, nucleus accumbens; 

NAD, nicotinamide adenine dinucleotide; NGF, nerve growth factor; OCD, obsessive-

compulsive disorder; P, personality traits; PBP, psychotic bipolar disorder; PD, parkinson 

disease; PG, parolfactory gyri, POG, posterior orbital gyrus; PT, pontine tegmentum; SFG, 

superior frontal gyrus; SG, subcallosal gyrus; SMG, ; SN, substantia nigra; SNP, single 

nucleotide polymorphism; SOG, superior occipital gyrus; STG, superior temporal gyrus; SRG, 

superior rostral gyrus; ST, striatum; SZ, schizophrenia; TH, thalamus; TP, temporal pole; Utr-3, 

three prime untranslated region; Utr-5 five prime untranslated region; VT, ventral tegmental 

area;  
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FIGURE S1. Schematic of the 64-Channel EEG Montage Used for Data Collection 
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FIGURE S2. Schematic Depiction of the Processing Pipeline for Quality Control of Single-

Nucleotide Polymorphism (SNP) Data
a
 

 

 

 

a
 The process involved two stages: individual based followed by SNP-based quality control. Poorly 

genotyped individuals and bad SNPs were removed from the final regression analysis. SNP data were 

corrected for stratification bias by correcting for the top three eigen factors associated with self-reported 

ethnicity. LD=linkage disequilibrium. 

*p<0.05. **p<0.0001. ***p<<0.000000001. 
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FIGURE S3. Quantile-Quantile Plot of Theoretical and Empirical p Values From Logistic 

Regression for Schizophrenia Probands (SZ) vs Healthy Comparison Subjects (HC), and for 

Psychotic Bipolar Disorder Probands (PBP) vs. HC
a
 

 

 

 

a
 Logistic regression was applied to individual markers in case-control fashion for both the SZ and PBP 

groups.
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FIGURE S4. Schematic Illustration of the Parellel Independent Component Analysis (Para-ICA) 

for Genetic Association of Event-Related Potential (ERP) Data
a
 

 

 

 

a
 Data were constructed as a matrix of subjects by SNP (K=449  M=20,329) and subjects by reduced 

ERP waveforms (K=449  p=294 [3  98 time points]). The number of components extracted from Para-

ICA for the ERP and SNP data were N1=8 and N2=11, respectively. LC=loading coefficient; SNP=single-

nucleotide polymorphism. 
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